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Lifetime of the astrophysically important 4.03-MeV state in !°Ne
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The O(a, )" Ne reaction is one of the most important breakout reactions for the hot CNO cycles. However,
the relevant states in '°Ne at excitation energies of 4-5 MeV have not been well studied. The lifetimes of these
states are not known and are only constrained by experimental upper and lower limits. In particular, accurate
knowledge of the y- and a-decay widths of the 4.03-MeV state of '°Ne is important, since the resonance strength
of this level dominates the reaction rate for the astrophysically relevant temperatures 7y < 0.6. In this work, we
employed an improved Doppler-shifted attenuation method to obtain lifetime values of this and other states via
70(3He, n-y)'"Ne. For the 4.03-MeV state, the measured excitation energy is 4034.5 & 0.8 keV and the mean
lifetime, measured here for the first time, is 137 fs at the confidence level of 1o and 13™° s at the confidence
level of 20. This result is in excellent agreement with the 9-fs prediction by Langanke, Wiescher, Fowler, and

Gorres.
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The hot CNO cycles and the ensuing rp-process after
breakout play a principal role in the energy production
and nucleosynthesis of explosive hydrogen-burning processes
occurring in astrophysical sites such as novae and accreting
neutron stars [1-4]. The reaction O(«, y)'°Ne provides the
initial breakout route from the hot CNO cycles, triggering
the rp-process [1]. The strength of this reaction determines the
abundance of 3N in novae ejecta and the possible feeding of
the NeNa cycle in high-temperature nova explosions [5]. A
more dramatic impact however is anticipated for thermonu-
clear runaway in accreting neutron stars, which are observed
as x-ray bursts. Calculations have shown that the luminosity of
x-ray bursters is dramatically increased by the breakout from
the hot CNO cycles owing to the subsequent energy produced
by the rp-process [1]. Multimass zone model simulations of
the evolution of x-ray bursters indicate that the '>O(a, y)'°Ne
reaction rate actually provides the trigger conditions for
periodic x-ray bursters [6]. Both theoretical and experimental
aspects of this breakout reaction have been studied over the
past years [7—15]. The direct capture contribution is negligible
at temperatures Ty9 > 0.1 [7] and the reaction rate can be
expressed as a sum of all resonance contributions [16],
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where J;, E;, Fé, and F; represent the spin, energy, and a-
and y-decay widths of resonance i.

The partial widths I'y and I", of the relevant states with
excitation energies of 4-5 MeV are not sufficiently well
known for reliably calculating the reaction rate. All previous
attempts have, therefore, relied on information taken from the
analog states in '°F. Of particular interest is the resonance
at an excitation energy of 4.03 MeV in "Ne, just above
the 'O+« threshold. This resonance dominates the reaction
rate at temperatures below 0.6 GK [7] and determines therefore
the temperature conditions for the breakout from the hot CNO
cycles. A direct measurement of the resonance strength is not
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feasible with the presently available intensities of radioactive
150 beams. The main focus is therefore the measurement of
the relative o« partial width I'y/T'i;. By using these values
in conjunction with the lifetimes of the states the resonance
strengths can be directly calculated. The relative o widths of
the resonance states in '’Ne have been successfully measured
[8] except for the critical level at 4.03 MeV. The main obstacle
is the extremely small branching ratio I',/T",,, which has been
predicted to be of the order of 10~ [7]. Its measurement has
been attempted by various groups [ 10—14] but only upper limits
could be established in these studies.

The critical parameters for deriving the resonance strengths
from the relative o widths are the total widths or lifetimes
of the resonance states. This information is not known for
any of the resonance states in question. Previous attempts to
determine the lifetimes have provided only upper limits for
the lifetimes of the unbound states near the « threshold (see
the TUNL compilation of Ref. [17]) with the Doppler-shift
attenuation method (DSAM) [18]. A recent approach of
a direct measurement of the lifetimes made using the the
Coulomb excitation technique resulted only in an lower limit of
1.5 fs for the lifetime of the 4.03-MeV level [19]. In this work,
we successfully employed an improved DSAM approach to
obtain lifetime values for this state and other threshold states
via "O(*He, n-y)"°Ne.

The experiment was conducted using the KN Van de Graaff
accelerator at the University of Notre Dame. A 3.0-MeV *He
beam with average intensity of 12 uA was directed upon an
implanted 7O target with Ta backing. The target was prepared
by implanting a low dose of 7O ions (1.25 x 10'7 /cm?) with
an implantation energy of 70 keV. An ORTEC HPGe detector
with an active volume of 225 cm® was used to measure y rays
from 'Ne decay in coincidence with neutrons detected with
a liquid scintillation detector. Three geometries were used to
obtain the Doppler-shifted y spectra. The unshifted y energy
is obtained by averaging two y spectra measured by the same
Ge detector at 45° and 135°, respectively, in coincidence with
neutrons detected at 0° with respect to the beam direction. An
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advantage of using the symmetrically Doppler-shifted spectra
is that geometric uncertainties of the detector setup cancel
out. In the third geometry, y rays were measured at 28.5° and
neutrons at 90° to maximize the Doppler shift as the angle
between emitting ¥ ray and recoiling '°Ne is 0° (denoted as
0° setup in the rest of the paper).

Well-known y energies from the in-beam reactions of
70(3He,d-y), "O(CHe,p-y), and ?C(®He,p-y) were reco-
rded simultaneously with the y transitions from '"Ne and
used for the energy calibration of the Ge detector. In addition,
the energy resolution of the Ge detector was measured as a
function of energy and used for the simulation analysis with
GEANT4.

In Fig. 1, the raw y spectra in coincidence with neutrons
are shown for the portions relevant to the states in '°Ne.
Spectra shown in the top and middle panels were measured
in the 45° and 135° setups, respectively, for the determination
of unshifted y energies. The spectrum shown in the bottom
panel has been obtained with the maximized Doppler-shift (0°)
setup. In this setup, the peaks are not only significantly shifted
but broadened as well. Particularly, the transition from 2.79 to
0.24 states shows a double-peak structure, which corresponds
to contributions from both stopped and moving 'Ne in the
target. In less extreme cases such as the transition 1.62 — 0.28,
the broadened peak shows a significant low-energy tailing
down to about the unshifted y energy. The simple DSAM
approach [18,20-22] widely used in the lifetime measurements
takes into account only the Doppler shift of peak centroids and,
therefore, is insufficient to study these cases. In this work, the
improved DSAM is applied with full line-shape analysis using
GEANT4 [23] simulation, which will be discussed later.

In Fig. 2, the y spectra of the transition from the 4.03-MeV
state to the ground state are plotted for the three experimental
geometries. The spectra from the 45° and 135° setups are
fitted and averaged to determine the unshifted y energy
and the corresponding excitation energy after correction for
the y recoil. This procedure yields an excitation energy of
4034.5 4+ 0.8 keV for the 4.03-MeV 3/2% state, which is
slightly higher than (albeit in statistical agreement with) the
currently accepted value [17].

The simulations of the y-line Doppler broadening have
been done with GEANT4 [23] for the 0° spectrum by adopting
the unshifted y energy obtained in this experiment and taking
into account the calibrated energy response of the Ge detector
and the geometry of the setup. The low-energy extensions to
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the GEANT4 electromagnetic processes are applied [24] and the
stopping power model for the energy loss calculation has been
adopted from the Ziegler parametrization [25-27]. Details of
the analysis will be presented in a forthcoming publication [28]
and the relevant aspects are summarized in the following.
The sensitivity of the target profile and composition has been
studied and has been found to be negligible. Because of the
low implantation dose the stopping powers are dominated by
the interaction with the Ta atoms [28,29]. Dependence on
the stopping powers is also found to be insignificant [22,28].
Corrections for beam spread and beam direction, although
insignificant, have been applied according to the bombarding
spot on the target after the experiment. The data from the 0°
setup have been fitted with GEANT4 simulations for various
lifetime values, as shown in Fig. 3.

The solid line in Fig. 3 shows the best fit obtained for a
lifetime of t,, = 13 fs. Fits for other lifetimes are also shown
for comparison. The error of the lifetime is estimated by
examining the x? values of the fit as the lifetime is varied.
At the 1o confidence level the lifetime is 13f2 fs and at the 20

confidence level the value is 13“_“&6 fs. The dashed and dotted
lines in Fig. 3 depict the 2o limits with lifetimes of 4 and 29 fs,
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FIG. 2. y spectra for the 4.03 — O transition plotted for the
0°,45°, and 135° setups, respectively. The solid lines in the two
lower panels are the fits for energy measurement. The solid line in
the top panel is the best fit with the GEANT4 simulation at t,, = 13 fs
(and is enlarged with more detail in Fig. 3).
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FIG. 3. Black dots are the experimental data of the y transition
4.03 — 0 for the 0° setup. The solid line is the best fit with the GEANT4
simulation at t,, = 13 fs. The dashed and dotted lines depict lifetimes
of 4 fs and 29 fs, respectively, representing the 2o uncertainty limits
of the analysis presented here. The dot-dashed line simulates the
peak shape for a 50-fs lifetime, corresponding to the upper limit from
previous measurements [18] and very close to the suggested value in
Ref. [19]. See text for detailed discussion.

respectively. The smaller lifetime produces a narrower peak,
which is also shifted to the high-energy side, whereas the larger
lifetime results in peak broadening with a more noticeable
low-energy tail. The dot-dashed line represents the previous
upper limit of 50 fs set by Ref. [18], which is too broad and
unable to account for both the peak height and the low-energy
tail. The fit to the high-energy tailing or shoulder of the data
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is not sensitive to the input lifetime since it does not originate
from the Doppler-shifted spectrum of 4.03 — O but results
from the small contribution from the nearby single escape
peak of the transition 4.55 — 0, which happens to hide the
otherwise more pronounced asymmetry of the 4.03 — O line
shape resulting from the Doppler effects. This was also taken
into account in the simulation and has only an insignificant
effect on the final result for the lifetime. In Ref. [19], a
y-decay width of 12J_r2 meV was suggested (very close to the
previous upper limit of 50-fs lifetime as shown in Fig. 3).
This value had been deduced from the 1.5-fs lower limit
for the lifetime set by the Coulomb excitation measurements
and a theoretical calculation of the £2/M1 ratio. This value
is more than a factor of 4 smaller than the one resulting from
our new measurement.

Similar procedures have been carried out for other relevant
states at excitation energies of 4-5 MeV. The resulting values
for excitation energies and lifetimes are listed in Table 1. The
errors of the lifetime values are evaluated at the confidence
level of 1o in the x? analysis. For comparison the currently
adopted values from Ref. [17] are listed in the left column.
The observed lifetimes of the 'Ne bound states at 1.51,
1.54, 1.62, and 2.79 MeV are in statistical agreement with
previous results but have significantly improved accuracy. The
seemingly systematic discrepancy for the 1.54-, 1.62-, and
2.79-MeV states may lie in the simplified treatment in the
previous measurements because the compilation data [17] of
these states were based on the same technique and reaction
used by those experiments [20-22].

In summary, an improved DSAM approach with a GEANT4
simulation has been applied to the y-spectra data from the

TABLE I. Values of excitation energies and lifetimes of the states in '?Ne from the present work with uncertainties on the lifetimes given
at the 1o confidence level. For reference, the adopted values from Ref. [17] are shown in the left column.

Compilation [17]

Present work

Ex (keV) Jr T, (fs) Ex (keV) T, (fs)
1507.56 + 0.3 3- 1.4%02x10° 1507.51 £ 0.35 1.7 £0.3x10°
1536.0 & 0.4 it 28+ 11 1536.05 £ 0.36 16+4
(28 £ 15) [20]
(2811 [21]
1615.6 £ 0.5 3- 143 £+ 31 16154+ 0.4 80 £ 15
(130 + 35) [22]
(180 + 60) [20]
2794.7 £ 0.6 2t 140 + 35 2794.2 £ 0.4 100 + 12
(140 £ 35) [22]
(330 £ 130) [20]
4032.9 £ 2.4 i+ <50 4034.5 £ 0.8 13%
4140 £ 4 )" <300 41435 £ 0.6 1843
4197.1 +£24 ()~ <350 42003 £ 1.1 4373
4379.1 £2.2 It <120 4377.8 £0.6 54
4549 + 4 4.3 <80 45477+ 1.0 1544
4600 + 4 GhH <160 4601.8 £+ 0.8 7
4635 = 4 13+ >1x10° 4634.0 £ 0.9 >1x103
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reaction "O(*He, n-y)'°Ne. The excitation energy values of
all threshold states are improved and lifetimes for all states up
to 4.6 MeV have been extracted. The lifetime of the important
4.03-MeV state has been determined for the first time to T =
1377 fs at the confidence level of 1o and 1373° fs at the
confidence level of 20

The present results represent significant improvements
in the accuracy of the excitation energies and in the final
experimental determination of the lifetimes. Both results
reduce significantly the uncertainties in the reaction rate
of BO(a, y)"”Ne. The rates depend exponentially on the
resonance energies but depend linearly on the product of
the relative o widths I'q/T' and the y widths I',. Recent
estimates of the reaction rate are based on a variety of
estimates for these y widths, which were either taken directly
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from lifetime measurements of '°F mirror states [17] or
were based on upper and lower limit arguments or shell
model calculations [6,7,12—14]. These selected best values for
y widths, in particular for the two critical resonance states at
4.03 and 4.38 MeV, differ substantially from our work and
among themselves by a factor of 3. Our new results remove
these uncertainties, particularly reduce the uncertainty of the
y width of the 4.03-MeV state by a factor of 3, and will
significantly improve our knowledge of the reaction rate of
150(, y)lgNe.
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