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for the astrophysically important 7.08-MeV state in 1Ne

PHYSICAL REVIEW C, VOLUME 62, 04280(R)

D. W. Bardayar;? J. C. Blackmor!, W. Bradfield-Smith C. R. Bruné? A. E. Champagné,T. Davinson’ B. A. Johnsor,
R. L. Kozub? C. S. Leé® R. Lewis? P. D. Parkef A. C. Shotte! M. S. Smith! D. W. Visser® and P. J. Woods
!Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

2Department of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599

SA. W. Wright Nuclear Structure Laboratory, Yale University, New Haven, Connecticut 06511
“Department of Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom

SPhysics Department, Tennessee Technological University, Cookeville, Tennessee 38505

5Department of Physics, Chung-Ang University, Seoul 156-756, South Korea
(Received 11 May 2000; published 1 September 2000

Knowledge of the astrophysicafF(p,«)*°0 rate is important for understanding gamma-ray emission from
novae and heavy-element production in x-ray bursts. A stateByi#h7.08 MeV in **Ne provides ars-wave
resonance and, depending on its properties, could dominat®fe, «)°0 rate. By measuring a kinemati-
cally complete®H(*®F,p)*8F excitation function with a radioactiveF beam at the ORNL Holifield Radioac-
tive lon Beam Facility, we find that thé°Ne state lies at a center-of-mass energy of 6633 keV (E,
=7077+2 keV), has a total width of 38:563.4 keV, and a proton partial-width of 15:8..6 keV.

PACS numbgs): 27.20:+n, 25.40.Cm, 25.60:t, 26.30+k

Novae are violent stellar explosions, exceeded in energi a factor of~300 variation in the amount oF produced
release only by supernovae and gamma ray b{t$tf\bout  in models[8]. It is impossible to say whether gamma-ray
35 nova explosions are thought to occur in our galaxy eaclypservations by orbital detectors are feasible without a more
year; of these typically two or three are obserf@Bl. A precise value of thé®F(p,a)®0 stellar reaction rate.
nova explosion occurs on the white dwarf component of a knowledge of thel®F(p, «)%0 rate is also important for
close binary star system in which the companion star is l0Syngerstanding heavy-element production in x-ray bursts,
ing hydrogen-rich material onto the white dwarf. The ac-where much higher peak temperatures and densities are
creteq layers accumulgte until they reach temperatures eXgached than in novd®]. In these conditions, there may be
ceeding 10 K at their base[1]. If these layers are 4 transition to heavy element production via the reaction
sufficiently dense, nuclear reactions are ignited which carequence 18r(p, y)Ne(p, )2 Na(p, y)?Mg,...  [10].
lead to a runaway thermonuclear explosion and the ejectiofynether there is a significant flow through this reaction se-
of part of the accreted material. Despite intensive efforts tQqyuence in x-ray bursts depends sensitively on the competi-
understand the nova mechanism, current models fail {0 r&jon hetween the'®F(p, y)Ne and ¥F(p, @) %0 reactions
produce many global properties such as the ejected 4SS ang thus we must know their relative rates in this high-
and as a result the parameters of the models such as tﬂﬁnperature astrophysical environment.
initial white dwarf mass and accreted envelope mass are not The 18(p, 4)1%0 rate is thought to be dominated at high

well constrained4]. _ temperatures by a resonance n&af, =660 keV in °Ne
It has been suggest¢f, 6] that the observation of gamma 11]. This state may havé™=2* and would be primarily an
rays from nova ejecta would provide a rather direct test ol ,\ave resonance for th&F+ p system since the ground
the models. The most powerful emission in gamma rays imétate of 1 hasJ™=1*. Utku et al. [11] populated the state
mediately after the explosion comes at energies of 511 keYlsing the'%F(®*He,t)*®Ne reaction. They measured the reso-
2Ir:etitrgﬁl—ovc\)/sggg\r,1vnantr?ih}Ivazti%;Fl%lIlt()(\alci/rl’ ?r:le? lgzttglgdefcrgm of 1ance energyf), total width (I"), and proton partial width
P g Y OUT,) to be 6539 keV, 32-10 keV, and 144 keV, re-

proton-rich radioactive nuclei produced in the explodigh ) _
The main sources of positrons in nova envelopes are e)gpectwely. Coszackt al. [12] found E,=638- 15 keV, I

pected to be N and &F. When 3N (t,,=9.97 m) decays, =37+5 keV, and I';=13 keV by deconvoluting the
the envelope is most likely still too opaque for gamma-ray "H(**F,p)*® and *H(*®F,a)'°0 energy spectra measured
transmission; therefore, the decay ¥F (t,,=109.8 m) is  with a thick (200xg/cn?) polyethylene target. Rehet al.

the most significant for observations within the first severa[13] extractedE,=652+4 keV, I'=13.6-4.6 keV, and
hours after the explosion. The amount of radiation emitted’,=5.0=1.6 keV from a measurement of the yield of the
depends strongly on théF content of the nova envelope H(*®,°0)*He reaction as a function of beam energy with
which in turn is severely constrained by its destruction ratea thinner (60xg/cn?) target. These discrepanciéss much

in the burning shells. This destruction occurs most rapidly byas a factor of 3 in the width and 21 keV in the resonance
the 8F(p, a)'°0 reaction. Unfortunately, it has been found energy result in up to a factor of 3 variation in the
that the current uncertainties in tH8F(p,«)%0 rate result  8F(p,a)°0 rate[14].
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FIG. 1. Our experimental configuration is shown with tHE 2L |
ions impinging on a polypropylene target. The scattered protons L 48 1
were detected in the SIDAR, while recdffF ions were detected in - 60 1
coincidence in a gas-filled ionization counter. 5 r ‘ . 1
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To resolve these discrepancies, we have measured th Total Energy (MeV)

H(*8F,p)*¥F excitation function using a radioactive’F
beam at the ORNL Holifield Radioactive lon Beam Facility
(HRIBF). The yield of theH(*®F,a)*°0 reaction was mea-

FIG. 2. A plot of the energy lost in the first two anodes vs the
total energy deposited in the ion counter is shown. This spectrum

d simul | d detailed vsis of this dat twas produced when a coincidence with a proton detected by the
sured simultaneously, and detalled analysis of this data se DAR was required. Thé®F scattering events were readily distin-

in progress. Our method utilized a thin (3&/cn?) poly- guished from the'®O events.
propylene target which, along with the excellent energy reso-
lution of the beam 4E/E~10"°), allowed for a more pre-  +19 as a function of energy. The unscattered primary beam
cise measurement of the resonance properties.'ffi@eam  \as prevented from entering the ionization counter by a 1.5-
was produced at the HRIBF by an isotope separator onlinecm-diameter disk which was inserted in front of the ioniza-
type target/ion sourcél5] via the *°O(a,pn)*®F reaction  tion counter entrance window during each run. The size of
using a fibrous refractory Hfptarget[16] bombarded with  the disk was chosen so that for the proton angles covered by
~1uA of 85 MeV “He ions from the Oak Ridge Isochro- the SIDAR, the corresponding recofffF ions were not
nous Cyclotron. The radioactive species diffused from thesjocked by the disk. When the beam energy was changed,
target material and effused to a kinetic-ejection negative-ionhijs disk was removed and a 4-mm aperture was inserted for
source[17] where the'®F atoms were ionized and extracted. peam tuning and beam purity measurements via particle
After two stages of mass analysis, tH& ions were injected identification in the ion counter.
into the HRIBF tandem accelerator and accelerated to the Proton yields were measured at 15 beam energies between
appropriate energies~0.7 MeV/nucleon) for the experi- 10 and 14 MeV. The yield at each energy was determined by
ment. The average beam current on target wasl® ‘%  summing the coincident proton yield¥,,, in the inner 12
ions per second, and a total o&20'° *% ions were inci-  strips of the SIDAR and normalizing to the incident beam
dent on the target over the course of the experiment. Theurrent. The resonance scattering is small with respect to
beam was contaminated BYO (*¥/*%0~0.1), and our ex- Rutherford scattering at larger lasmaller center-of-mags
periment had to be designed to overcome this difficulty.  angles, and therefore the proton yields extracted from the
The experimental configuration is shown in Fig. 1. Theinner 12 strips were found to be more sensitive to the reso-
18- peam bombarded a 3bg/cn? polypropylene (CH),  nance parameters than those extracted from the entire detec-
foil, and the scattered protons were detected in a silicon detor. The beam current normalization was achieved by moni-
tector array(SIDAR) [18]. The detectordeach having 16 toring the amount of®F, Y, that was scattered from carbon
radial divisiong were tilted upstream at a 41° angle in order in the target and detected by the ionization counter. The nor-
to cover a large angular range. The array covered laboratomnalized proton yields, Ycoin/YEEinEour) X CONst, where
angles 15%0,,,<43°, allowing detection of the forward- E; (E,,) is the energy the beam has befofaften it
focused scattered protons while allowing th% beam to traverses the target, are displayed in Fig. 3 along with the
pass out of the target chamber. The recti ions were expected yield for nonresonant elastic scattering and a fit to
detected in coincidence with the scattered protons in athe data. The presence of a resonance which interferes with
isobutane-filled ionization counter. The counter provided enthe elastic scattering is clear.
ergy loss and total energy information for particle identifica- From the magnitude and shape of the scattering anomaly,
tion and allowed us to readily distinguish th#+ p scatter-  the resonance must have been populated bi=ab partial
ing events from the more intens80+ p events. A particle wave, and thus the state must halle= 3" or 1 7. A fit to
spectrum from the ionization counter is shown in Fig. 2. Athe data was performed using two different formalisms. The
similar experimental configuration was used previously in &irst used the Breit-Wigner methodology detailed in Blatt and
measurement of théH(*’F,p)!’F excitation function and Biedenharn19], and the second utilized tHe-matrix code
was found to be highly reliablgl8]. The coincidence effi- muLTI [20]. In both cases the fit was performed with four fit
ciency was measured at several beam energies between pframeters: the normalization, resonance energy, total width,
and 14 MeV. It was found to be 93% and to only vary by and proton partial-width. AssumingJ =3 resonance, the

042802-2



RAPID COMMUNICATIONS

KINEMATICALLY COMPLETE MEASUREMENT OF THE . .. PHYSICAL REVIEW C 62 042802R)

2000 [ . . . dence on the target energy loss used in the fitting routine.
The energy loss of alphas in the target was measured using a
244Cm source. This energy loss was then converted to an
expected energy loss for th€F ions and found to be 490
+50 keV. This energy loss was consistent with the ob-
served energy spread of the detected protons from the
TH(*8F,p) *8F reaction. In the fitting routine, the energy loss
was varied by its uncertainty, and the best-fit results changed
by 1.5 keV for the resonance energy, by 1.7 keV for the total
width, and by 0.01 for the ratio df ,/I". Other systematic
uncertainties were negligible.

We adopt resonance parameters that are the average of the
values obtained from the two fitE(=665.3+0.7 keV, I’
1000550 6(')0 650 7(')0 750 =_38.5_t 2.3 ke_V, and FP/I‘=O.408*_- 0.011). The uncer-

Average E, . (keV) tainty in the width was increased th3 keV to cover the
h difference between the fit results. The uncertainties in the

FIG. 3. The normalized proton yields are plotted as a function ofaverages were then combined in quadrature with the system-
the average center-of-mass energy in the target. The solid line is atic uncertainties to obtaift, =665.3+1.7 keV, I'=38.5
R-matrix fit to the data with four fit parameters: the normalization, +3.4 keV, ande/F=O.4lt 0.02. Our results agree with
the resonance energy, the total width, and the proton partial-widtlihose given in Utkiet al.[11] and agree with Coszag al.
of the g+ state. The dashed line shows the excitation function ex{12] for the total and proton partial widths. However, our
pected if there were no states in this excitation energy region.  findings for the width, resonance energy, and proton partial-

width do not agredi.e., are not within &) with those in
theoretical cross section was integrated over the angles cogehmet al.[13]. They also do not agree with the resonance
ered by the inner 12 strips of the SIDAR and averaged ovegnergy found by Coszacht al. [12]. Our results imply a
the energy loss in the target. The results from the fits ar@roton partial width for this state of 15:81.6 keV which
summarized in Table | along with the average of the resoggrees with that recently calculated by Fortune and Sherr
nance properties. The results from the two techniques agre1]. From these resonance parameters, we calculate the

at the 1o level. The qUOted uncertainties from each fit aréresonance Strength of this state for tﬁg(p’a)lso reaction
statistical in nature and were determined in the standard wayy pe

from the least-squares fit to the data. The estatrix fit is
shown in Fig. 3 and includes the contributions from nearby 2341 T
; r

resonances with resonance parameters from ¥tlal. [11]. wy= P
If we fit the same data assuming that the populated state has (23;+1)(23,+1) T
J™=17 the best fit is achieved with a proton to total width
ratio of I'y/I'=0.82+0.04. While we cannot rule out this whereJ,, I'y, I',,, andl" are the spin, proton partial width,
possibility, it would be inconsistent with the previous mea-alpha partial width, and total width of the resonance, respec-
surement ofl',/T" [11] and would require a much larger tively. J; andJ, are the spins of the incident nuclei, ahg
spectroscopic facto§,=I",/I's,, than predicted21]. was extracted from the relatioi=I",+I",. The effect of

A number of systematic uncertainties were carefully con-our results on the calculateéldF(p, )0 and *F(p, y) **Ne
sidered. There was no appreciable target degradation or deaates will be the subject of a forthcoming papa4].
time during the experiment. The measurement at 11.5 MeV In conclusion, the'®F(p,«)*°0 stellar reaction rate was
(Ecm=597 keV) was repeated near the end of the rununcertain, in part because of discrepant results from previous
(~26 h of beam on target between measuremetotdest measurementgl1-13 concerning the properties of a reso-
the reproducibility of the system and found to lie within the nance near 7.08 MeV if®Ne. These measurements differed
uncertainty of the measurements. Uncertainties in the beailmy as much as a factor of 3 in their adopted widths and by as
energy calibratiof22] were recently checkd@3] and found much as 21 keV in their excitation energy for the state. By
to be negligible. The best-fit results showed a mild depenmeasuring thetH(*®F,p)8F excitation function with a thin

1800

-
[e2]
(=
[=]

Proton Yield (arb. units)
N
(=
o

1200

£=6.2+0.6 keV,

TABLE I. A summary of the resonance properties from previous measurements is shown along with the
best-fit results from this work.

This work This work This work

Ref.[11] Ref.[12] Ref.[13] Breit-Wigner R matrix adopted

E, (keV) 659+ 9 638+ 15 652+ 4 665.1+1.1 665.4-0.9 665.3-1.7
I' (keV) 39+10 375 13.6-4.6 41.5-4.6 35.5:2.6 38.5:34
r,/r 0.37+0.04 0.4-0.6 0.37 0.405:0.017 0.41#0.014 0.410.02

aAnalysis assumedl, /I'=0.37 from Ref[11].
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target and a high-resolutiofF beam, we were able to de- energy states irt°®Ne [25]. Further work with** beams is
termine the properties of th|S resonance W|th a greater precplanned at the HRIBF in Order to addl’eSS these uncertainties.
sion than had been done previously. Our results for the total

width and resonance strength clearly favor those found in \we thank the staff of the HRIBE whose hard work made
Refs.[11,12 over the one in Refi13]. While our measure-  thjs experiment possible. Oak Ridge National Laboratory is
ment has resolved the discrepancy in the resonance strengifanaged by UT-Battelle, LLC, for the U.S. Department of
of this state, the'®F(p,a)*°0 rate is still uncertain at lower Energy under Contract No. DE-AC05-000R22725. C. S. Lee
temperatures owing to the unknown properties of lower-acknowledges support by the Korea Research Foundation.
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