RAPID COMMUNICATIONS

a-decay branching ratios of near-threshold states in'®Ne and the astrophysical rate
of ¥O(a,y)Ne

PHYSICAL REVIEW C 67, 012801R) (2003

B. Davids! A. M. van den Berd, P. Dendooven,F. Fleurot'* M. Hunyadi! M. A. de Huu?! K. E. Rehm?
R. E. Segef R. H. Siemsseh,H. W. Wilschut! H. J. Watche! and A. H. Wuosmaa
IKernfysisch Versneller Instituut, Zernikelaan 25, 9747 AA Groningen, The Netherlands
2physics Division, Argonne National Laboratory, Argonne, lllinois 60439
3Department of Physics, Northwestern University, Evanston, Illinois 60208
(Received 5 June 2002; published 21 January 2003

The *®0(«, y)**Ne reaction is one of two routes for breakout from the hot CNO cycles intogh@ocess
in accreting neutron stars. Its astrophysical rate depends critically on the decay properties of excited states in
%Ne lying just above thé®0+ « threshold. We have measured thalecay branching ratios for these states
using thep(>!Ne t)*®Ne reaction at 43 MeV/nucleon. Combining our measurements with previous determina-
tions of the radiative widths of these states, we conclude that no significant breakout from the hot CNO cycle
into therp process in novas is possible Vi2gD(a, y)'*Ne, assuming that current models accurately represent
their temperature and density conditions.
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Novas are thermonuclear runaways initiated by the accrethis kind was made by detecting particles from the decay
tion of hydrogen- and helium-rich material from stellar com-of °Ne states populated via th€F(CHe,t)°Ne reaction
panions onto the surfaces of white dwarfs in binary systemd.10], but the sensitivity of the experiment was insufficient to
Energy production and nucleosynthesis in the hottest novaseasureB,, for the critical 4.033-MeV state, which was ex-
are determined principally by the CNO, NeNa, and MgAl pected to be of the order of 16. Despite vigorous efforts
cycles[1]. Under high temperature and density conditions,worldwide[11,12, up to now no experiment has reached this
e.g., in accreting neutron stars, breakout from the hot CNQevel.
cycles into thep process occurf], dramatically increasing In an experiment at the Kernfysisch Versneller Instituut,
the luminosity of outbursts and synthesizing nuclei up towe have obtained branching ratio data of high sensitivity by
masses of 100 {B]. Several reactions have been suggeste@pplying a novel method introduced at Argonne National
as pathways for this breako#], but only two are currently Laboratory using a different reactidri3]. Populating the
thought to be possibilities: °O(a,y)'®Ne and important states via théNe(p,t)!*Ne reaction in inverse
®Ne(a,p)®Na. In astrophysical —environments the kinematics with a2!Ne beam energy of 43 MeV/nucleon, we
0(«,7)*Ne reaction proceeds predominantly throughdetected eithet*Ne recoils or theirt®0 a-decay products in
resonances lying just above tHeO+ « threshold at 3.529 coincidence with tritons in the Big-Bite spectrometBBS)
MeV in *Ne, as the direct capture component is very smal[14]. The large momentum acceptance of the BBSpp
by comparison[5,6]. The reaction rate in novas is deter- =19%) allowed detection of eithé®™Ne recoils or*°0 de-
mined by thea width I',, of the 4.033-MeV 3/2 state, ow-  cay products along with tritons emitted backward in the cen-
ing both to its close proximity to thé°0+ « threshold and ter of mass system. Positioning the BBS at 0° maximized the
its low centrifugal barrier tax capture. yield to the 4.033-MeV 3/2 state in'Ne. This state, whose

A previous attempt to determinE, for this state was dominant shell-model configuration issq)°(1p) 2 [15],
based upon measurementseefransfer reactions to the ana- was selectively populated by afh = 0, two-neutron transfer
log state in the mirror nucleu®F [7]. Such determinations, from the 3/2 ground state of'Ne. Position measurements
however, are subject to large uncertainti8$ Direct mea- in two vertical drift chamberg§VDCs) [16] allowed recon-
surements of the low energy cross section, which requirgtruction of the triton trajectories. Excitation energies of the
high-intensity radioactive® O beams, are planned. AfNe 19Ne residues were determined from the kinetic energies and
excitation energies relevant to novas and accreting neutrogcattering angles of the triton ejectiles. Thedecays of
stars, only thea- and y-decay channels are open, as thestates in'®Ne were observed aSNe-triton coincidences in
proton and neutron separation energies are 6.4 and 11.6 Ma¥e BBS, whereas decays were identified frofi’O-triton
[9], respectively. Hence, by populating these states and oleoincidences.
serving the subsequent and y decays, one can deduce the  Recoils and decay products were detected and stopped
branching ratioB,=I",/T". If ', is also known, one can just in front of the VDCs by fast-plastic/slow-plastic
then calculatd’,, and thereby the contribution of each state phoswich detectorgl7] that provided energy loss and total
to the resonant rate dfO(«,y)'°Ne. A pioneering effort of energy information. A separate array of phoswich detectors

was used to identify tritons after they passed through the

VDCs. Timing relative to the cyclotron radio frequency sig-

*Present address: Department of Physics, Laurentian University)al was also employed for unambiguous particle identifica-
Sudbury, ON, Canada P3E 2C6. tion. An Al plate prevented many of the heavy ions copiously
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FIG. 1. ®Ne-triton coincidencesy decays of states in°Ne). FIG. 2. 1%0O-triton coincidencesd decays of states if°Ne).

The curve is the sum of a constant backgground and eight Gaussiafie curve is the sum of a constant background and six Gaussians
centered at the energies of known state$’Me [18], the widths of corresponding to known states #iNe, the widths of which were

which were determined by the experimental resolution of 90 keVjixeq by the experimental resolution. TREO+ « threshold lies at
FWHM. 3.529 MeV.

produced by projectile fragmentation reactions of tide  still very small. This background is well reproduced by a
beam in the (Ch), target from reaching the VDCs. The constant, the value of which is determined to a precision of
spatial extent of the heavy-ion phoswich array was sufficien7% (1o).
to guarantee 100% geometric efficiency for detectiof®dle No statistically significant evidence far decays from the
recoils and®0 decay products fof°Ne excitation energies states at 4.033 and 4.379 MeV was observed. For these
=<5.5 MeV. This resulted largely from the forward focusing states, thea- and y-decay spectra were numerically inte-
of the ®Ne recoils, which emerged at angles0.36° for  grated in 100-keV intervals centered at the known energies
tritons with scattering angles4°. The low decay energies of the states. These data were subjected to both Bayesian and
of the states studied limited the angular and energy spreadsassical statistical analyses to determine upper limits on the
of the %0 decay products. High geometric efficiency, com- a-decay branching ratios at various confidence levels. The
bined with the excellent background rejection afforded bytwo analyses agreed rather well, with the calculated upper
detecting ®0 nuclei instead ofx particles, provided sensi- limits differing by less than 20% in all cases. The Bayesian
tivity to very small a-decay branches. analysis was found to be more conservative, and has been
The ®Ne excitation energy spectrum obtained fromadopted here. As expected, there is no indication in the data
9Ne-triton coincidences, representingdecays of states in  of a decays from the 4.140- and 4.197-MeV states, because
%Ne, is shown in Fig. 1. Its most prominent peak is due tothese decays are hindered By=4 centrifugal barriers and
the 4.033-MeV 3/2 state. The 4.379-MeV 7/2state is the low decay energies. For the states at 4.549, 4.600, 4.712, and
second most strongly populated. Contributions from otheb.092 MeV,B, was obtained from the fits described above.
known state$18] are indicated. The experimental resolution The branching ratios are shown in Table | along with the
of 90 keV full width at half maximum(FWHM) is insuffi-  results of Refs[10,19. Uncertainties in the present branch-
cient to resolve the 4.140- and 4.197-MeV states from onéng ratio determinations are purely statistical. Our 90% con-
another; the 4.549 and 4.600 MeV states are also unresolvefidence level upper limit o, for the 4.379-MeV state is a
However, the astrophysically important 4.033- and 4.379factor of 11 smaller than the central value of REf0], a
MeV states are well separated from the others. The curvdiscrepancy we attribute to imperfect background subtraction
shown in Fig. 1 is the sum of a constant background andn the previous determination. To obtain the resonance
eight Gaussians centered at the known energies of the stategtengths, we take a weighted averageBgf where more
with standard deviations fixed by the experimental resolutiorthan one measurement is available, except the 4.379-MeV
of 90 keV FWHM. state for which our upper limit is preferred. The adopted
Figure 2 shows thé®Ne excitation energy spectrum ob- values are shown in Table |. The uncertainties given in the
tained from*®O-triton coincidences, correspondingdode-  table are Ir values, and we specify all upper limits at the
cays of states int®Ne. The observed states are labeled by90% confidence level.
their energies; the 4.549- and 4.600-MeV states cannot be The experimental data dn, for states in'®Ne are sparse.
resolved. A fit consisting of Gaussians plus a constant backof the six states considered here, measurements are available
ground is shown as well. The states below 4.549-MeV decagnly for the 4.033-MeV state. The value adopted for this
overwhelmingly byy emission, while the higher-lying states state[20] is the result of a combined analysis of Coulomb
observed here decay preferentially kyemission, simply excitation and Doppler shift attenuatidi2l] data using
because the larger available decay energy enhances the bahell-model calculations of the relative strengths=@f and
rier penetrability. The background represents a larger fractioM 1 transitions. In some cases, widths of the analog state
of the total events in thé®O-triton coincidence spectrum from the mirror nucleus' have been measured, and we
than in the *Ne-triton coincidence spectrum, though it is adopt these under the assumption thg{'Ne)=T"_('%).
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TABLE I. Branching ratiosB,=I",/I" and decay widths. Upper limits are specified at the 90% confidence level.

E, (MeV) J7 B, (present work B, (Ref.[10]) B, (Ref.[19]) B, (adopted  I', (meV) Ref. I, (meV)
4.033 3+ <4.3x10°* <4.3x10°* 12*32 [20] <0.011
4.379 I+ <3.9x10°3 0.044+0.032 <3.9x10°3 458+92  [23] <24
4.549 13- 0.16+0.04 0.07:0.03 0.16:0.02 39732 (18] 4.4°39
4.600 ) 0.32+0.04 0.25-0.04 0.32:0.03 0.30-0.02 1055  [22] 43+24
4.712 & 0.85+0.04 0.82:0.15 0.85-0.04 43-8 [18] 230=80
5.092 5+ 0.90+0.06 0.9G-0.09 0.90-0.05 196539  [23] 1800+ 1000

Such measurements are available for the 4.528}, 4.600- the reaction rate at the high temperatures of 1.9 GK found in
[22], and 4.712-MeV statesl8]. For the 4.379- and 5.092- accreting neutron staf$].
MeV states, measurements in neither nucleus are available, The amount of leakage from the hot CNO cycle via
and we adopt the results of shell-model calculatif®3], 150(«, y) *°Ne depends on its rate compared to giedecay
assigning a & uncertainty of 20% to the calculated widths. rate of 150 (t;,=122 s). In order to calculate the reaction
The values ofl', and I',, which is calculated ad’,  rate in a particular environment, one needs to know the local
=[B,/(1-B,)I', ], are shown in Table I. For the 4.033- He mass fractiorY. We assume here¥aof 0.27, which is the
and 4.379-MeV states we calculate upper limitslgnat the  sojar valug 26] adopted in accreting neutron star modélk
90% confidence level using 1.64upper limits onl’, . Ear-  pyt js approximately twice the maximum value used in nova
lier compilations of decay widths can be found in Refs.models[27—29. Although the accreted material in novas is
[24.8]. usually assumed to be of solar composition, significant mix-
We have calculatedsee, e.g., Ref.25]) thermally aver-  jng with the surface material of the white dwarf occurs prior
aged reaction rates due to these six resonances. Both the the nova outbursi3o], rendering the ne¥ smaller than
individual rates and the sum of the resonant and direct cappat of the accreted matter. For this reason and because we
ture contributions are shown in Fig. 3. The contributions of3qopt a 99.73% confidence level upper limit for the contri-
the 4.033- and 4.379-MeV states are calculated using ou§ytion of the 4.033-MeV state, the reaction rate we calculate
99.73% confidence level upper limits for their widths,  ith this Y represents an extreme upper limit for novas. Fig-
31 eV and 5.6 meV, respectively. We do not show the in-yre 4 shows the boundary in the density-temperature plane at
dividual contribution of the 4.549-MeV state because it isyhich the rate of the"O(e, v)%Ne reaction equals thg*
insignificant by comparison with the other resonances. Th@jecay rate of'%0 for a'Y of 0.27. Also shown are shaded
direct capture rate was calculated as in R8}, but is sig-  regions corresponding to the peak temperatures and densities
nificant only below 0.1 GK. Our upper limit on the contri- reached in nova outbursts and accreting neutron stars. A
bution of the 4.033-MeV state is much larger than all othercomparable figure appears in RE31].
contributions to the reaction rate for<0.5 GK. On the con- Typical nova models reach peak temperatures of 0.2—0.3
trary, the 4.600- and 4.712-MeV states account for most ok “at which time densities are of the order of 100 g¢ém
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FIG. 3. Product of the Avogadro constadj, and the thermally FIG. 4. Density at which the rate of tH€O(«,y)**Ne reaction

averaged rate of th&€O(a, v)®Ne reaction per particle pair. Con- equals the3* decay rate of°0O for a He mass fraction of 0.27, the
tributions from all of the important resonances are shown, alongsolar value. Below 0.5 GK, the curve represents our 99.73% confi-
with the sum of the resonant and direct capture rates. The contribudence level lower limit. The shaded regions indicate the peak tem-
tions of the 4.033- and 4.379-MeV states are 99.73% confidencperature and density conditions found in novas and accreting neu-
level upper limits. tron stars.
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[28,32,29. Under such conditions, the* decay rate of®0  cal rate of the'®O(«,y)**Ne reaction, populating them by

is more than three orders of magnitude faster than the rate ofieans of thg(*Ne, t)*Ne reaction at 43 MeV/nucleon and
the °0(«,y)'Ne reaction. At temperatures below 0.1 GK observing their decays with 100% geometric efficiency in a
in novas, energy is generated by §hp chains and the cold magnetic spectrometer. Combining our measurements with
CNO cycle. Only at temperatures above 0.1 GK can thgyior determinations of the widths of these states, we have
“N(p, ) ™0 reaction compete equally withN B* decay,  calculated the astrophysical rate 510(a,vy)'*Ne. For the
initiating the hot CNO cycle. During a nova outburst, the st time, the calculation of the reaction rateTa£ 0.5 GK is
temperature exceeds 0.1 GK for about 100232, while 5564 on direct experimental measurements. On the basis of
the mean time required to+comp|(_ete onelloop of tthe hot CNQpese calculations we conclude that there can be no appre-
cycle, determined by thg™ half-lives of %0 and 0 and  (iapje breakout from the hot CNO cycle into the process

the **N(p, y)*O rate, is at least 300 s. Hence no more than, ovas via1%0(a, v)%Ne, assuming that current models

a few cycles can be completed during a nova explosion, angocyrately represent their temperature and  density
the fractional leakage per cycle throudfO(a,y)**Ne of  _onditions.

<0.001 cannot process a significant amount of CNO mate-

rial to higher masses. We conclude that appreciable breakout This work was performed as part of the research program
from the hot CNO cycle into thep process in novas via of the Stichting voor Fundamenteel Onderzoek der Materie
150(a, y)**Ne is precluded, given our current knowledge of with financial support from theNederlandse Organisatie
reaction rates and nova physics. This conclusion is consistenbor Wetenschappelijk Onderzoek.E.R., R.H.S., and
with those reached in a recent study of reaction rate variaA.H.W. acknowledge support from a NATO Collaborative
tions on nova nucleosynthe$3], which considered a range Linkage Grant. The ANL Physics Division is supported by
of 0(a,y)'*Ne rates from 0.002 to 30 times the rate the U.S. Department of Energy Nuclear Physics Division un-

used here.
In summary, we have measured thedecay branching
ratios for all of the states if®Ne relevant to the astrophysi-
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