PHYSICAL REVIEW C, VOLUME 65, 035803

Widths of astrophysically important resonances in'®Ne

B. Harss! C. L. Jiang, K. E. Rehm, J. P. Schiffer, J. Caggiano, P. Collon, J. P. Greene, D. Henderson, A. Heinz,
R. V. F. Janssens, J. Nolen, R. C. Pardo, T. Pennington, R. H. Siemssen, A. A. Sonzogni, J. Uusitalo, and I."Wiedenho
Argonne National Laboratory, Argonne, lllinois 60439

M. Paul
Hebrew University, Jerusalem, Israel

T. F. Wang
Lawrence Livermore National Laboratory, Livermore, California 94550

F. Borasi and R. E. Segel
Northwestern University, Evanston, lllinois 60208

J. C. Blackmon and M. Smith
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6354

A. Chen and P. Parker
Wright Nuclear Structure Laboratory, Yale University, New Haven, Connecticut 06520-8124
(Received 27 September 2001; published 22 February)2002

The astrophysically important reactidfO(a,p)*’F has been studied through a measurement of the time-
inversep(*'F,a) 40 reaction using a radioactiVéF beam. Resonance parameters for several states above an
excitation energy of 7 MeV inf®Ne 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
Y0(a,p)*F* branch populating the first excited state'lf is small. The results indicate that the contribution
of resonances abovE,=7 MeV to the astrophysicald,p) reaction rate is smaller than was previously
assumed.
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. INTRODUCTION low-energy radioactivé“O beam, it also requires the use of
a “He gas target. Using detailed balance this reaction can
The level structure of®Ne above the proton threshold at also be studied via the time-inverd&=(p,a)“O reaction.
3.92 MeV influences a variety of astrophysical processedhis reaction, however, only provides values for the partial
[1,2]. In stellar explosions, such as novae and x-ray burstsyidths, I, and I'y, connecting the resonance with the
10 is produced via thé™N(p,y)'*O reaction which by- ground states o¥'O and'’F, respectively. Since in an astro-
passes the sloy decay of N (T,,=9.96 m). TheBdecay physical environment thé“O(a,p)*’F reaction can also
of O (T,,=70.6s) can only be bypassed by thepopulate the first-excitedi®™ state in F at E,
YO(a,p)'’F reaction, which proceeds through resonant=0.495 MeV, the partial widt ,, must also be determined.
states in*Ne. Starting with 1’F(p,y)*®Ne, going again In this experiment, the excitation functions for elastic and
through resonant states i#iNe [3], a network of nuclear inelastic scattering of protons offF were measured in the
reactions can generate nuclei with masaesl7. At the ex- energy rangeE.,,=3.07-3.94 MeV and proton partial
treme temperatures found in x-ray bursfE~(2x 10° K) widths for decay to the ground state and first-excited state in
states in'®Ne with excitation energies above 7 MeV may ''F were determined. In addition, the measurement of the
contribute significantly to the reaction rate. Some informa-excitation function for the"’F(p, a)*“O reaction, previously
tion about these states was recently repofted]. In Ref.  published in Ref[5], has been extended towards higher en-
[5], three resonances &,=7.16+0.15, 7.37%0.06, and ergies. The present data provide new information on the
7.62+0.05 MeV had been observed and spin values werapins of higher-lying states itfNe.
suggested. These spin values were later questioned in Ref.
[6], mainly on the basis of the Coulomb shifts with respect to
the analog states in the mirror nucletf®.
A direct measurement of the excitation function for the  The experiment was performed at the ATLAS accelerator
Y0(a,p)*F reaction is difficult because, in addition to a at Argonne National Laboratory with §F beam produced
with the in-flight technique which is described in more detalil
in Ref.[7]. A primary beam of®O with energies between 80
*Also at Physics Department E12, Technische Univérsitaand 90 MeV bombarded a liquid-nitrogen-cooled, 3.5-cm-
Munchen, Munchen, Germany. long gas cell, filled with=0.8 atm of B gas. A few percent

IIl. EXPERIMENTAL DETAILS
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the energy of thé®0 particles was about 10 MeV below that

FIG. 1. Schematic of the experimental setup used for the mea2f the *'F beam, reactions induced BO could easily be
surement of thé”F(p,p)’F and'’F(p, @) 0 excitation functions. Separated.
The heavy particles'’F, %0, 0) were identified in an annular The p(}'F,p)*F and p(}'F,a)*O reactions were mea-
gas detector covering the angle rangjg=1.5—-6.5°. The coinci- sured at a number of incident energies, covering the c.m.
dent light particlesprotons and alphasvere detected in an array energy range of 3.07—-3.94 MeV. Polypropylene ¢;Har-
consisting of two annular Si detectors covering the ramgg  gets with thicknesses of 100 ug/cn? were used. Each mea-
=7-24.5° and six Si strip detectors covering the ranflg ~ surement represents an average over the 0.7 M@\keV in

=32-56.5°. See text for details. the c.m. systeinenergy loss in the target, convoluted with
the energy spread of the beam.
of the ’F ions produced via thd(*®0,*F)n reaction were In order to separate the scattering’dF from scattering

accepted by the 16-m-long beam transport system and faf the 0 beam contaminant, the two outgoing reaction
cussed onto a 85-mn? spot. The transport system con- products were detected in kinematic coincidence. The heavy
sisted of a superconducting solenoid mounted directly afteparticles(*’F, 10, or *%0) were identified with respect to
the production target, a superconducting resonator to focusuclear charg& and energy in an annular gas detector con-
the particles in energy, and a 22° bending magnet for sepasisting of a parallel plate avalanche counter followed by a
ration of the'’F*® jons from the primary'®0O beam. Be- Bragg-curve ionization chambésee Fig. 1 This detector
tween 108 and 16 F/sec[E(}'F)=54.8—70.3 Me\] were  covered the angular rang@,,=1.5—6.5°. The coincident
incident on the secondary target with a 0.5—-1-MeV energyprotons or alphas were measured with a solid-state detector
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FIG. 2. (Colon Scatter plot of particle range & measured in the Bragg curve ionization chamber. The two groups originating from the
F (Z=9) and O g=8) components of the beam elastically scattered off the ket are clearly separated.
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array consisting of two double-sided, annular silicon strip

detectors covering the angular rangg,=7—24.5°. These 1?]: {IJ p}ﬁF
detectors were segmented into 16 rings on the front face and :
16 wedges on the back face. For the,&) reaction this 60
angular range corresponds to a c.m. region @f,

=26-165°. The total detection efficiency wa$s5%, ob-

tained from a Monte Carlo calculation assuming an isotropic

angular distribution, and including effects of a finite beam

spot and multiple scattering in the target. For a measurement 40
of elastic and inelastic scattering six additionat 5-cn? Si
strip detectors with a strip width of 2 mm covered the angu-
lar rangef,,,=32—-56.5°. A schematic of the experimental
setup is shown in Fig. 1.

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

(i) *F particles elastically scattered by carbon nuclei in 200 400
the CH, target were detected in the ionization chamber. As-
suming Rutherford scattering in the angular range of the de-
tector (#=1.5—6.5°), the'’F beam intensity could be calcu-
lated.

(ii) In addition, the decay of th&F particles stopped on a
multi-pin-hole beam attenuator located in front of the mag-
netic spectrograpkmore than 99% of the total beam inten-
sity) were monitored with a Ge detector, positioned 20 cm
away, through the 511-keV annihilation radiation. The detec-
tion efficiency for this detector was determined with a cali-
brated®®Ge 8* source which has an endpoint energy similar
to the one oft’F. The®Ge source was deposited on a stain-
less steel foil of the same thickness as the beam attenuator.
The two techniques for measuring the beam normalization
agreed to within=20%. 200 400

Figure 2 presents a particle identification spectrum ob- E {arb. L.I'I'IHS}
tained with the Bragg-curve ionization chamber at a bom- P
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barding energy of 67 MeV. The contributions from the F ﬁrF 150
(Z=9) and O £=8) components are clearly separated. By {p , O }

selecting events witd=9 or 8, respectively, kinematic plots 40 | =
of angle versus energy are obtained for events in which a (C}

coincident particle is detected in the Si strip detector array
[see Figs. @& and(b)]. These plots clearly show events ly- - -
ing on the kinematic curves expected for ¢ F,p)*'F and '
p(*%0,p)*%0 reactions. These curves are indicated in the fig-
ures by thin solid lines. Protons with energies exceeding 6.2 20 |- ]
MeV are not stopped in the 30@m-thick Si strip detector.

This results in a “kink” of the kinematic curves. Events at-

tributed to thep(*’F,«)**O reaction were also observed at 1
higher energies by gating ah=8 events in the Bragg ion-

ization chambefsee Fig. &)]. Because all the coincident 0 1

particles are stopped in the Si detector, no kinks are observed 500

in the kinematic curve for thep(«) reaction. EU. {arb. units)

Protons from inelastic scattering fall on kinematic curves
very close to those for elastic scattering. In order to illustrate g 3. (Color) Scatter plots of scattering angleng numbey
how they can be distinguished in favorable cases, Fig. 4s energy for particles detected in the Si detector array in coinci-

presents an energy spectrum for elastic scatteringffof p dence with'F (top), %0 (middle), and™O (bottom. The thin solid
measured at a scattering angle-e85° in the center-of-mass jines are the kinematic curves expected for elastic scattering

system @,,,=52.5—-56.5°). The satellite structure next to the *’F(p,p)*’F (top), °0(p,p)*¢0 (middle), and for the!’F(p, a)**O
strong elastic peak, which is not observed in 8©+p  reaction(bottom.
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20 60 FIG. 5. Level scheme offNe from Ref.[9] (left) and Ref.[4]
E (channel number) (middle) in comparison with the results obtained in this work

) ) (right). Only states abovE&,=7 MeV are shown in the latter case.
FIG. 4. Solid points: Energy spectrum measured for iffe

+p System ab,=65°. Open points: energy spectrum obtained for experiment of Ref[5], the excitation energy could be deter-
the %0+ p system. The latter spectrum has been shifted to coincidgnined only with a relatively large uncertainty af150 keV.

with the *'F+ p spectrum. The solid and dashed lines were obtaineds asad on these results and on Coulomb-shift arguments, ten-
from a least-squares fit assuming two Gaussians and a linear bac{%itive spin assignments of 1(7.16 MeV) 1~, 4* (7.37'
ground. MeV), and 1", 2, 3~ (7.60 Me\) were proposed for these
states in Ref[5]. These assignments were later questioned in

channel, is attributed to inelastic excitation of the state in Ref. [6] arguing that the 7.60- and 7.37-MeV levels'fiNe

''F at 0.495 MeV. Despite the intrinsic energy resolution of ;.o e given @7=4* assignment nor could the 7.16-
450 keV(mainly limited by the geometry of the detectpra and 7.37-MeV levels have spin parity of 1 '
separation of the elastic and inelastic scattering events was It was not possible in Ref5] to determine the spin on the
possible since the two groups representing transitions to thﬁasis of angular distribution measurements of the
ground and first-excited states ifF are separated in labora- 7E(p, @) O reaction, because marked differences in the dis-

&ributions occur mainly at the most forward or backward
eXngles, requiring data with high statistics that are difficult to
33btain with present beam intensities. In addition, interference
eéffects(e.g., betweedn=1 andl|=3 transfers populating a
1~ state in'®Ne) strongly influence the shape of the angular
distribution. Test calculations within the formalism of Ref.
[ll. EXPERIMENTAL RESULTS AND DISCUSSION [10], however, indicated that measurements of the
YF(p,p)Y'F excitation function would be more sensitive to
the spin values suggested in R&]. This is shown in Fig. 6,
The level scheme of®Ne has been studied previously where calculations are displayed for the excitation function
with several reactions, among théf®O(*He,n), *Ne(p,t),  at 6.,=142° for a state aE,=7.05 MeV with spin-parity
and 120(*?0, ®He). Results of these experiments are sum-assumptions of 1, 2, 37, and 4". It is clear that a mea-
marized in Ref[4] and the deduced level schemes are showrsurement of an excitation function for elastic scattering at
in Fig. 5. The main difference in the level scheme of Réf.  backward angles can readily differentiate between ife
compared to that given in the compilations in Réf] isin =1~ and 4" possibilities.
the spin assignment of a doublet of states at an excitation The results for the measured elastic-scattering excitation
energy ofE,~ 6.3 MeV and two new levels &,=7.12, and functions atf.,,=72 and 142°, respectively, are presented in
7.62 MeV. The state aE,=7.35MeV, was tentatively as- Fig. 7. At backward anglesf=142°), a peak in the cross
signed in Ref[4] to haveJ™=1". sections aroun&,=3.13 MeV is observed. From a compari-
Our first measurement of th¥F(p,«)0O reaction[5]  son with calculations fod™=1" and 4" (see solid and
with a radioactive!’F beam found that the mainp(a) dashed lines in Fig.)7a much better agreement is achieved
strength lies at an excitation energy oE,=7.60 for a 4" spin assignmentsee Sec. Il E The value for the
+0.05 MeV with a resonance strengéhy=300 eV, while  excitation energy E,=7.05 MeV) agrees within the experi-
the strength of a state at 7.37 MeV is about a factor of 1Gmental uncertainties with the earlier res(ii] from the
smaller. At 7.16:0.15 MeV another structure with a small (p,a) reaction obtained in a thick target measurement. At
resonance strength was identified as well. However, becauserward angles the structure is much less pronounced, but
this energy range was covered only with a thick target in theconsistent with this assignment.

energy of the elastically scattered protons exceeds 6.2 M
the protons are not stopped in the Si detector and thus inel
tic scattering events could only be extracted at the larg
scattering angles.

A. Elastic scattering
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populating a state at 7.05 MeV with spins 12*, 37, and 4". E,,
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FIG. 8. Top: Differential cross section for inelastic scattering
populating the first excited state iHF at E,=0.495 MeV, mea-
sured at scattering angles @,,=52.5—-56.5°. Bottom: angle-

FIG. 6. Calculated excitation functions for elastic Scatteringintegra’[ed cross sections for tﬁa:(p,a)l4o reaction obtained in

Ref.[5] and in this work. The solid line for the excitation function

is the proton energy in the laboratory system. See text for details.of inelastic scattering serves to guide the eye.

The region around,= 3.7 MeV corresponding to an ex-
citation energy of 7.37 MeV was not covered in the present
measurement. The excitation energy region aroufyl

B. Inelastic scattering*"F(p,p’) *F(1/2%)
The excitation function measured in the angular range

=3.9MeV (Ex=7.60 MeV) is somewhat more complex. g,,=52.5-56.5° is presented in the top part of Fig. 8, to-
While at backward angles an increase in cross section byether with the(angle-integratedexcitation function for the
about 50% is observed, the excitation function is quite feal’F(p,a) O reaction. While for the cross sections in the
tureless in this energy range. Because of the large uncertai@nergy region aroundE.,,=3.2 MeV only upper limits of
ties in the*’F(p,p) *'F cross sections, no spin-parity assign- ~0.5—1 mb/sr can be given, a resonantlike structure is ob-

ments are possible in this energy region.

do/dQ (mb/sr)

Il. See text for details.
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served aE,,= 3.8 MeV (E,=7.71+0.05 MeV). This struc-
ture does not show up in the measurements of(phe) ex-
citation function, but coincides with a 7.71-MeV state seen
in 2C(*2C, ®He) [4]. The width of this staté~70 keV) re-
quires a low orbital angular momentum=R) for both in-
cident and outgoing channels and restricts the spin-parity
choice for this structure to small spin valuég*, 17,
277, and 3"). The fact that no strong yield is observed for
the (p,a) reaction in the corresponding energy range suggests
unnatural parity for this state, i.e.,"1 27, or 3*. Since
there is a 2 state in the mirror nucleus®O at E,
=7.77 MeV, the structure seen in inelastic scattering could
correspond to that level. This assignment is consistent with
the angular distribution measured for the 7.71-MeV state in
the 12C(*°C, ®He) '®Ne reaction which has a shape similar to
the one measured for the known™ 2state at E,
=5.45 MeV.

The fact that only an upper limit for the inelastic scatter-

FIG. 7. Excitation functions for elastic scattering measured forid Cross section could be det.ermmeq in the_ region of the
the systent’F+ p at scattering angles @f,,=72 and 142°, respec- Ecm= 3.2 MeV (E,=7.05 MeV) is consistent with a 4 as-
tively. E, is the proton energy in the laboratory system. The solidSignment. A 4 state requires an outgoing orbital angular
and dashed lines are calculated using the parameters given in Tagieomentum ofl =4 which would imply a very small width

for the inelastic channell{,, <2 keV).
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C. Determination of I, TABLE I. Spins, energies, and Coulomb shifts for statehe
For the three resonanceskt="7.05, 7.60, and 7.71 MeV aboveE, =6 Mev.
a sufficient number of experimental quantitiéstal widths, E (0
(p,@) and (p,p’) cross sectionjsare now available, allowing 18 1 _ X( 18 )
b A Ex("Ne) Ex(*%0) Ex("Ne) Eem
a determination of the partial widtis,, I',,, andl", under ;= [MeV] [MeV] [keV] [MeV]
the assumption that the radiative width, is negligible and
that direct contributions to the cross section are small. 1 6.15 6.198 48 2.23
From the cross sections on resonance 3” 6.29 6.404 114 2.37
2- 6.35 6.351 0 2.43
o (E=E )= Alpl s @ 4 7.05¢01 711 60 31301
@ SR K 2" 7.37+0.06 8.21 840 3.480.06
1 7.60+0.05 7.62 20 3.680.05
w-m AUl (2) 8.21 610
op(E=B)=—z 77 @ (3 8.29 690
2 7.71+0.05 7.77 60 3.720.05
and the total widtH"
F=r,+I'y+r, (3  good estimate for the astrophysical reaction rate of the

o Y0(a,p) reaction for these resonances.
one can solve for the partial widths,, I'y,, andl',,. In

Egs. (1) and (2) k is the wave number and the spin-

statistical factor, D. Spin-parity assignments for resonances
above 7 MeV in ¥Ne
w= 2J+1 , (4) The results from elastic and inelastic scattering together
(21, +1)(21,+1) with the (p,a) cross sections allow for an update of the spin-

, , _ parity assignments for states i#fNe aboveE,=7 MeV.
with J the spin of the resonance ahdandl , the spins of the
two particles in the entrance channel, respectively. The cross 1. E=7.05 MeV
sections on resonance have to be corrected for the finite tar-

get thickness and for effects of the energy distribution of the Based on the excitation f_unctlo_n for elastp scat'gerlng, the
beam. resonance aE,=7.05MeV is assigned a spin-parity value

" . . oy .
For the proton widtH", one obtains from Eqg1)—(3) ?f 47, This level is the ana_log of the 4state at 7.11 MeV in
0. The small cross section for inelastic scattering is con-

sistent with this assignment.

r o k? a'p,k2
Tp=n |1+ 1| —=+ (5)
2 0T T
2. E=7.37 MeV
and similar expressions fdf,, andI', . The unitarity limit Little information is available for the resonance E&j
for the reaction cross section =7.37 MeV. Since resonances at 7.60 and 7.71 MeV appear
to be the T and 2° analogs of the 7.616- and the 7.771-
ot Sw 6 MV states in'80 (see below, the analog of the 7.37-MeV
Tr=TaT Tpr=@ 2 resonance in®Ne has to be at higher excitation energy in

180. Possible candidates are States at 7.864 and 8.125
ensures that the square root in Eg). remains real. MeV, a 3" or 4~ level at 7.977 MeV, a 1 state at 8.038

Among the two possible solutions of EG) the one cor- MeV, or a 2" level at 8.213 MeV. The small Wigner limit for
responding to the smaller alpha width was chosen, since thie alpha width eliminates the 5assignment and the fact
spectroscopic factors in the mirror nuclet¥® are typically  that this state is populated in tifg,«) reaction rules out the
less than 0.1. The parameters obtained for the resonances &#%,4~ spin values, thus favoring a lassignment. However,
summarized in Tables I-I1ll. Also included are states betweein Ref. [6] Fortune and Sherr have argued that all known
E,=6-7 MeV which were recently reported in a study of low-lying negative parity states show small Coulomb shifts
YF(p,p) scattering, using a thick target techniddd]. With  (A~60 keV) which speaks against a lassignment, since
the spin assignment for the 6.15-MeV state from R&l],  the shift would be an order of magnitude largé68 ke\j.
values for the resonance strength and the wigfthave been The remaining candidate, the analog of the 2ate at 8.213
extracted from our earligi5] (p,a) measurement, although MeV in 0, would yield a Coulomb shift of 843 keV, com-
with quite large uncertainties. parable to that observed for the 3tate (A =817 keV).

It can be seen from Table Il that the inelastic proton The Coulomb shifts between analog states fluctuate be-
widths for natural parity states abotsg=7 MeV are gener- cause of the variations in the radial extent of the wave func-
ally quite small compared to the elastic width. Thus a meations. Relatively low Coulomb energies occur for levels
surement of the inverse reactidfdF(p,a) O provides a where the valence neutron configurations are relatively ex-
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TABLE Il. Widths and resonance strengths for stated®e aboveE,=6 MeV.

EX Ecm F w'y(p,a) F Fp Fpl

J” [MeV] [MeV] [keV] [eV] [eV] [keV] [keV]
1~ 6.15 2.23 50 0832 3.2°3P

3" 6.29 2.37 =20° 0.2 0.34

2- 6.35 2.43 50

4% 7.05 3.13 9&-40 29+10 40+ 14 90+ 40 <1
2+ 7.37 3.48 7660 1814 40+ 30

1~ 7.60 3.69 7520 255+ 30 1000t 120 72+ 20 <2
2" 610+ 70

(37) 440+ 50

2- 7.71 3.79 7630 59+ 25 11+5
%Referencd 11].

®This work.

‘Referencd4].

tended. The best-known example for this is the ThomasFig. 7). These new levels and their possible spin-parity as-
Ehrmann shift first noted by the fact that the difference insignments are also included in Fig. 5.

binding energy for the first excitedl® states in the"’O-1'F
mirror pair is 380 keV less than that for t§é ground states.
Since *0 and *®Ne differ by two units of charge, the Cou-
lomb energies should be about twice this amount. States with The extraction of parameters, such as the widths, from the
larges-wave components are expected to have especially louneasured elastic-scattering data using Raeatrix formal-
Coulomb energy differences. This would then imply thatism of Ref.[10] is difficult because the excitation function
largel =0 partial widths should be correlated with Coulomb has not been measured in sufficiently small energy steps.
energy differences that are about 800 keV lower than foHowever, one can compare the excitation functions with
other states. As pointed out in R¢6] these considerations R-matrix calculations for various spin assignments in order
result in even-parity states being much more likely to haveo restrict the choice of possible spin-parity values.

low Coulomb energies than odd-parity ones. This argument In order to determine the phase angles for potential scat-
can be used, in a probabilistic sense, to propose spin assigtering, the angular distributions at energies Eyj,,= 3.39,

E. Comparisons with calculations

ments relative to known states 1#O. 3.63, and 3.96 Me\i.e., away from possible strong reso-
nancegwere fitted with the expression from the partial wave
3. E,=7.60 MeV expansion(given in Ref.[13]) used to describe proton scat-

_ _ tering from 0. The main difference for th&’F+ p experi-
The 7.60-MeV resonance is strongly populated in theqent in this energy region was in tleewave phase shift,
(p,@) reaction. The shape of the angular distribution, how~ynich decreased from the hard-sphere value—af5° to
ever, is not very sensitive to the spin value of this 'evel'about—85°, as had also been observed in the neighboring
allowing spin values between land 4". Because the only system®®0+ p [13]. Without this change in the nonresonant
2" and 4" levels available in this energy region have al- phases the absolute cross sections were poorly described

ready been assigned to the 7.05- and the 7.37-MeV resqnroughout this energy region. With the phase angles for po-
nances, the 7.60-MeV resonance could have spin-parity val-

ues of I .Or 3°. The Iatter.valge qud imply a Cqulomb TABLE lll. Spectroscopic factorf)f1 for states with natural
energy shift of 690 keV which is unlikely, as was discussed__ .. = "1g _ P

- . 18 parity in **Ne andE,=6 MeV.
above. In addition, the 3 mirror state in -°O at E,

=8.29 MeV has a considerably larger spectroscopic factor of E
0.3[12], which would imply a total widte=1 MeV. Thus the 3= [MeXV] 02(18Ne) 0%(80)  O2('*Ne)
7.60-MeV resonance is likely to be the lanalog of the - - P
7.616-MeV level in'f0. 1- 6.15 0.19% 3
3” 6.29 0.018 0.02%
4 E=7.71MeV 47 7.05 0.50-17 0.11 0.25
o _ 2+ 7.37 0.004-0.003

The resonance at 7.71 MeV, which is not seen in(the) 1- 760 0.012-0.0015 0.012 0.034
reaction, would then be th@™=2" analog of the 7.771- 2%) 0.02+0.0025 0.014
MeV 2~ state in'®0. The structure of the excitation func- (37 0.07+0.008 0.30

tions in the elastic channel is not sufficiently pronounced in
this energy range to help in the spin-parity assignments, buitThis work.
it is consistent with these proposed spin-parity val(gse °Referencd4].

035803-7
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tential scattering fixed, the excitation functions for resonant
scattering, calculated from the equations given in REd),

are shown in Fig. 7. The calculations have been folded with
an energy resolution of 100 keV. The solid line uses the
resonance parameters tabulated in Tables I-Ill which give a
good description of the experimental data. The dashed line
assumes a1 assignmentrather than 4) for the 7.05-MeV
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state, in strong disagreement with the data, especially al
backward angles.

NA(0v>

IV. ASTROPHYSICAL IMPLICATIONS

With the resonance parameters summarized in Table Il the
astrophysical reaction rate can now be calculated. This rate i
defined as the folding integral of the cross section with a
Maxwell-Boltzmann distributiorf (v),

107

FIG. 9. Contributions to the astrophysical reaction rate from the
states tabulated in Table Il. The gray-shaded area represents the

NA<UU>=waU(v)f(v)dv. (7)

For an isolated resonance with strength[see Eq(1)] at
energyE, , this equation gives

E
Na(ov)=1.54X 10" ATy) 32X wyX exp( - 11.605T—“) ,
9

(8)

whereN, is Avogadro’s numberA the reduced mass, afi@
the temperature in units of 1.

contribution from the 6.15-MeV, 1 state. The thin solid lines are
the contributions from the 4, 2*, and 1~ states, respectively. The
thick lines give the sum of the contributions of states'iNe at
E,=7-8 MeV from this work(solid line) and Ref[4] (dot-dashed
line), respectively. The insert shows the ratio of the reaction rates

F\)Hahn/ Rthis work*

x-ray bursts has, for the first time, been measured directly
using a radioactivé’F beam. From a measurement of the
time-inverse''F(p,«) %O reaction resonance parameters for

The results are presented in Fig. 9. The rate for the brealgeveral states above an excitation energy of 7 MeV’ie

out reactions is dominated by the resonance parameters f6puld be determined. These data, together with measure-
the 1~ state at 6.15 MeV which, because of its smallments of excitation functions for elastic and inelastic scatter-

strength, could be determined only with relatively large un-ng [*'F(p,p) *'F and*’F(p,p") *F(1/2")] were used to de-
certainties in the present measuremésee shaded area in termine spin and parity values for four states in this energy
Fig. 9. Compared to this state, the contributions from thef€gion. These assignments differ from values given in earlier

three higher-lying resonancéshin solid lineg are consider-
ably smaller. It is only in the temperature rangg=3 that

compilations. The results also indicate that the contribution
of the *O(a,p) YF* reaction populating the first excited

they start to dominate the reaction rate. The thick solid lineState in *’F is small. The contribution of the resonances

represents the sum of thé 42, and 1™ rates. Compared to

above E,=7 MeV to the astrophysical reaction rate is

the rates obtained in Refi4] we observe a good agreement Smaller than was previously assumed by a factor of 2-3.

for the 17 state(not shown in Fig. § but a reduction of the
contribution from the higher-lying resonancesE,(
=7-8MeV) by a factor of 2—3see thick dot-dashed line
and the inset in Fig. )9

V. SUMMARY AND CONCLUSIONS

The astrophysical reaction rate for tH®(«,p) 1F reac-
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