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Structure of 8Ne and the breakout from the hot CNO cycle
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We used thé®0(®Hen) BNe, ’C(*%C,5He) 1®Ne, and®Ne(p,t) ®Ne reactions to studj’Ne states up to an
excitation energy of 10 MeV, with emphasis on levels corresponding®®@{«,p) 1’F and F(p, y) 1®Ne
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 aE,=6.15+0.01 MeV, 7.12:0.02 MeV, 7.35-0.02 MeV, 7.62-0.02 MeV, 8.3G:-0.02 MeV, (8.45
+0.03 MeV), 8.55-0.03 MeV, 8.94-0.02 MeV, and 9.580.02 MeV. We combined level width, cross
section, and angular distribution data to infEt 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 recalculatetGife, p)

YF 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 2#H0.
[S0556-28136)03709-7

PACS numbgs): 26.20+f, 25.55.Hp, 27.28-n, 97.39.Qt

I. INTRODUCTION calculated by Wiescher, G@s, and Thielemanh3]; this
caused its contribution to th&’F(p,7y) reaction rate to be
The O(a,p) F and Y'F(p, y) ®Ne reactions play cru- about two orders of magnitude smaller than they had pre-
cial roles in the advanced stages of astrophysical hydrogegicted.
burning. The O(a,p) F(p,y) BNe(8" v) ¥F(p, @) %0 Two calculationg4,5] of the 4O(«,p) *'F reaction rate
reaction sequence can provide a path around the relativefjave recently appeared. These studies were necessarily based
slow positron decay ot40 in the hot CNO cycle, while the largely on theoretical expectations as experimental informa-
reaction  sequence “O(a,p) Y'F(p, v) ¥Ne(8" v) ¥F(p, tion about the level structure ofNe at EX}S MeV was
) 1%Ne can provide an alternate path from the hot CNOVery sparse. Inlgact, thelsummary of previous experimental
cycle to the rapid proton burningp) process. The energy results[2,6] for 1®Ne and*0 displayed in Fig. 1 shows that

18 - -
release in the hot CNO cycle is limited by the decay rate o@istA a\l;alogs of ? nug)ber 01'8% Ieé/els n thti region Id
0(t,,=70.6 9 and ®O(t,,=122 9. Wallace and Woos- X €V were yet undiscovered. becalise hese cou

i 18 1
ley [1] have shown that at sufficiently high temperatures an ave :;17Iarge e}‘fect on the predmtéa:(p,?/) Ne and %0
densitiesy canture on0 and %0 competes favorably with a,p) *'F reaction rates, we have investigated the structure
» Th'pb ks the hot CNO pl d mak yth ¢ of ®Ne at high excitation energies. We describe our
f decay. This breaks the ho cycle and makes e rafy, jies of the %0(3Hen) BNe, 2C(*2C,%He)&Ne, and

sitior_1 into the rp process where the_ energy generation rateONe(p,t) 18e reactions in Secs. I, IIl, and IV, respectively.
can Increase by }‘7"’0 ordelr7s of magmtude. . These results are analyzed to yield information on the struc-
The “O(a,p) *'F and ~'F(p,y) “Ne reaction rates de- yre of 18Ne in Sec. V. This information is then used to

pend sensitively on the excitation energies, spins, and partighcalculate the“O(e, p) 1'F reaction rate in Sec. VI.
and total widths of the relevant resonances‘iNe. For ex-

ample, a previou$2] study of the*®O(®*Hen) ®Ne reaction
found that the missing 3 level lies~230 keV higher than Il. %0(*He,n) ¥Ne REACTION

A. Experimental setup

*Present address: RIKEfhstitute of Physical and Chemical Re-  The ®*0(®*Hen) ®Ne studies were made using the pulsed-
search, Hirosawa, Wako, Saitama 351-01, Japan. beam time-of-flight spectrometer at the University of Wash-
TPresent address: Physics Division, Oak Ridge National Laboraington tandem accelerator. Details of this facility are given in
tory, Oak Ridge, TN 37831-6354. Refs.[2,7,8. For this work, we used a set of three un-
*Present address: Department of Physics, University of Pennsykhielded 12.7-cm-diam liquid-scintillation detectors. Two of
vania, Philadelphia, PA 19104. these BC-501 scintillators were 5.1 cm thick and the third
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I 338 — FIG. 2. Time-of-flight spectrum showing the 5.1-MeV doublet
and 5.4-MeV level in'®Ne. This was taken a,=0°, E3,,=10.90
MeV, and a flight path of 4.53 m. The expanded region of the
spectrum covers the region of very slow “wrap-around” neutrons
» Lo (i.e., neutrons whose flight times exceeded the beam burst repetition
B SO B A 189 period. The peak labeled %" is a small residue of the intense
prompt y flash.
time-of-flight spectrum taken &s,.=10.9 MeV; the smooth
curve is a fit obtained using the procedure explained in Ref.
o o [2]. This spectrum was used to extract energies and widths of

the ®Ne doublet atE,~5.1 MeV and of the level at
E,=5.45 MeV. The extracted values are shown in Table I.
Figure 3 shows a 0° neutron time-of-flight spectrum taken
atEsy—=14.0 MeV to study energy levels at higher excitation
in ®Ne. Several previously unobserved levels were seen. We
obtained an angular distribution Bty.=14.5 MeV in order

2.5 cm thick; all had excellent neutron-gamma discrimina-

tion capabilities. The efficiencies of our detectors as func{© (D) confirm that the new levels belonged t#Ne and not

tions of neutron energy were determined using the© another nucleus produced via a target contaminant, by

Li(p,n) reaction, for which the absolute cross section isobserving the kinemaﬁic behav'ior' of the_ corresponding
well known [9,10]. peaks, and@2) extract spin and parity information about these

- . levels by comparing the measured angular distribution to
The oxygen targets were prepared by anodizing high-; o :
purity Ta blanks in 0.1N sulfuric acifil1]. The resulting distorted-wave Born approximatidibWwBA) calculations.

Ta,Os layers had thicknesses of approximately 1566/ Figure 4 displays time-of-flight data obtained_at seven dﬁf-
cm2. The targets were mounted in a clean cryo-pumpecjerent neutron angles. The data, transformed into excitation
chamber operating at pressures below B 7 Torr. To energy spectra, show previously unobserved levels at

avoid any residual C buildup, we moved the target periodi-EX:6'15i 0.01 MeV and 7.350.02 MeV, and an apparent

cally so that the beam again struck a “fresh” surface. ThedOUbleF atEX~7.07_MeV(see Table)l In order to facilitate
normalization we fixed one of our three neutron counters at

only detectable contaminant in our spectra Wa3. Its effect
on our spectra was determined by always taking data with i[’O ggogr%iso azgomg;'fd;;‘g ?tgﬁer_;n:égtlgwé?éc’%: dn?JISeif]gc’f
it 3 18 , ) ) y ) .
dCa:Z.rget under the same conditions as #ie(*Hen) *Ne the program described in R¢R], with the constraint that the
level widths and excitation energies be identical in all spec-

tra. The program included an exponential tail in the detector

resolution function to account for neutron scattering by mat-
Choosing the best beam energy to study a particular levekr close to the target or detector. These tails were assumed

with the GHen) reaction involves a trade-off between good to be a function of the detector only. Note, however, that, in

energy resolutiofwhich implies lower beam energieand  contrast to the situation of the lower excitation energy levels,

appreciable cross section for populating the le@ehich  there is a now background contribution from three- and four-

usually implies higher beam energiesigure 2 shows a body reactions, especiall}®*O(CHenp)’F, which has a

180 18Ne

FIG. 1. Previous level diagrams 6fO and *®Ne from Ref.[6]
including the 4.56-MeV state if®Ne from Ref.[2].

B. Results
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TABLE 1. 'Ne levels with E, =5 MeV observed in distribution for theE,=5.45 MeV level §7=2") is not
1%0(*Hen) **Ne. forward peaked, which is consistent with its being an
unnatural-parity level.

This work Previous results
E, (MeVxkeV) T (keV) E, (MeVz*keV) J7 I' (kev) Il 12C(12C,5He) ®Ne REACTION
5.106+8 50+10  5.090-8  (2%,37) 40x20 A Introduction
5.153+8 <20 5.146-7 (2*,37) 25x15
5.454+8 <20 5.453- 10 27) <50 Almost all previous experimental studies &¥Ne were
6.15+ 10 <40 done using the'®*0(®*Hen) and ?°Ne(p,t) reactions. These
6.30-10 6.297- 10 <60 are dominated by a direct two-nucleon transfer mechanism
6.35+ 10 6.353- 10 <60 and so preferentially populate only natural-parity states in
707410 200£40  7.062+12 18050  ‘®Ne. We, therefore, also investigated the€(*%C,°He) re-
(7.05+ 30)° (<120) action [14], which proceeds primarily by a compound
(7.12+30)° (<120) nuclear mechanism. This reaction is not particularly selective
7.35+18 <50 and can populate all but thé"=0" states of ®Ne. Our
7.72+-10 <30 7.713- 10 <50 results are discussed and compared to statistical model cal-
7.915+ 10 <50 culations below.
7.94+10 40+10 7.94%-10 <60
8.11+10 <30 8.10r 14 <50 B. Experimental setup
8.50+ 30 =120 A 30-300-pnA beam of 80-MeV’C ions from the Yale
9.20=10 <30 ESTU tandem accelerator bombarded natural carbon targets
*Referencd ], with thicknesses between 20 and B@/cm?. The °C+

bwe fitted our spectra with either one levelBt=7.07 MeV and  C reaction products at laboratory angles of 1°, 2°, 4°,
I'=200 keV or the doublet indicated in parentheses. For this las6®, 7°, and 10° were analyzed in an Enge split-pole spec-
case we consistently found a smaljer per degree of freedom. trograph. The spectrograph focal-plane detector consisted of
a gas proportional counter and a plastic scintillqfat]. The
isobutane-filled proportional counter had a cathode that mea-
resured the energy loss in the gaSE, and two position-
sensitive wires separated by 10 cm. Each of these wires was
surrounded by a series of small copper split rings with a
2.5-mm segmentation that served as tapped-delay-line pick-
ups connected to lumped delay-line chips. The relative delay
between the signals at the two ends of a wire determined the
rigidity of the particle,p. After passing through the gas vol-
me, most particles stopped in a 6.4-mm-thick BC-404 plas-
¢ scintillator that determined the residual enefgy
For measuring absolute cross sections, we used both a
raday cup and a silicon surface-barrier detector. The
urface-barrier detector, located at 40° in the target chamber,
as used to calibrate the Faraday cup and normalize the
eam current integrator readings from the Faraday cup at
various angles. The 2°, 4°, 6°, 7°, and 10° data were taken
) ) using a Faraday cup located in the target chamber. This Far-
time of flight (channels) aday cup was removed for the 1° run and replaced by a beam

threshold at a'®Ne excitation energy of 3.922 MeV.
Angular distributions of the observed neutron groups al
plotted in Fig. 5, along with DWBA calculations performed
with the codepwuck4 [12] using the parameters of Ref.
[13]. Our measurements &, as a function off,, demon-
strated that all the observed groups did arise from i@
(®Hen) *Ne reaction. However, the angular distributions of
the higher-lying levels generally do not exhibit any clear
structures that could be used to extract the transferred orbit§
angular momentum. The top two panels show the groun
state and first excited state that are clearly resolved in OLEa
spectra(see Fig. 3 and whoseL values are known. The
reasonable agreement of the observed and calculated distr
butions supports our parameter set. Note that the angul

100 200 300 400 500 stop located on the focal plane.
10000 :I T ’ LI I L | L L L I 1T ]
5000 ] C. Data analysis and results
- 14.0 MeV . 1 . !
- at O degrees i Because thé?C+ 'C reaction produces about 1@imes
3 more « particles than®He particles it would be difficult to
o 1000 | — .
3 c 3 separate théHe group cleanly from ther group with con-
8 s00 F ] ventional AE®E particle identification techniques. The
n spectrometer provided an additional parameter of particle
i momentum that was used to help separate and identify the
100 v v o Lol LI various particle groups. ThéHe group was identified by
70 6.0 40 00 three 2-dimensional gates placed on the paramedEs E,
Excitation energy (MeV) andp.

Because we used natural carbon targets, we expected
FIG. 3. Neutron time-of-flight spectrum &, =14 MeV, some contributions from the*C(**C,°He)**Ne reaction;
6,=0°, and a flight path of 4.53 m. these were determined by running with'3C target in the



2002 K. I. HAHN et al. 54

150
125

L3
I
(=]

3

100
75

25

||||||||||'IIII|||||||||| ||||||||||||1

IRRRRSRRRY LRRAI
LRRRNIERRNYRRN)

g = 34°

L~
Il
o
-

o

FIG. 4. “Excitation energy” spectra taken at
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were obtained using identical level parameters at
each angle and letting the program fit the area.
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middle of each of the natural carbon target runs, without The 2C(*?C,®He)®Ne spectra were quite clean even
changing any experimental conditions or parameters. Theéhough the strongest states had cross sections of erily
®He spectra at 4° obtained with natural carbon &*@ tar-  yb/sr. Data were obtained at six angles in the interval
gets are shown in Fig. 6. No evidence of other contaminantg°< ¢,,<10° (Fig. 7) to measure the kinematic shifts of
was observed. each ®He group and test that it did arise from théC(**C,
5He) ®Ne reaction, and to compare the resulting angular dis-

10 E X —10 tributions with statistical-model compound-nucleus calcula-
2 'y £E: = 1.89 Mev 3 o . . X
2 2 A i I tions discussed in Sec. Il D below.
b N 4 3., Several previously unobserveNe levels were seefsee
2 Er | | N 1_11\%— 2 Table Il): states atE,=6.15 MeV andE,=7.35 MeV that
oJE D—— 7 confirm the *°0(®*Hen) ®Ne results in Sec. II, as well as
0.2 i & E, = 7.35 MeV —203 new states aE,=7.12 MeV, 7.62 MeV, 8.30 MeV, 8.55
0.1 - N ng MeV, 8.94 MeV, 9.58 MeV, and possibly 8.45 Me{énly
= 00 _I I EI = 5~‘I'5 Me}’ LT 200 observed at two anglgs
m '-' 1111 Lt L1 L1l I 1111 1111 1111 114 ) 1 E
> H E, = 7.72 MeV —0.6 o
g 04 - \[\ . Ex= 615 MeV o D. Angular distributions
; 0.2 £ \‘{*? % ~1~_ 0.2 Figure 7 shows'He spectra obtained at six angles. For the
Q 0.0 Fr. . | | et | | o= w2 0.0 1° run, it was necessary to put a 0.125-mm-thick Al foil in
0:- 141 1141 1118 1111 11l 1111 114 1 b1 111§ 1 : 4+ .
_g E E. — 6.30 + 6.35 _ 3 front of the gas detector to stop tH&C** particles(from a
s P2 7T Il fraction of2C5* projectiles that picked lect
F s 71 small fraction of projectiles that picked up an electron
Lo £ NENEN Sos in the target with the same rigidity as théHe particles
05 - ) S ;-llek_uﬁt% corresponding to 3.5-4.5-MeV states ¥Ne. Although the
°%E 3 B o roTMev | ?'g absorber was thick enough to stop tH€ projectiles, their
4F E g Ec=811MeV - 1'0 interactions in the foil produced light particles that entered
4 NI SRR ox 30 the detector and produced the background in the
1E- NN N mmesd o 3.5<E,<4.5 MeV region of ®Ne seen in the 1° spectrum
Y R B . 0 P Y O i - shown in Fig. 7. Multiple scattering in the absorber reduced
0 20 40 60 80 O 20 40 60 80 e : : H o
the position resolution for théHe particles in the 1° run,
Oom. (deg) Oem. (deg) resulting in an energy resolution ef 100 keV, compared to
FIG. 5. %0(®Hen) angular distributions taken ds,z=14.5 ~ 70 keV at other angles.

MeV. The lines show DWBA calculations for different values of  The C(*2C,°He) ®Ne reaction is expected to take place,
the transferred orbital angular momentum: solid line;0; dashed ~ at the 80-MeV '?C beam, via a mechanism in which the
line, L=1; dotted line,L=2; dot-dashed lineL=3; solid line, = compound nucleus decays to various channels with relative
L=4. strengths that can be predicted via a statistical-model calcu-
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TABLE Il. ®Ne levels withE,=6 MeV observed in*?C(*?C,
5He) 1eNe.

0 =4° 0 =6° Weighted average val@ie
E, (MeV=keV) E, (MeV=keV) E, (MeV=keV)
6.149+ 20 6.148-20 6.15+ 20
6.30° 6.30°

7.122+20 7.108: 30 7.12-20
7.353+20 7.363-30 7.35-20
7.618+20 7.630:20 7.62:20
7.733:20 7.732£20 7.73:20
7.940+ 30 7.948- 20 7.94+20
8.11° 8.11°

8.295+ 20 8.311% 20 8.30: 20
(8.451+30) (8.445+ 30) (8.45+30)
8.535+20 8.574- 30 8.55:30
8.943+20 8.94720 8.94+ 20
9.199+20 9.170-20 9.18-20
9.593+ 20 9.57% 20 9.58+20

4ncludes values from the other angles 2°, 7°, and 10°.

bThe 6.30/6.35-MeV doublet could not be resolved. Because the
calibration favored 6.30 MeV as explained in the text, this number
was used for the calibration along with 0.00-, 1.89-, 3.38-, 5.45-,
and 8.11-MeV states.

‘Used for the calibration.

lation [15]. We used the computer coderaTis [16] to
calculate the compound-nucleus cross sections for the
2c(*?C,%He) reaction populating the various states in
¥Ne. The optical-model parameters used to calculate the
transmission coefficients are listed in Table IlI.

Figure 8 compares the measured cross sections and the
statistical-model calculations for some of the states in
18Ne. The statistical model reproduces expected trends in the
data. Note that the angular distribution for tlkg=5.45
MeV level (J7=27) is not forward peaked, which is consis-
tent with its being an unnatural-parity level. The angular dis-
tributions for the other®Ne levels did not present clear
structures that could be used to extract reliable spin values.

IV. 2Ne(p,t) *®Ne REACTION

A. Introduction
We used the?®Ne(p,t) ®Ne reaction to study the higher
excitation energy region of'®Ne with better resolution

TABLE llI. Optical-model parameters used in the analysis of
the 2C(*°C, ®He) data.

Channel Vreal Vimag Rreal Areal Rimag aimag RCoulomb

(MeV) (MeV) (fm) (fm) (fm) (fm)  (fm)
18Ne+SHe? 140 0.8 6.18 0.35 6.41 0.56 6.0
2ONe+a? 500 2.0 494 059 4.94 046 3.92
ZMg-+n? 482 115 356 0.65 3.55 0.47 0.0
ZNa+p? 56.0 13.5 356 0.65 3.56 0.47 3.66
12+ 1ecd 522 98 476 053 4.76 053 3.92
%Referencd17].

bSurface absorption potential.

several “Volume absorption potential.

YReference 18].
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: we interpolated the settings between the 8=0.012 val-
] ues and those appropriate folf’C(p,p)*°C at 23°
] (k=0.038.

2. Data analysis and results

It was impossible to focus a wide range ¥Ne states on
E the focal-plane detector because the focal surface was
] slightly curved and we used a large solid angle of 3.98 msr.
However, with the angle as well as position information it
was possible to make corrections and recover optimum per-
formance at all positions without losing statistics. After cor-
rections, we obtained an energy resolution of 20—25 keV for
. E the 18Ne levels of interest(See Ref[14] for a detailed de-
~~~~~ 45@) 7 scription of the data-processing procedyre.
] The final corrected triton position spectrum measured at
11° is shown in Fig. 9. All the peaks are identified as
states of ®¥Ne or of 'C, 1%, 40, and 2°Si from the
. ; | | | | | ZONE(p,t) 18Ne, 13C(p,t) 11C, 12C(p,t) lOC, lGO(p,t) 1407
10 pontmon e o PP YR 2 and 28si(p,t) 2Si reactions, respectively. The origin of sat-
ellite peaks around the intense peaks from the ground and
O:.m. (deg) 3.353-MeV states of°%C was never conclusively identified
FIG. 8. Absolute Hauser-Feshbach statistical-model calculation?ll]:'igure 10 shows the energy region of 4.8,<6.5 MeV.
compared to experimental angular distributions fdNe states We saw no indication of the B state in the middle of the
populated in the®®C(*?C,°He)'®Ne reaction atE,;,=80.0 MeV. 4.5-MeV doublet or in the 4.60E,<5.10 MeV region: we
The solid lines indicate experimental values; the dashed lines are’ . . B X = ’
model calculations. coulq not investigate the region beldw<4.52 MeV due to
the intense'®C ground state. We observed three levels, at
6.29, 6.35 MeV, and 7.92 MeV, in the energy range of
than was possible in the ®*O(PHen)*®Ne and E,=6.0 MeV; all of these were also seen in theO(3He,
2c(*2C,°He) 8Ne work, and to confirm, if possible, the pre- n) &Ne and%C(*2C,®He) 8Ne reactions. The results of this
vious observatiof2] of the 3* state at 4.561 MeV. The keys experiment are listed in Table IV and are discussed in Sec.
to our measurements were implanté¥®e targets and the V.
high-resolution magnetic spectrometers at the Indiana Uni-
versity Cyclotron Facility(IUCF) and at the Princeton Uni- R R

—
T

do/dQ (ub/sr)

—
ol

1
E 54502)

versity AVF cyclotron. The targets, consisting of7 | @ & o

wglem? of ?Ne implanted into 40ug/cm? carbon foils |2 2 3 o J

[19], allowed us to use dispersion matching techniques that s o |l 2

would not have been possible with an extended gas target. S §§ ﬁg @

The IUCF and Princeton results are discussed separately in 102 % g’é g‘ 28' .

"®Ne 6.29/6.35

the following sections.

ic432
®Ne 7.92
Y9777

B. Indiana experiment

C 5,22/5.38

counts

1. Experimental setup

Data were taken with a 88.4-MeV proton beam with an
average intensity of 130 nA. Measurements were made at
laboratory angles of 6° and 11° using the high-resolution
K600 spectrometer and its associated focal-plane detectors
[20]. The focal-plane detectdR0] consisted of two vertical
drift chambers and two plastic scintillators located immedi-
ately after the chambers. The scintillator thicknesses were I 1 ‘
chosen so that the tritons from tH&Ne(p,t) *Ne reaction . 1
passed through the first scintillator and stopped in the sec- i |
ond. This allowed us to separate the tritons cleanly from . ? il i
deuterons generated via tRNe(p,d) *°Ne reaction. Disper- H BTG ‘ ‘ ‘ ‘ “ ]

10

sion matching was used to optimize the position resolution. 2000 3000 4000 5000 6000 7000 3000 9000
For the 6° run the dispersion was matched using the intense channels

proton group from the'?C(p,p)*°C(g.s) reaction at 7°

which had the same kinematic factde= 1/p dp/d#é) as the FIG. 9. Position spectrum from the Indiad®Ne(p,t) ¥Ne ex-

20Ne(p,t) ®Ne reaction at 6°. For the 11° ruk€0.024),  periment atf,= 11°.
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FIG. 10. Position spectra from the Indiaf&Ne(p,t) experi- FIG. 11. Position spectra from the Princet®iNe(p,t) experi-

ment showing the 40E,<6.8 MeV region of ®Ne, taken at Ment, showing the 3:0E,<6.0 MeV region of 8Ne, taken at
9,=6° and 11°. The arrow in the 11° spectrum shows where the/:=10° and 20°.
6.15-MeV level, which was seen in tHé0(®*Hen) and ’C(*%C,

6He) reactions, should lie. of the magnetic field, we were able to study tHie level
structure from 3.5 MeV to 5.3 MeV with one magnet setting.
C. Princeton Experiment The focal-plane detector consisted of two position-

sensitive resistive-wire gas proportional counters that mea-

sured the position and the rate of the energy loss of the
At the maximum proton energy for the Princeton AVF incident ions and a 6.4-mme-thick scintillator that measured

cyclotron,~44 MeV, we were not able to studiNe levels the residual energy. Signals from these detectors were used

with E,=6.0 MeV because at this energy the elastic protond0 determine the momentum and the identity of particles.

have the same magnetic rigidity as the tritons of interest.

Therefore, we were restricted to studyiftNe states below 3. Data analysis and results

6.0 MeV. Figure 11 shows the triton position spectra measured at
10° and 20°, which have an energy resolutior~af5 keV.
2. Experimental setup These spectra show the previously knowiNe states, but
We studied the’Ne(p,t) *®Ne reaction aE,=40 MeV give no evidence for new Ie_vels such as the 4.56—Me\/_ level,
and 6,,=10° and 20° using a QDDD spectrografg]. ~ Seen in the!*0(®Hen) reaction between the two established
Although the large dispersion of the spectrograph limited thé€Vels at 4.5 MeV. The measured widths of the 5.11/5.15-
range of energies that could be examined at any one settifj€V doublet are listed in Table V.

1. Introduction

TABLE IV. 8Ne states seen in the Indiana experiment. V. STRUCTURE OF ®Ne

o — 6° ® - 11° Our studies of ¥Ne using the **0(®Hen), *°C(*%C,
5He), and *°Ne(p,t) reactions discussed in Secsihclud-
E, (MeV=k I (k E, (MeV=k T (k _He), , : _
(Mev=-keV) (keV) (Mev=kev) (keV) ing Ref.[2]), lll, and 1V, respectively, have yielded new

5.095% 49+6 5.095" 49+6 information on the level structure dfNe above the!’F+
5.150% <20 5.150" <20 p and O+« thresholds E,>4.0 MeV). These new results
6.286+ 10 <20 6.286+ 10 <20 are summarized below and in Fig. 12 and Table V.
6.343t 20 6.346- 10 45+10

7.924+ 20 70+20 7.920+ 20 70+20 A. “Missing” 3 * state

®These states together with the seven lowéisie states were used This state is expected to provide a strofig 0 resonance
for the energy calibration. in the ’F + p channel which, depending on its resonant
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TABLE V. Summary of Ne states witlE,=4 MeV.

%0(*He n) Ne 2c(*?C,5He) 8Ne? 2Ne(p,t) eNe®

E, r E, E, r Jm
(MeV=keV) (keV) (MeV=keV) (MeV=keV) (keV)
4.520+7 9+6 4.520° 1-d
4.561+9 25° 3"
4.589+7 4+4 4,589 o*d
5.106+ 8 50+ 10 5.106 49+ 6; 45+ 5" 2%
5.153-8 <20 5.15% <20; <15 3”
5.454+ 8 <20 5.45 2
6.15+ 10 <40 6.15+ 20 @)
6.30+ 10 6.286+ 10 <20 (37)
6.35+ 10 6.345- 10 45+10 27)
7.07+10 200+ 40
(7.05+ 30) (<120 @™
(7.12+30) (<120 7.12+20
7.35£18 <50 7.35:20 )

7.62+20
7.72+10 <30 7.73:20
7.94+10 40+10 7.94+ 20 7.92+20 70+20
8.11+10 <30 8.119

8.30+20

(8.45+30)

8.55+ 30

8.94+20

9.18+20

9.58+20

@The multiplets aE,=4.5, 5.1, and 6.3 MeV are not resolved in tH€(*°C,5He) ®Ne data.
PFrom the Indiana experiment unless specified otherwise.

°From our *0(®Hen) ®Ne experiment.

dFrom Ref.[6].

®Estimated from a Woods-Saxon calculation.

fFrom the Princeton experiment.

9Used for the energy calibrations.

energy and partial widths, could greatly influence the therMeV (J7=2") levels of 0, although it is not obvious
monuclear reaction rate of this channel. The only experimenwhich 8Ne level is 3~ and which is 2. Wiescheret al. [4]

tal evidence of this 3 state has been found in the assigned 3 to the 5.11-MeV level and 2 to the 5.15-MeV
1°0(®*Hen) '®Ne reaction, where a level in the middle of the |evel on the basis of calculated Thomas-Ehrman shifts of the
4.5-MeV doublet was observed in a Single high-resomtior\'nirror 180 and 18Ne levels. Funcket al. [5] used a micro-
spectrum at a backward angl€,{,=124.7°) [2]. Although  scopic multichannel calculation to arrive at the same doublet
we did not see any evidence of this state’Ne(p,t) ®Ne  gpin assignments as Wiescheral.

measurements at forward angles, this is not surprising as a However, the two levels of the 5-Me¥Ne doublet lie so

3" level cannot be populated in the direct two-nucleon transgose together that calculated lesifts cannot give a reli-

fer process that dominates th@,{) reaction at forward able assignment of the spins. On the other handjiiohs
angles, and was only seen MO(*Hen) *Ne under kine- ¢ po "0 levels, ['(5.11)=45+5 keV andT'(5.15)<15
matic conditions that stronglinhibit direct processe&ack- keV, are very diﬁ,‘erer;t, and tFlese widths can. be used to

ward angles and low neutron energieshe relatively poor discriminate reliably between the two possible spin assign-

resolution of our™*C(**C,°He) study prevented us from see- ments[7], and provide strong evidence that the previous spin
ing a level in the middle of the 4.5-MeV doublet. However, . ' P 9 P P
I,§1SS|gnments of Ref$4,5] should be reversed.

the fact that no new levels were seen in the excitation regio As a result of penetrability considerations. a level emit-
from 4 to 5 MeV provides indirect, albeit weak, support for .. orpene y cc '
ting protons with low/ values will generally have a larger

3
the (Hen) result. width than a state which must emit protons with a higher
/. We placed this argument on a quantitative footing by
Woods-Saxon calculations of the Coulomb energy shifts and
Based on energy considerations anBD(*Hen)'®Ne  widths of a 2" state 6,05, configuration and a 3~ state
strengths, the 5.11- and 5.15-MeV levels BNe are ex- (either[ds,][py2] ! or ds,f 7, configurations as outlined
pected to correspond to the 5.10-Me¥"&37) and 5.25-  below and in the Appendix.

B. 5.1-MeV doublet
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TABLE VI. Spin assignments fof®0 and '®Ne levels withE,

s 3 I os3 -] = 4-7 MeV.
U —
S===1 1= I W o "Ne
g%\é ﬁ%,\é —%E This work  Wiescheet al®  Funcket al.
=] = E ro& ¥ o8y 8 ¥ &
- —(17) 735
oy W % 1- 4456 1 4520 1 4520 1 4520
LE o e 3" 5098 3 4561 3 = 43F
B S I R et Ty 2+ 5255 (0" 4.589 o 4.590 o+ 4.590
-z Mg - o5 | 0t 533 2" 5106 (37) 5090 (37) 5.090
Ez % Z%= £ i o v 3" 5378 3 5153 (2%) 5.146 (2*) 5.146
PR I V7 SU—E: 3E 2° 5530 2 5454 2 5453 2 5453
) o 1~ 6198 (17) 615 (1) 6.125
- 2 392 . o _ _ _
Lo s =§=/a;w§§§; Fep (27) 6351 (37) 6.286 (47) 6.294 (17) 6.294
e T 3~ 6404 (27) 6345 (3°) 6353 (37) 6.353
3From Ref.[4].
L oo |, o bFrom Ref.[5].
“Theoretical calculations.
sharp disagreement the observed widths. This strongly sug-

gests that the correct assignments af¢5.106)=2" and

18 18
© Ne J7(5.153)=3".

FIG. 12. Level diagrams of0 and *¥Ne including results from
this work, Ref.[2], Ref.[23], and accepted values from RE6). C. 5.45-MeV level

i 3
The Thomas-Ehrman shift of the"2state was estimated ;I%;he 5-45;2'%8}/20'8: el "YS‘S obseryed n .bOth theo( He,
by finding the Woods-Saxon potentiaV £47.5 MeV) that ™) Ne and “C(“C,"He) ™Ne reactions with angular distri-

placed the 2 level in 10 at its observed energs, =5.25 butions characteristic of an unnatural-parity state, with very
=5.

MeV. We then used this potential plus the added Coulomﬂz‘geak pop&latlon at forward angles. This state is noF seen in
interaction to predict the excitation energy of the correspond-" Neé(p,t) “Ne at the most forward angles, and is very
ing 2* state in !®Ne. This gave a Thomas-Ehrman energyWeakly populated a®j,,=11° (see Fig. 10 The angular
shift AE=—0.83 MeV for a pure single-particle case. Mul- distributions of the 5.45-MeV level in these three reactions,
tiplying this energy shift by thé’O(d, p) 0 spectroscopic together with the Coulomb energy shift calculation and the
factor [24] of the analog level,S(s;;) = 0.35+0.09, fact that all other ®Ne analogs of'®0 levels between
we predict an excitation energyE,(**Ne)=E,(**0)  5.0<E,=<6.0 MeV have now been identified, strongly sug-
+ AEXS=5.0 MeV which is close to the actual excitation gest a spin assignment df=2".
energy of either member of the 5.1-MeV doublet.

The expected width of the™2 ¥¥Ne state was computed as D. 6.0-7.0-MeV energy region
follows. First we adjusted slightly the potential depito ,
V=49 MeV) to reproduce the actual excitation energy in A Previously unobsei-rveg Ievleél EXZG'%E I\/IseV was ob-
18Ne [2]. Then we computed the single-particle width Served in both the’C(**C,°He) **Ne and **O(*He ) **Ne

I'SP=240 keV, as described in the Appendix, and multiplied®XPeriments. A doublet aE,=6.286-0.010 MeV and
'SP by the 70(d,p) 80 spectroscopic factor to obtain a E,=6.345+0.010 MeV, consistent with the earlier results of
predicted width of 84 22 keV. This is not too different from Nero, Adelberger, and Dietricfi25], was observed in the
the observed width of the tHewer member of the doublet, ‘°O(°*Hen), **Ne(p,t), and (unresolvedl in the *2C(**C,
I'=45+5 keV, but much larger than the 15 keV width of ®He) studies. Table VI lists our proposed spin assignments
the upper member. In fact, the observed width of the loweffor these states, as well as those assumed by Wiestladr
level implies a spectroscopic factBe=0.23+0.02 that is not  [4] and by Funclet al. [5].
inconsistent(considering the realistic uncertainties in ex- The well-studied mirror nucleus®®O has only three
tracting spectroscopic factoraith the 1’O(d,p) value[24]. known levelsJ™ = 17, (27), and 3 in this excitation en-
The expected Coulomb energy shift and width of the 3 ergy range. Our Coulomb shift calculations and the calcula-
state were calculated for two configurationds§)3(py,) ~!  tions of Wiescheet al. both indicate that thé®Ne analog of
with a pyj, decay andg,f7, with a f-, decay. This calcu- the 1~ 6.20-MeV level in 0 is expected to lie at
lation yieldedE,~5.09 MeV and'<2 keV. The estimated E,~6.15 MeV. The®Ne level observed at this energy has
width agrees with the observed widihi<15 keV of the an *®O(*Hen) angular distribution consistent with<2 as
higher member of the doublet. shown in Fig. 5. Using the procedure described in the previ-
If we were to reverse the spin assignments of the doublebus section, its width was predicted to €l keV, which is
to those of Wiescheet al. and Funcket al., we would pre-  consistent with our observed valuelof 40 keV. The strong
dictI'(5.106 MeV} ~1 keV andI'(5.153 Me\) ~50 keV, in  population of this state in thé&0(*He n) ®Ne reaction sug-
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gests it has natural parity, which eliminates the possibility ofnances that differed by up to a factor of 25 from earlier
J7=2". estimates[28]. For temperatures 05T3<2.0 (Tg=1 de-
Because we have identified td&=1" level in ¥Ne at  notes 18 K), their rate showed an overall decrease compared
E,=6.15 MeV, the 6.3-MeV doublet it®Ne must contain to the previous estimate of Langan&eal. [29].
the remaining”=3~ and J"=(2") states. The®*O(He, In very hot environments, th&O(«, p) *'F reaction may
n) and 2Ne(p,t) both preferentially populate natural-parity compete withO(a, y) *Ne.[The *O(a, 7) **Ne rate is ex-
states, but unnatural-parity levels can be weakly populate§€cted to be several orders of magnitude slower than the
via complicated multistep processes. TR®Ne(p,t) Ne O(a,p) “F rate at. astrophysically interesting temperatures
spectrum in Fig. 10 shows that the 6.286-MeV level is popuPecause the outgoing protons #0(a,p) are not strongly
lated much more strongly than the 6.345-MeV level. Thesuppr%ssed by the Coulomb barrje?redictions of the'“0
20(*2C,%He) ¥Ne results are also consistent with these(@:P)”'F reaction rate by Wieschet al. [4] and by Funck
(p.t) data; although we could not resolve the 6.30/6.35 dou€t &l- [5] have recently appeared. These disagree for tem-
blet in the heavy-ion reaction, we consistently obtained betPeraturesto=0.3, largely because Eur;cek al.included the
ter fits to other observed peaks with the assumption that theontribution of the 5.15-MeV level in*Ne which, as it is
peak of the doublet was at 6.30 MeV rather than 6.35 Me\PNly ~40 keV above the'*O+a threshold, increased their
or the averaged value of 6.325 MeV. Therefore, we sugged€action rate by up to three orders of magnitude for tempera-
the 6.286-MeV state ha¥"=3" and the remaining state at ture_sTgso.S. However, as explained in Sec. V_B _the spin
E,=6.345 MeV hasJ™=(2"). These assignments differ assignment of Funckt al. for the 5.15-MeV level is incon-

from those of Wiescheet al. [4] who did not have the sjstent with our experimenta[ results. In the following sec-

(p,t) data and had to rely on their Thomas-Ehrman shifition, we have therefore combined our new information about

calculations. the ¥Ne level scheme together with the direct-reaction cal-
culations of Funclet al.[5] to make an improved calculation

1 17) H
E. Excitation energy region above 7.0 MeV of the O(a,p) 'F reaction rate for temperatures up to

Te=1.
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, and B. Calculation of the reaction rate
9.20 MeV (see Fig. ], we found new levels at 7.12 MeV,
7.35 MeV, 7.62 MeV, 8.30 MeM\8.45 MeV), 8.55 MeV, 1. General framework

8.94 MeV, and 9.58 Me\(Fig. 12). These new levels help  Funcket al.[5] found that direct-reaction contributions to
considerably in completing the spectrum of high excitationine /=1 partial wave are comparable to or even greater than
energy states irt®Ne compared to those iffO. However, the resonant contributions at certain temperatures. We there-
definite spins for these new states could not be determinedge computed theO(a,p) 'F reaction rate under the as-
Our Coulomb shift calculation prediqted that the ana!og Ofsumption that the reaction proceeds via a combination of
the %0 4" level at 7.11 MeV should lie a+-7.05 MeV in  compound-nuclear resonances and direct reactions plus the
e We observed a single peak @(=7.07 MeV in the interference between these two mechanisms. The interfer-
O(*Hen) “*Ne experiment, but we obtain a better fit to this ence between the direct-reactigi=1 partial wave and the

peak assuming two states Bf=7.05 MeV andE,=7.12  g15-MeV (1) excited state was included by using the ex-
MeV. The combination of ouf“C(**C,°He) **Ne data and a pressior[30]

previous 2?Ne(p,t) *®Ne experimen{25] is consistent with

two levels atE,=7.05 MeV andg,=7.12 MeV. The isospin S(E)=S,ed E) + Spr(E)

mirror of the ¥0(7.11 MeV,J"=4") state is most probably

one of these two states. For the purpose of calculating the 2 _q

¥0(a,p) rate, we assumed that td€=4" level is at 7.05 *2(SresoR) cog{tan

MeV; changing this energy to 7.12 MeV had an insignificant

effect on the predicted rate over the temperature range ap- Interference of the 7.35-MeV1~) state and the’=1

propriate for novas and supernovas. We also sugd@&st direct-reaction background and interference of the 6.29-MeV

=1" for the 7.35-MeV level(the mirror of the 7.62-MeV (37) state and the”=3 direct-reaction background do not

level in 80) based on the angular distribution shown in Fig. have a significant effect o8(E) and were not included in

5. the rate calculations described in Sec. VIB 2, below. The

7.35-MeV (17) state has an order of magnitude smaller

VI. ¥O(a,p) *'F REACTION strength[ S..{ E;) ], a narrower width(12 vs 20 keV, and a

higher energy than the 6.15-MeV level, all of which reduce

the importance of the interference term involving the 7.35-

The transformation of the hot CNO cycle nuclei into nu- MeV state. In the energy range of intere§ig=1 =

clei with Z=10 is only possible viar-induced reactions on Ey=1.13 MeV (with AEy= *+0.36 MeV), the 7.35-MeV in-

10 and®0[1,26]. It is therefore important to determine the terference term is never more thamx 10* MeV b, at least

Y¥0(a,p) *F and ®0(«a,y) **Ne reaction rates that link the an order of magnitude smaller than the 6.15-MeV interfer-

hot CNO cycle to the rp process. Magnefsal. [27] calcu-  ence term. Interference of the 6.29-M&¥ ™) resonance is

lated the ®0O(a,y) ®Ne reaction rate using their measure- an order of magnitude weaker than the 6.15-MeV state,

ments of the spectroscopic properties of low-lyi+«  while the /=3 direct-reaction background is an order of

resonances. They found contributions of individual reso-magnitude smaller than thé=1 background as well.

T'(E)
2<E—Er>”' W

A. Introduction
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TABLE VII. Predicted 1“0+ a resonance parameters based on known properties of correspdfi@ing

states.

E, Eo J7 C?s,? r, c?s,’ r, et wy(a,p)
(MeV) (MeV) (keV) (keV) (keV) (MeV)
5.153 0.039 3 0.023 4.3 10 55¢ 0.03 1.7 <15 3.0<10°%7
6.150 1.036 T 0.023 2.%10°8 0.03 20 <40 6.6x10°°
6.286 1.172 3 0.019 3.410°4 0.03 25 <20 2.4x10°6
7.05 1.94 4 0.11 4.8< 1072 0.13 53 <120 4.3x10°%
7.35 2.24 T 0.01¢ 1.7 0.00 12 <50 4.5<10°3

3 rom Ref.[31] unless otherwise noted.

From Ref.[24] unless otherwise noted. Assumdsp:0.0l for the channels not observed in tH©

(d,p) reaction.

‘BecausesiND cannot accurately calculate widths of states lying barely above threshold, the width of this
level was computed using E(p). For this resonance to have an appreciable affect on the cross section its
width would have to be increased by four orders of of magnitude.

dAssumed value taken from Re#].

Wiescher et al. [4] calculated the contribution to the ’F+p potential R=R.=3.21 fm,a=0.65 fm) was identi-
YO(a,p) ¥F rate from direct 1*O(a,y) ¥®Ne capture to cal to the YO+ p potential used in the DWBA analysis of
proton-unbound states and found that these processes plthe 1’O(d,p) data[24].
only a minor role. We omitted this mechanism in our calcu- (2) Using the simple expression
lation.

The resonant reaction cross section was assumed to have <P #2
a Breit-Wigner form r (Er):3_MR2 P(E,), 5
i+ I (E)T(E -
o(E)=mXx2>, 2Ji+1 o(E)Tp(E) where the alpha and proton penetrabilities were calculated at

T (20r+1)(23p+1) (E-ER)*+[TW(E)2]*"  radii of 4.99 fm, and 4.47 fm respectively.

2 The results from these two procedures agreed reasonably
L n well, typically within a factor of 3 and within a factor of 5
Becaudset tZOth t;he targ_et and the prtOJe(I:tlle l?a:’/'@Ol f for the worst case. We adopt and tabulate the widths ob-
ground states, the sum omuns over natural-parity 1evels ot 4inaq from the Woods-Saxon approach as these were based

18 . .
Ne. Ths ezlnefgy c:]epend_erllce.;fréhe W('deEhs was taken NBp a consistent approach for relating transfer-reaction cross
account by letting the partial widthis, andl', vary as sections to the widths of levels in the mirror nucleus. The

P (E) predicted partial alpha and proton widths of the lowest
rix(E):rix(EiR);l_, (3)  'O(a,p) *'F resonances are listed in Table VII.
P/(Eg) We have restricted our calculations to temperatures below

To=1, relevant for nova explosions and some x-ray bursts
and supernovas. At these temperatures, the compound
nuclear contributions to these reaction rates are dominated
by resonances in the region we studied in this work.

where theP , are Coulomb penetrabilities calculated at radii
of 4.99 fm and 4.47 fm for ther and p channels, respec-
tively.

The partial widthsI',(Eg) and I',(Eg) are not known
directly, and had to be inferred from the mirror nucleus

180 using isospin symmetry. They were obtained from the _ o
expression Funck et al. [5] predicted a strong contribution to the

/=2 partial wave ofS, that arose almost entirely from the
I'(EL)=C2STSP, (4)  5.15-MeV state. We have shown that this state is much more
likely to haveJ™=3", which greatly reduces thé=2 con-
where the proton and alpha spectroscopic facrsvere tribution. Because of the much narrower width of the 3
taken from *’O(d,p) [24] and *“C(°Li,d) [31] transfer- state, its tail has a much smaller influence S,
reaction data. The'®Ne single-particle widthd™\S” were Figure 13 shows th&,,(E) resulting from the summed
computed in two ways resonant contributions of the 5.153-MeV"=3"), 6.15-

(1) Using a Woods-Saxon code as discussed in Sec. VBVeV (J7=17), 6.286-MeV (7"=37), 7.05-MeV (7=
above and in the Appendix. For consistency, we took thet™), and 7.35-MeV §"=1") states, together with the direct
geometry of the %O+« potential R=R.=5.00 fm, /=1 contribution and its interference with the 6.15-MeV
a=0.65 fm) to be identical to the"*C+ « potential used in  resonance, in comparison with the previous calculations of
the DWBA analysis of theé**C(°Li,d) data[31]; the number Funcket al.[5]. The figure shows that our new information
of nodes in thew+ 140 wave function was taken from the about the resonancdsspecially, the 6.15-MeV resonance
harmonic-oscillator model assuming the particles to be in thenake significant contributions to th¥O(a,p) *’F reaction
lowest available shell-model orbits. The geometry of therate.

2. Results and astrophysical implications
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Na(ov)=1.54x 10" ATe) 32> wy, exp( - 11.605?) ,
i 9
@)

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

Na(ov)=8.42< 10" #(T4) ~32exp( — 0.4531T,)
+6.74x10%(Ty) ~32exp(— 13.60/T,)
+1.21X107(Ty) ~¥exp —22.51/T,)
+1.26x108(Ty) ~%exp —26.00Ty). (8)

] 025 05 075 1 1.25 15 1.75 2 225 25

The integral in Eq(6) for the 6.15-MeV state, the'=1
direct-reaction background, and their associated interference
was evaluated numerically and then added to the expression
for the other four resonances. The resultMg(ov) values
are presented as a function ©f in Table VIII and in Fig.

FIG. 13. The O(a,p) S factor predicted from the partial
widths in Table VII. The solid and dashed lines sh8y, for the
two choices of the sign of the interference between the direct pro
cess and the 1.036-MeV resonance; the dotted line shows the
factor from the previous work of Funck, Grund, and Langaiie

L . - 4. For all the temperatures in the rangg<1, the 6.15-
which did not include contributions from the new resonances foun V state. the/—1 direct tion back d d thei
in this work. The figure shows that our new information about the, ev state, o Irect-reaction background, an er

resonancegespecially, the 6.15-MeV resonanceakes significant interference account for more that 92% of the total reaction

contributions to the“O(«, p) 1'F reaction rate. rate; for Tg<<0.5, appropriate for all nova explosions, they
account for more than 98% of the total reaction rate.
The reaction rate, expressed in termsS¢E), is given by For comparison, the calculatefO(a,y) **Ne reaction

rate [4] and the 1°0(«, y) °®Ne reaction rate based on the
1/2 1/2 : :
° E Eg recently revised estimate of the strength for the lowast
jo S(BE)exp — 17~ gm|dE. measurell resonancewy=20ueV [32] are also plotted in
6  Fig. 14. While both the*O(a,p) and °O(«,y) reactions
may serve to initiate breakout paths from the hot CNO cycle,
For isolated resonances this reduces to our results indicate tha’O(«, y) is significantly faster than

o) e

TABLE VIII. Reaction rates.

T9 l4o(a’p)a 140(0[,p)b 140(0‘17)(: 150(“!7)d
(cm®mol~1s71) (em®mol~1s™1) (cm®mol~ts71) (cm®mol~ts71)
0.10 2.0% 10721 4.34x10722 4.19x10751 7.03x10° %
0.15 8.44< 10717 1.37x10° Y 2.18<10° 3% 1.12x10° 1
0.20 7.15%10° %4 8.66x1071° 4.38x10°%6 1.25x 10~ *?
0.25 9.0% 10712 7.78<10713 3.89x 10" 3.10x10710
0.30 3.8510° 1 2.72x107 1 7.38x10718 1.17x10°8
0.35 9.16<10°° 1.44x10° 1.56x10°1° 1.51x 1077
0.40 1701077 6.71x10°8 8.43x 10714 1.01x10°6
0.45 2.4%10°° 1.51x10°® 1.84x10° 12 4.42x10°°
0.50 2.4%107° 1.84<10°° 2.13x10° ¢ 1.46x10°5
0.55 1.6%10°* 1.42<10°* 1.56x10°1° 4.03x10°°
0.60 8.6& 1074 7.72x1074 8.08x 10710 1.01x107%
0.65 3.4% 1073 3.22x107°3 3.23x107° 2.40<1074
0.70 1.15¢1072 1.09x 102 1.05x 1078 5.56x 104
0.75 3.2%10°? 3.14x 1072 2.90x 1078 1.24x1073
0.80 7.9%10°? 7.86x1072 7.03<1078 2.65x1072
0.85 1751071 1.76x10°% 1.53x10°7 5.39x 1072
0.90 3.5x107* 3.61x10°1 3.05x10°7 1.03x10°2
0.95 6.5& 107! 6.83x10° 1 5.65x10° 7 1.87x10°2
1.00 1.15 1.21 9.8610° 3.22x1072

@Assuming constructive interference below the 1.036-MeV resonance.
bAssuming destructive interference below the 1.036-MeV resonance.
‘From Ref.[4].

9From Ref.[32].
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: firmer experimental grounds than previous calculations.
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- N 1 APPENDIX
’ O'zTe[f{;era&:eu? K)l ] Because our experiments determined onlytttel widths
N T of the ®Ne levels, thepartial widths for thea andp decay
0 0.2 04 0.6 0.8 1 12 channels had to be inferred from knownand n spectro-
Temperature (109 K) scopic factors_of the_ cor_resppn_ding levels i_n the_ mirror
nucleus!®0. This required identifying probable isobaric cor-
FIG. 14. The™O(a,p) “'F reaction rate as a function of tem- respondences, based on measured spec'groscopic properties
gnd on the expected Coulomb energy shifts betwé&die

perature. The solid line and dashed lines correspond to the twi 185 . . .
possible signs of the interference of the 1.036-MeV resonance an@nd ~ O The shifts were calculated as explained in Sec. V B

direct reactions. The dotted line is the competifig(«, y) reaction ~ USing a standard Woods-Saxon programo [7].

rate from Ref[32]. The O(a,y) reaction rate from Ref{4] is We also needed the single-partieteandp widths for the

also plotted. The inset shows a comparison of the prestdt '®Ne levels. We encountered a problem in computing level

(a,p) Y'F rate with the previous rates of Caughlan and Fo8&] widths when the particle decay was not substantially inhib-

(solid line) and Funcket al.[5] (dotted ling. ited by the barrier. Optical model codes conventionally com-
pute 'SP using the expression

Y0(a,p) at temperatures beloWy~ 0.48 (covering the ex- - o1
pected range for nova explosigrsnd will therefore domi- [™'=2[d5,/dE(5,=90%)] " (AL)

nate the breakout from the hot CNO cycle into the rp pro-—rhjs yields widths that are too large for very broad reso-
cess. However, in higher-temperature explosiéssch as  5nces where the energy dependence of the width is not neg-
x-ray bursts associated with accreting neutron st |jginje. We therefore deduced the single-particle width from

l . . . .
1O(a,p) reaction will dominate. It is also clear that o ¢ wigth at half maximum(EWHM) of the S factor,
40(a,y) does not compete significantly with*O(«,p) defined by

anywhere in this entire temperature range.

Some words of caution are in order. The low-temperature
rates for both the"*O(a,p) and the'®O(«,y) reactions de-
pend, in each case, almost entirely on a single resonance
where the important widths that determine the resonanc
strength,wy, had to be extracted from indirect measure-
ments. Furthermore, at temperatures abdwe-1.5, the
¥0O(a,p) reaction rate contains very significant contribu- A
tions from resonances, about which very little is known be- o= F(ZH 1)sir?s,, (A3)
yond their energies.

=7 A2
fihere P, is the Coulomb penetrability ana is the cross
section,

calculated from the phase shfft(E) predicted bysIND; this
procedure is also valid for a narrow resonance.

The results of our Woods-Saxon calculations are shown in

Our revised spin assignments for the 5.11- and 5.15-MeVWl'able 1X, whereE,=E,— E(threshold) denotes the energy
levels of 1®Ne, J™=2", andJ”™=3", respectively, lower the of the neutron orbiting around’0 andV the depth of the
Y0(a,p) F reaction rate calculated by Funekal.[5] by  strong potential well that produces a stationary state with
up to three orders of magnitude at temperatligs0.3. Our  energyE,. E is the corresponding energy of a proton or-
discovery of new'®Ne levels atE,=6.15+0.01 MeV, 7.12  biting around'’F in the same strong potential plus a Cou-
+0.02 MeV, 7.35-0.02 MeV, 7.62-0.02 MeV, 8.30 lomb term;ASP would be the Coulomb energy if the level
+0.02 MeV (8.45+-0.03 MeV), 8.55+0.03 MeV, 8.94 had the pure single-particle configuration specified in the
+0.02 MeV, and 9.58 0.02 MeV allowed us to find®Ne  fourth column. The column C2S” gives the spectroscopic
analogs for all*®0 states up t&,=7.5 MeV. Armed with  factors from Ref[24] that were used to predict the excitation
information about these new levels, we have computed a ranergies and widths of th&Ne levels listed in columns 9
for the *O(a,p) ¥F reaction forTg=<1 that is on much and 10.

VII. CONCLUSIONS
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TABLE IX. Coulomb shifts calculated using the code BIND.

Measured Calculated Measured
J7  E(™0) E,(*®0) Decay V  E,(**Ne) A Iy, (kev)® C?s* Ex(¥Ne)? TI'* (keV)® E,(*™Ne) T (keV)

0" 000 -804 d;, 697 -382  0.10 1.22 0.12 bnd 0.00 bnd
2t 198 —-6.06 ds, 602 —-1.96 —0.02 bnd 0.83

2t 198 —-606 s, 555 —-224 -0.30 bnd 0.21 1.82 bnd 1.89 bnd
4% 355 —449 dy, 469 -060 —0.23 bnd 1.57 3.19 bnd 3.38 bnd
0" 363 —441 dy, 623 -037 -—0.08 bnd 0.28 3.61 bnd 3.58 bnd
2t 392 —-412 s, 508 -053 -0.53 bnd 0.35 3.72 bnd 3.62 bnd
1~ 446 -663 s, 590 -274 -0.18 bnd h

1~ 446 -663 dg, 649 -250 0.06 bnd h 4.46 bnd 452 96
3= 510 -294 py, 255 +080 —0.38 85 0.02

3~ 510 -294 fy;, 871 +0.98 -0.20 1 0.03

3= 510 -6.00 dgy 550 —-1.97 -—0.05 bnd h 5.09 1.7 515 <15
2t 525 —-279 s, 475 +050 -0.83 353 0.35 4.96 125 5.10 45
0" 534 —-270 dg, 585 +1.19 -0.23 0.3 0.16

0f 534 -357 5,9 531 -0068 -098 <01 h 5.29 <0.1 4.59 44
3" 537 —267 s, 441 +059 -0.86 27 1.0 451 27 456 ?
2~ 553 -556 dgy, 590 —148 +0.01 bnd h 5.53 brid 5.45 <20
1~ 620 —1.84 py, 267 +170 —0.58 660 0.03

1~ 620 -489 s,/ 551 -1.19 -—0.35 bnd h

1~ 620 -489 dy, 614 —-086 —0.04 bnd h 6.18 20 6.19  (<40)
3= 640 —164 pyp, 229 +1.79 —0.69 830 0.03 6.38 25 6.29  (<20)
4% 712  -0.92 dy, 401 4257 -0.73 400 0.13 7.04 53 (7.059  (<120)
1~ 762 —-042 py, 231 +3.07 -0.63 1200 h 7.61 12 (735  (<50)

#To the ground state unless otherwise noted.

bSingle-particle widths estimated by modifying the potential daptmtil we obtained an energy in agreement with the experimental value,
and according to the method described in the Appendix.

°From Ref.[24] unless otherwise noted.

dExpectedE, in ®Ne taking into account the spectroscopic factor.

®This width was estimated as the sum of products of the single-particle widths in column 8 tin@$3ke

fwith respect to'’0(1/27) +n or YF(1/27) +p.

9With respect to*’O(1/2*) +n or YF(1/2%) +p.

"C2S not known, assumee-0.01.

Our predicted Coulomb shifts\ = E,(*¥Ne)— E,(*%0) The level widths were estimated as
were related to the single-particle Coulomb shifts by

A=) SEASP (A4) r*=> sr¥ (A5)

For particles in different configurations, such sg,, or
ds;p, S* is just the spectroscopic factor. However, for par-where the sum was taken over all possible configurations,
ticles in identical configurations whef&=2, such asj§,2 or S denotes the spectroscopic factor, aﬁﬁp denotes the
51,2 we setS* = S/2 because the Coulomb shift due to one of single-particle width computed as described above. For con-
the particles was already taken into account when we Ca|cu‘Lgurat|ons with two particles in the same orbit, such as
lated excitation energies with respect to the approprlat@i5,2 or sl,2 the spectroscopic factor of 2 accounts for the fact
n+ 170 or p+'F thresholds, as tha=17 states contain the that either particle 1 leaves particle 2 plus tH© core or
Coulomb shift of one particle. vice versa.
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