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The astrophysically important reaction14O(a,p)17F has been studied through a measurement of the time-
inversep(17F,a)14O reaction using a radioactive17F beam. Resonance parameters for several states above an
excitation energy of 7 MeV in18Ne have been obtained. Through a measurement of the partial widths for
elastic and inelastic proton scattering, it was determined that for these resonances the contribution of the
14O(a,p)17F* branch populating the first excited state in17F is small. The results indicate that the contribution
of resonances aboveEx57 MeV to the astrophysical (a,p) reaction rate is smaller than was previously
assumed.
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I. INTRODUCTION

The level structure of18Ne above the proton threshold
3.92 MeV influences a variety of astrophysical proces
@1,2#. In stellar explosions, such as novae and x-ray bur
14O is produced via the13N(p,g)14O reaction which by-
passes the slowb decay of13N (T1/259.96 m). Theb decay
of 14O (T1/2570.6 s) can only be bypassed by th
14O(a,p)17F reaction, which proceeds through resona
states in 18Ne. Starting with 17F(p,g)18Ne, going again
through resonant states in18Ne @3#, a network of nuclear
reactions can generate nuclei with massesA.17. At the ex-
treme temperatures found in x-ray bursts (T;23109 K)
states in18Ne with excitation energies above 7 MeV ma
contribute significantly to the reaction rate. Some inform
tion about these states was recently reported@4,5#. In Ref.
@5#, three resonances atEx57.1660.15, 7.3760.06, and
7.6260.05 MeV had been observed and spin values w
suggested. These spin values were later questioned in
@6#, mainly on the basis of the Coulomb shifts with respec
the analog states in the mirror nucleus18O.

A direct measurement of the excitation function for t
14O(a,p)17F reaction is difficult because, in addition to

*Also at Physics Department E12, Technische Univers¨t
München, München, Germany.
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low-energy radioactive14O beam, it also requires the use
a 4He gas target. Using detailed balance this reaction
also be studied via the time-inverse17F(p,a)14O reaction.
This reaction, however, only provides values for the par
widths, Ga and Gp , connecting the resonance with th
ground states of14O and17F, respectively. Since in an astro
physical environment the14O(a,p)17F reaction can also
populate the first-excited 1

2
1 state in 17F at Ex

50.495 MeV, the partial widthGp8 must also be determined
In this experiment, the excitation functions for elastic a

inelastic scattering of protons on17F were measured in the
energy rangeEc.m.53.07– 3.94 MeV and proton partia
widths for decay to the ground state and first-excited stat
17F were determined. In addition, the measurement of
excitation function for the17F(p,a)14O reaction, previously
published in Ref.@5#, has been extended towards higher e
ergies. The present data provide new information on
spins of higher-lying states in18Ne.

II. EXPERIMENTAL DETAILS

The experiment was performed at the ATLAS accelera
at Argonne National Laboratory with a17F beam produced
with the in-flight technique which is described in more det
in Ref. @7#. A primary beam of16O with energies between 8
and 90 MeV bombarded a liquid-nitrogen-cooled, 3.5-c
long gas cell, filled with'0.8 atm of D2 gas. A few percent
©2002 The American Physical Society03-1
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of the 17F ions produced via thed(16O,17F)n reaction were
accepted by the 16-m-long beam transport system and
cussed onto a 535-mm2 spot. The transport system con
sisted of a superconducting solenoid mounted directly a
the production target, a superconducting resonator to fo
the particles in energy, and a 22° bending magnet for se
ration of the 17F19 ions from the primary16O beam. Be-
tween 105 and 106 17F/sec@E(17F)554.8– 70.3 MeV# were
incident on the secondary target with a 0.5–1-MeV ene

FIG. 1. Schematic of the experimental setup used for the m
surement of the17F(p,p)17F and17F(p,a)14O excitation functions.
The heavy particles~17F, 16O, 14O! were identified in an annula
gas detector covering the angle rangeu lab51.5– 6.5°. The coinci-
dent light particles~protons and alphas! were detected in an arra
consisting of two annular Si detectors covering the rangeu lab

57 – 24.5° and six Si strip detectors covering the rangeu lab

532– 56.5°. See text for details.
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spread~30–60 keV in the center-of-mass system!. Contami-
nation from the tails of the primary16O beam particles,
which have the same magnetic rigidity~and thus lower en-
ergy!, varied between 10 and 500% and was monitored c
tinuously with an Enge split-pole magnetic spectrograph a
its associated focal plane detector@8# located at 0°. Because
the energy of the16O particles was about 10 MeV below tha
of the 17F beam, reactions induced by16O could easily be
separated.

The p(17F,p)17F and p(17F,a)14O reactions were mea
sured at a number of incident energies, covering the c
energy range of 3.07–3.94 MeV. Polypropylene (CH2)n tar-
gets with thicknesses of;100mg/cm2 were used. Each mea
surement represents an average over the 0.7 MeV~40 keV in
the c.m. system! energy loss in the target, convoluted wi
the energy spread of the beam.

In order to separate the scattering of17F from scattering
of the 16O beam contaminant, the two outgoing reacti
products were detected in kinematic coincidence. The he
particles~17F, 16O, or 14O! were identified with respect to
nuclear chargeZ and energy in an annular gas detector co
sisting of a parallel plate avalanche counter followed by
Bragg-curve ionization chamber~see Fig. 1!. This detector
covered the angular rangeu lab51.5– 6.5°. The coinciden
protons or alphas were measured with a solid-state dete

a-
the
FIG. 2. ~Color! Scatter plot of particle range vsE2 measured in the Bragg curve ionization chamber. The two groups originating from
F (Z59) and O (Z58) components of the beam elastically scattered off the CH2 target are clearly separated.
3-2
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array consisting of two double-sided, annular silicon st
detectors covering the angular rangeu lab57 – 24.5°. These
detectors were segmented into 16 rings on the front face
16 wedges on the back face. For the (p,a) reaction this
angular range corresponds to a c.m. region ofucm
526– 165°. The total detection efficiency was;65%, ob-
tained from a Monte Carlo calculation assuming an isotro
angular distribution, and including effects of a finite bea
spot and multiple scattering in the target. For a measurem
of elastic and inelastic scattering six additional 535-cm2 Si
strip detectors with a strip width of 2 mm covered the ang
lar rangeu lab532– 56.5°. A schematic of the experiment
setup is shown in Fig. 1.

The intensity of the incident beam was monitored by t
techniques:

~i! 17F particles elastically scattered by carbon nuclei
the CH2 target were detected in the ionization chamber. A
suming Rutherford scattering in the angular range of the
tector (u51.5– 6.5°), the17F beam intensity could be calcu
lated.

~ii ! In addition, the decay of the17F particles stopped on
multi-pin-hole beam attenuator located in front of the ma
netic spectrograph~more than 99% of the total beam inte
sity! were monitored with a Ge detector, positioned 20
away, through the 511-keV annihilation radiation. The det
tion efficiency for this detector was determined with a ca
brated68Geb1 source which has an endpoint energy simi
to the one of17F. The68Ge source was deposited on a sta
less steel foil of the same thickness as the beam attenu
The two techniques for measuring the beam normaliza
agreed to within620%.

Figure 2 presents a particle identification spectrum
tained with the Bragg-curve ionization chamber at a bo
barding energy of 67 MeV. The contributions from the
(Z59) and O (Z58) components are clearly separated.
selecting events withZ59 or 8, respectively, kinematic plot
of angle versus energy are obtained for events in whic
coincident particle is detected in the Si strip detector ar
@see Figs. 3~a! and ~b!#. These plots clearly show events ly
ing on the kinematic curves expected for thep(17F,p)17F and
p(16O,p)16O reactions. These curves are indicated in the
ures by thin solid lines. Protons with energies exceeding
MeV are not stopped in the 300-mm-thick Si strip detector.
This results in a ‘‘kink’’ of the kinematic curves. Events a
tributed to thep(17F,a)14O reaction were also observed
higher energies by gating onZ58 events in the Bragg ion
ization chamber@see Fig. 3~c!#. Because all the coincidenta
particles are stopped in the Si detector, no kinks are obse
in the kinematic curve for the (p,a) reaction.

Protons from inelastic scattering fall on kinematic curv
very close to those for elastic scattering. In order to illustr
how they can be distinguished in favorable cases, Fig
presents an energy spectrum for elastic scattering of17F1p
measured at a scattering angle of;65° in the center-of-mas
system (u lab552.5– 56.5°). The satellite structure next to t
strong elastic peak, which is not observed in the16O1p
0358
ip

nd

ic
m
ent

u-
l

o

in
s-
e-

g-
-
m
c-
i-
r
-
tor.
on

b-
-

F
y

a
ay
-

g-
.2

-
t

ved

s
te
4

e

FIG. 3. ~Color! Scatter plots of scattering angle~ring number!
vs energy for particles detected in the Si detector array in coi
dence with17F ~top!, 16O ~middle!, and14O ~bottom!. The thin solid
lines are the kinematic curves expected for elastic scatte
17F(p,p)17F ~top!, 16O(p,p)16O ~middle!, and for the17F(p,a)14O
reaction~bottom!.
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channel, is attributed to inelastic excitation of the1
2

1 state in
17F at 0.495 MeV. Despite the intrinsic energy resolution
450 keV~mainly limited by the geometry of the detectors!, a
separation of the elastic and inelastic scattering events
possible since the two groups representing transitions to
ground and first-excited states in17F are separated in labora
tory energy by almost 1 MeV. Since at smaller angles
energy of the elastically scattered protons exceeds 6.2 M
the protons are not stopped in the Si detector and thus ine
tic scattering events could only be extracted at the lar
scattering angles.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Elastic scattering

The level scheme of18Ne has been studied previous
with several reactions, among them16O(3He,n), 20Ne(p,t),
and 12O(12O, 6He). Results of these experiments are su
marized in Ref.@4# and the deduced level schemes are sho
in Fig. 5. The main difference in the level scheme of Ref.@4#
compared to that given in the compilations in Ref.@9# is in
the spin assignment of a doublet of states at an excita
energy ofEx;6.3 MeV and two new levels atEx57.12, and
7.62 MeV. The state atEx57.35 MeV, was tentatively as
signed in Ref.@4# to haveJp512.

Our first measurement of the17F(p,a)14O reaction@5#
with a radioactive17F beam found that the main (p,a)
strength lies at an excitation energy ofEx57.60
60.05 MeV with a resonance strengthvg5300 eV, while
the strength of a state at 7.37 MeV is about a factor of
smaller. At 7.1660.15 MeV another structure with a sma
resonance strength was identified as well. However, bec
this energy range was covered only with a thick target in

FIG. 4. Solid points: Energy spectrum measured for the17F
1p system atucm565°. Open points: energy spectrum obtained
the 16O1p system. The latter spectrum has been shifted to coinc
with the 17F1p spectrum. The solid and dashed lines were obtai
from a least-squares fit assuming two Gaussians and a linear b
ground.
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experiment of Ref.@5#, the excitation energy could be dete
mined only with a relatively large uncertainty of6150 keV.
Based on these results and on Coulomb-shift arguments,
tative spin assignments of 12 ~7.16 MeV! 12, 41 ~7.37
MeV!, and 12, 21, 32 ~7.60 MeV! were proposed for thes
states in Ref.@5#. These assignments were later questioned
Ref. @6# arguing that the 7.60- and 7.37-MeV levels in18Ne
cannot be given aJp541 assignment nor could the 7.16
and 7.37-MeV levels have spin parity of 12.

It was not possible in Ref.@5# to determine the spin on th
basis of angular distribution measurements of
17F(p,a)14O reaction, because marked differences in the d
tributions occur mainly at the most forward or backwa
angles, requiring data with high statistics that are difficult
obtain with present beam intensities. In addition, interfere
effects ~e.g., betweenl 51 and l 53 transfers populating a
12 state in18Ne! strongly influence the shape of the angu
distribution. Test calculations within the formalism of Re
@10#, however, indicated that measurements of
17F(p,p)17F excitation function would be more sensitive
the spin values suggested in Ref.@5#. This is shown in Fig. 6,
where calculations are displayed for the excitation funct
at ucm5142° for a state atEx57.05 MeV with spin-parity
assumptions of 12, 21, 32, and 41. It is clear that a mea-
surement of an excitation function for elastic scattering
backward angles can readily differentiate between theJp

512 and 41 possibilities.
The results for the measured elastic-scattering excita

functions atucm572 and 142°, respectively, are presented
Fig. 7. At backward angles (u5142°), a peak in the cros
sections aroundEp53.13 MeV is observed. From a compar
son with calculations forJp512 and 41 ~see solid and
dashed lines in Fig. 7! a much better agreement is achiev
for a 41 spin assignment~see Sec. III E!. The value for the
excitation energy (Ex57.05 MeV) agrees within the experi
mental uncertainties with the earlier result@5# from the
(p,a) reaction obtained in a thick target measurement.
forward angles the structure is much less pronounced,
consistent with this assignment.

r
e
d
ck-

FIG. 5. Level scheme of18Ne from Ref.@9# ~left! and Ref.@4#
~middle! in comparison with the results obtained in this wo
~right!. Only states aboveEx57 MeV are shown in the latter case
3-4
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The region aroundEp53.7 MeV corresponding to an ex
citation energy of 7.37 MeV was not covered in the pres
measurement. The excitation energy region aroundEp
53.9 MeV (Ex57.60 MeV) is somewhat more comple
While at backward angles an increase in cross section
about 50% is observed, the excitation function is quite f
tureless in this energy range. Because of the large uncer
ties in the17F(p,p) 17F cross sections, no spin-parity assig
ments are possible in this energy region.

FIG. 6. Calculated excitation functions for elastic scatter
populating a state at 7.05 MeV with spins 12, 21, 32, and 41. Ep

is the proton energy in the laboratory system. See text for deta

FIG. 7. Excitation functions for elastic scattering measured
the system17F1p at scattering angles ofucm572 and 142°, respec
tively. Ep is the proton energy in the laboratory system. The so
and dashed lines are calculated using the parameters given in
II. See text for details.
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B. Inelastic scattering 17F„p,p8… 17F„1Õ2¿…

The excitation function measured in the angular ran
u lab552.5– 56.5° is presented in the top part of Fig. 8,
gether with the~angle-integrated! excitation function for the
17F(p,a) 14O reaction. While for the cross sections in th
energy region aroundEcm53.2 MeV only upper limits of
;0.5–1 mb/sr can be given, a resonantlike structure is
served atEcm53.8 MeV (Ex57.7160.05 MeV). This struc-
ture does not show up in the measurements of the~p,a! ex-
citation function, but coincides with a 7.71-MeV state se
in 12C(12C, 6He) @4#. The width of this state~;70 keV! re-
quires a low orbital angular momentum (1<2) for both in-
cident and outgoing channels and restricts the spin-pa
choice for this structure to small spin values~01, 112,
212, and 31!. The fact that no strong yield is observed f
the~p,a! reaction in the corresponding energy range sugg
unnatural parity for this state, i.e., 11, 22, or 31. Since
there is a 22 state in the mirror nucleus18O at Ex
57.77 MeV, the structure seen in inelastic scattering co
correspond to that level. This assignment is consistent w
the angular distribution measured for the 7.71-MeV state
the 12C(12C, 6He) 18Ne reaction which has a shape similar
the one measured for the known 22 state at Ex
55.45 MeV.

The fact that only an upper limit for the inelastic scatte
ing cross section could be determined in the region of
Ecm53.2 MeV (Ex57.05 MeV) is consistent with a 41 as-
signment. A 41 state requires an outgoing orbital angul
momentum ofl 54 which would imply a very small width
for the inelastic channel (Gp8<2 keV).

.

r

ble

FIG. 8. Top: Differential cross section for inelastic scatteri
populating the first excited state in17F at Ex50.495 MeV, mea-
sured at scattering angles ofu lab552.5– 56.5°. Bottom: angle-
integrated cross sections for the17F(p,a)14O reaction obtained in
Ref. @5# and in this work. The solid line for the excitation functio
of inelastic scattering serves to guide the eye.
3-5
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C. Determination of Gp8

For the three resonances atEx57.05, 7.60, and 7.71 MeV
a sufficient number of experimental quantities@total widths,
~p,a! and (p,p8) cross sections# are now available, allowing
a determination of the partial widthsGp , Gp8 , andGa under
the assumption that the radiative widthGg is negligible and
that direct contributions to the cross section are small.

From the cross sections on resonance

sa~E5Er !5
v•p

k2 •

4GpGa

G2 , ~1!

sp8~E5Er !5
v•p

k2 •

4GpGp8
G2 , ~2!

and the total widthG

G5Gp1Gp81Ga ~3!

one can solve for the partial widthsGp , Gp8 , and Ga . In
Eqs. ~1! and ~2! k is the wave number andv the spin-
statistical factor,

v5
2J11

~2I 111!~2I 211!
, ~4!

with J the spin of the resonance andI 1 andI 2 the spins of the
two particles in the entrance channel, respectively. The c
sections on resonance have to be corrected for the finite
get thickness and for effects of the energy distribution of
beam.

For the proton widthGp one obtains from Eqs.~1!–~3!

Gp5
G

2
•F16A12S sak2

vp
1

sp8k
2

vp D G ~5!

and similar expressions forGp8 andGa . The unitarity limit
for the reaction cross section

s r5sa1sp8<v•

p

k2 ~6!

ensures that the square root in Eq.~5! remains real.
Among the two possible solutions of Eq.~5! the one cor-

responding to the smaller alpha width was chosen, since
spectroscopic factors in the mirror nucleus18O are typically
less than 0.1. The parameters obtained for the resonance
summarized in Tables I–III. Also included are states betw
Ex56 – 7 MeV which were recently reported in a study
17F(p,p) scattering, using a thick target technique@11#. With
the spin assignment for the 6.15-MeV state from Ref.@11#,
values for the resonance strength and the widthGa have been
extracted from our earlier@5# ~p,a! measurement, althoug
with quite large uncertainties.

It can be seen from Table II that the inelastic prot
widths for natural parity states aboveEx57 MeV are gener-
ally quite small compared to the elastic width. Thus a m
surement of the inverse reaction17F(p,a) 14O provides a
03580
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good estimate for the astrophysical reaction rate of
14O(a,p) reaction for these resonances.

D. Spin-parity assignments for resonances
above 7 MeV in 18Ne

The results from elastic and inelastic scattering toget
with the ~p,a! cross sections allow for an update of the sp
parity assignments for states in18Ne aboveEx57 MeV.

1. ExÄ7.05 MeV

Based on the excitation function for elastic scattering,
resonance atEx57.05 MeV is assigned a spin-parity valu
of 41. This level is the analog of the 41 state at 7.11 MeV in
18O. The small cross section for inelastic scattering is c
sistent with this assignment.

2. ExÄ7.37 MeV

Little information is available for the resonance atEx
57.37 MeV. Since resonances at 7.60 and 7.71 MeV app
to be the 12 and 22 analogs of the 7.616- and the 7.77
MeV states in18O ~see below!, the analog of the 7.37-MeV
resonance in18Ne has to be at higher excitation energy
18O. Possible candidates are 52 states at 7.864 and 8.12
MeV, a 31 or 42 level at 7.977 MeV, a 12 state at 8.038
MeV, or a 21 level at 8.213 MeV. The small Wigner limit fo
the alpha width eliminates the 52 assignment and the fac
that this state is populated in the~p,a! reaction rules out the
31,42 spin values, thus favoring a 12 assignment. However
in Ref. @6# Fortune and Sherr have argued that all kno
low-lying negative parity states show small Coulomb shi
(D;60 keV) which speaks against a 12 assignment, since
the shift would be an order of magnitude larger~668 keV!.
The remaining candidate, the analog of the 21 state at 8.213
MeV in 18O, would yield a Coulomb shift of 843 keV, com
parable to that observed for the 31 state (D5817 keV).

The Coulomb shifts between analog states fluctuate
cause of the variations in the radial extent of the wave fu
tions. Relatively low Coulomb energies occur for leve
where the valence neutron configurations are relatively

TABLE I. Spins, energies, and Coulomb shifts for states in18Ne
aboveEx56 MeV.

Jp
Ex(

18Ne)
@MeV#

Ex(
18O)

@MeV#

Ex(
18O)

2Ex(
18Ne)

@keV#
Ecm

@MeV#

12 6.15 6.198 48 2.23
32 6.29 6.404 114 2.37
22 6.35 6.351 0 2.43
41 7.0560.1 7.11 60 3.1360.1
21 7.3760.06 8.21 840 3.4860.06
12 7.6060.05 7.62 20 3.6960.05
(21) 8.21 610
(32) 8.29 690
22 7.7160.05 7.77 60 3.7960.05
3-6



WIDTHS OF ASTROPHYSICALLY IMPORTANT . . . PHYSICAL REVIEW C 65 035803
TABLE II. Widths and resonance strengths for states in18Ne aboveEx56 MeV.

Jp
Ex

@MeV#
Ecm

@MeV#
G

@keV#
vg (p,a)

@eV#
Ga

@eV#
Gp

@keV#
Gp8

@keV#

12 6.15 2.23 50a 0.820.5
11.2b 3.222

15b

32 6.29 2.37 <20c 0.2 0.34c

22 6.35 2.43 50a

41 7.05 3.13 90640 29610 40614 90640 ,1
21 7.37 3.48 70660 18614 40630
12 7.60 3.69 75620 255630 10006120 72620 ,2
(21) 610670
(32) 440650
22 7.71 3.79 70630 59625 1165

aReference@11#.
bThis work.
cReference@4#.
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tended. The best-known example for this is the Thom
Ehrmann shift first noted by the fact that the difference
binding energy for the first excited12

1 states in the17O-17F
mirror pair is 380 keV less than that for the5

2
1 ground states.

Since 18O and 18Ne differ by two units of charge, the Cou
lomb energies should be about twice this amount. States
larges-wave components are expected to have especially
Coulomb energy differences. This would then imply th
large l 50 partial widths should be correlated with Coulom
energy differences that are about 800 keV lower than
other states. As pointed out in Ref.@6# these consideration
result in even-parity states being much more likely to ha
low Coulomb energies than odd-parity ones. This argum
can be used, in a probabilistic sense, to propose spin as
ments relative to known states in18O.

3. ExÄ7.60 MeV

The 7.60-MeV resonance is strongly populated in
~p,a! reaction. The shape of the angular distribution, ho
ever, is not very sensitive to the spin value of this lev
allowing spin values between 12 and 41. Because the only
21 and 41 levels available in this energy region have a
ready been assigned to the 7.05- and the 7.37-MeV r
nances, the 7.60-MeV resonance could have spin-parity
ues of 12 or 32. The latter value would imply a Coulom
energy shift of 690 keV which is unlikely, as was discuss
above. In addition, the 32 mirror state in 18O at Ex
58.29 MeV has a considerably larger spectroscopic facto
0.3 @12#, which would imply a total width>1 MeV. Thus the
7.60-MeV resonance is likely to be the 12 analog of the
7.616-MeV level in18O.

4. ExÄ7.71 MeV

The resonance at 7.71 MeV, which is not seen in the~p,a!
reaction, would then be theJp522 analog of the 7.771-
MeV 22 state in18O. The structure of the excitation func
tions in the elastic channel is not sufficiently pronounced
this energy range to help in the spin-parity assignments,
it is consistent with these proposed spin-parity values~see
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Fig. 7!. These new levels and their possible spin-parity
signments are also included in Fig. 5.

E. Comparisons with calculations

The extraction of parameters, such as the widths, from
measured elastic-scattering data using theR-matrix formal-
ism of Ref. @10# is difficult because the excitation functio
has not been measured in sufficiently small energy ste
However, one can compare the excitation functions w
R-matrix calculations for various spin assignments in ord
to restrict the choice of possible spin-parity values.

In order to determine the phase angles for potential s
tering, the angular distributions at energies ofEcm53.39,
3.63, and 3.96 MeV~i.e., away from possible strong reso
nances! were fitted with the expression from the partial wa
expansion~given in Ref.@13#! used to describe proton sca
tering from 16O. The main difference for the17F1p experi-
ment in this energy region was in thes-wave phase shift,
which decreased from the hard-sphere value of245° to
about285°, as had also been observed in the neighbor
system16O1p @13#. Without this change in the nonresona
phases the absolute cross sections were poorly desc
throughout this energy region. With the phase angles for

TABLE III. Spectroscopic factorsQa,p
2 for states with natural

parity in 18Ne andEx56 MeV.

Jp
Ex

@MeV# Qa
2(18Ne) Qa

2(18O) Qp
2(18Ne)

12 6.15 0.1920.1
10.3a

32 6.29 0.019b 0.023b

41 7.05 0.50617 0.11 0.25
21 7.37 0.00460.003
12 7.60 0.01360.0015 0.012 0.034
(21) 0.0260.0025 0.014
(32) 0.0760.008 0.30

aThis work.
bReference@4#.
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tential scattering fixed, the excitation functions for reson
scattering, calculated from the equations given in Ref.@10#,
are shown in Fig. 7. The calculations have been folded w
an energy resolution of 100 keV. The solid line uses
resonance parameters tabulated in Tables I–III which giv
good description of the experimental data. The dashed
assumes a 12 assignment~rather than 41! for the 7.05-MeV
state, in strong disagreement with the data, especially
backward angles.

IV. ASTROPHYSICAL IMPLICATIONS

With the resonance parameters summarized in Table II
astrophysical reaction rate can now be calculated. This ra
defined as the folding integral of the cross section with
Maxwell-Boltzmann distributionf (y),

NA^sy&5E
0

`

s~y! f ~y!dy. ~7!

For an isolated resonance with strengthvg @see Eq.~1!# at
energyEr , this equation gives

NA^sy&51.5431011~AT9!23/23vg3expS 211.605
Er

T9
D ,

~8!

whereNA is Avogadro’s number,A the reduced mass, andT9
the temperature in units of 109 K.

The results are presented in Fig. 9. The rate for the bre
out reactions is dominated by the resonance parameter
the 12 state at 6.15 MeV which, because of its sm
strength, could be determined only with relatively large u
certainties in the present measurement~see shaded area i
Fig. 9!. Compared to this state, the contributions from t
three higher-lying resonances~thin solid lines! are consider-
ably smaller. It is only in the temperature rangeT9>3 that
they start to dominate the reaction rate. The thick solid l
represents the sum of the 41, 21, and 12 rates. Compared to
the rates obtained in Ref.@4# we observe a good agreeme
for the 12 state~not shown in Fig. 9!, but a reduction of the
contribution from the higher-lying resonances (Ex
57 – 8 MeV) by a factor of 2–3~see thick dot-dashed lin
and the inset in Fig. 9!.

V. SUMMARY AND CONCLUSIONS

The astrophysical reaction rate for the14O(a,p) 17F reac-
tion of importance in various stellar environments such
ar
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x-ray bursts has, for the first time, been measured dire
using a radioactive17F beam. From a measurement of th
time-inverse17F(p,a) 14O reaction resonance parameters
several states above an excitation energy of 7 MeV in18Ne
could be determined. These data, together with meas
ments of excitation functions for elastic and inelastic scat
ing @17F(p,p) 17F and17F(p,p8) 17F(1/21)# were used to de-
termine spin and parity values for four states in this ene
region. These assignments differ from values given in ear
compilations. The results also indicate that the contribut
of the 14O(a,p) 17F* reaction populating the first excite
state in 17F is small. The contribution of the resonanc
above Ex57 MeV to the astrophysical reaction rate
smaller than was previously assumed by a factor of 2–3
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FIG. 9. Contributions to the astrophysical reaction rate from
states tabulated in Table II. The gray-shaded area represent
contribution from the 6.15-MeV, 12 state. The thin solid lines are
the contributions from the 41, 21, and 12 states, respectively. The
thick lines give the sum of the contributions of states in18Ne at
Ex57 – 8 MeV from this work~solid line! and Ref.@4# ~dot-dashed
line!, respectively. The insert shows the ratio of the reaction ra
RHahn/Rthis work.
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