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Abstract. The " O(a, @)*?O elastic scattering is investigated using a '*O radioactive beam and a He gas
cell limited by Mylar windows. The width of a '°Ne state at an excitation energy of 5.35 MeV is measured
as [, = 3.2+ 1.6keV, in agreement with charge symmetry estimate.

PACS. 25.60.-t Reactions induced by unstable nuclei — 27.20.4n 6 < A < 19 — 26.30.+k Nucleosynthesis
in novae, supernovae, and other explosive environments

1 Introduction

The ®O(a,7)'Ne is of interest in explosive burning
occurring in X-ray bursts, as this reaction could be a
breakout from the hot CNO cycles to the rp-process. The
150 + « threshold is situated at 3.529MeV in '“Ne, and
the 150(a, v)!?Ne reaction proceeds through resonances
above and close to the threshold; the strength of these
resonances is governed by their « width (I,), as the
total width is quite close to the v width. Recent experi-
ments [1-3] have determined I, (or put limits to I',) for
levels in '"Ne up to 5.092 MeV excitation energy. A con-
clusion is that a direct measurement of the °0(«,v)**Ne
reaction in the region of astrophysical interest is currently
impossible: O beams of intensity larger than 10! pps
on target would be required indeed to measure the
150 (a, v)!"Ne cross-section in inverse kinematics in the
energy region surrounding the first state above threshold,
at 4.033MeV, for which I, < 0.011meV [1]. This high
beam current is one of the main challenges to be tackled
in the coming years.

150 beams of lower intensity have been however de-
veloped [4], and they can be used to investigate levels at
higher excitation energies. The present work goes along
this line: the I, of a state at 1.82MeV above thresh-
old was measured by the elastic resonant method in in-
verse kinematics. This state, at an excitation energy of
5.351 MeV in “Ne, with J™ = 1/2% [5], was observed in
the 2°Ne(*He, a)!?Ne reaction [6,7]. It is supposed to be
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the analog of the 5.337 MeV state in '9F; a recent mea-
surement of the 1°N(a,v)F reaction [8] yielded a total
width I' ~ I, = 1.3 £ 0.5keV for the latter. Assuming
the equality of the reduced widths for analog states and
correcting for the different penetrabilities in both cases,
I, = 5.4+ 2.1keV is deduced for the 5.351 MeV level in
Ne. A few years ago, de Oliveira et al. [9] have shown
that this procedure was not valid in '“Ne levels between
4.3 and 5.1 MeV excitation energy, the resulting o widths
being uncertain by at least a factor of 10. However, in
the energy region close to threshold covered in [9], the v
widths are much larger than the o widths. If charge sym-
metry is expected to be valid for reduced o widths, it is
not applicable to the (dominant) E2 and M1 multipolar-
ities. Accordingly, the conclusions drawn by de Oliveira
et al. on the a widths, based on the approximation I,
(1Ne) ~ I, (1°F) are to be checked. This was done in
the present work through the direct measurement of I},
for the 5.351 MeV level in Ne. In addition, as we will
see, using a He gas target will lead to some experimental
problems that will require new data analysis methods.

This paper is organized as follows: in sect. 2, the ex-
perimental method is described. The 0 + a data analy-
sis is presented in sect. 3 and the results are discussed in
sect. 4.

2 Experimental method

2.1 The *0 radioactive beam

The beam was produced by the ISOL method at the RIB
facility at Louvain-la-Neuve. A 29.5 MeV proton beam of
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a 200 pA intensity was accelerated by the CYCLONE30
cyclotron and was stopped in a lithium fluoride target.
150 atoms obtained from the PF(p, an)!®O reaction were
injected in an ECR source, where they were ionized to the
2+ state, and then accelerated in the CYCLONE110 cy-
clotron, up to an energy of 12.5 MeV. This cyclotron was
used also as a mass analyzer. The relative mass difference
between 5O and its isobaric stable isotope °N is about
2 1074, large enough to allow for a negligible contamina-
tion of the ®O beam (< 1%) [4]. The O beam with an
intensity of about 3 x 108 pps was focused on the He target
described below.

2.2 The He target

The He gas target should be thick enough to cover in one
step the expected resonance width, through the energy
loss of the %0 beam in the gas. A 15mm thick gas cell
with a 100 mbar He pressure was used. Along the beam
direction, Mylar windows of 2.5 um thickness and of di-
ameter 12mm (front) and 30 mm (back) were placed; the
beam energy loss in the He gas was about 300keV [10].

2.3 Detectors

A silicon multistrip annular detector of 300 pm thickness
of the LEDA type, i.e. 8 sectors of 16 strips each, [11]
was located at forward angle, at 23.1cm from the gas
cell center, and covered the laboratory angular domain
Olap = 12°-29° or the center-of-mass range 0., = 122°—
156°. Each strip was equipped with associated electron-
ics (ADC and TDC) providing with the measurement of
the energy and time-of-flight for each registered event.
Figure 1 is a two-dimensional spectrum (time of flight
vs. energy for a particular strip of LEDA). The time of
flight was measured with respect to the cyclotron radiofre-
quency. Several well-defined regions were easily located,
corresponding to: scattered 'O on the windows of the
gas target, recoil a-particles from the He gas and recoil
protons from the Mylar windows. a-particles in region a)
of fig. 1 are clearly separated from other particles.

3 Data analysis

Contrary to the “typical” case of recoil proton spectra
from a CHs target and a broad resonant state (see, e.g.,
fig. 1 of [12]), the present a-spectra are featureless, for sev-
eral reasons: the 1°0 beam energy loss in the entrance My-
lar foil is large (~ 3.6 MeV), inducing a large straggling;
the beam energy loss in the He gas is small (~ 300keV);
the a-particles energy loss in the exit window is large
(~ 320keV), as well as their straggling and finally, the
opening angle of each LEDA strip is broadened by the
longitudinal extension of the gas cell. As a consequence, a-
particle spectra at a given angle, obtained as the summa-
tion of eight strips, show no obvious pattern revealing the
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Fig. 1. Two-dimensional spectrum (time of flight vs. energy) of
particles resulting from the interaction of an **O beam with a
He gas contained within Mylar windows. The marked regions
correspond to a) recoil a-particles, b) recoil heavy ions and
¢), d) recoil protons from the front and the back windows,
respectively.
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Fig. 2. Typical recoil a-spectrum, obtained at 6., = 16.3 £
0.6° (histogram). The dotted curve is the best fit without res-
onance; the solid curve is the best fit with a resonant state.

presence of a resonant state (fig. 2). Sixteen of such spec-
tra were obtained. A new method of analysis consisting in
a Monte Carlo simulation of the experimental spectra was
thus performed. In a first step, events were generated from
the gas volume and tracked to the detectors, with a weight
equal to the Coulomb cross-section at the corresponding
energy and angle. Many quantities are needed to charac-
terize an event: the 1O beam energy and energy width,
the beam spot on target, the beam energy loss and strag-
gling in the entrance Mylar window, the entrance and exit
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windows thickness, the *O energy loss and straggling in
the He gas, the a-particles energy loss and straggling in
the He gas and in the exit Mylar window and, finally, the
energy loss of a-particles in the dead layer of the detec-
tor. Some of these quantities were fixed, while others were
allowed to vary within reasonable limits in order to repro-
duce the experimental spectra. In the first category came
quantities very precisely measured before, or having a neg-
ligible impact on the a-spectra, or being strongly linked to
another quantity: the 150 energy loss in Mylar, the helium
gas thickness and the a-particles energy loss in the detec-
tor’s dead layer are such examples. The other quantities
were allowed to vary within limits quoted in parentheses:
the 10 beam energy (£100keV), the FWHM of the beam
energy distribution (125-250keV), the beam spot on tar-
get (< 1lcm), the beam straggling in Mylar (< 180keV),
the beam energy loss in He (+20% with respect to SRIM
2003 [10] allowing for the bulging of the windows), the
window’s thickness (+2.5%), the a-particles energy loss in
Mylar (+10% with respect to SRIM 2003), the a-particles
straggling in Mylar (3-5%). A total of nine parameters
were thus incorporated in the fit, a typical best fit for a
particular angle being shown as the dotted curve in fig. 2.
In a second step, the resonant state was introduced: a
simulation containing a resonant state in the R-matrix for-
malism, in the one-channel one-level approximation [13],
was performed. The scattering amplitude is the sum of a
Coulomb term and a nuclear term. The latter contains the
Coulomb phase shift w,; and the collision matrix Uy, which
is proportional to the factor exp 2i6¢. The phase shift ¢*

is defined by:
8" = s + O, (1)

where 61’38 and 5% are the hard-sphere and the R-matrix
phase shifts, respectively. Here, we have used R-matrix
phase shifts for £ = 0, all other partial waves being treated
with the hard-sphere formalism (we have checked that ¢-
values larger than 1 are negligible). Thus

PO R(]

5% = arctan m, (2)

where Py and Sy are the £ = 0 penetration and shift fac-
tors, respectively, and R° is the R-matrix defined with
a single pole. In general, the fitted parameters are the
pole parameters converted [14] to the resonance energy
ERr and the alpha width I, of the state in *Ne (in R-
matrix notation, FE, and I, are “observed” parameters).
Here, the resonance energy was kept equal to 1.82MeV,
the only parameter of the fit being I',, of the state. The
other quantities of the simulation kept their values ob-
tained at the end of step 1. In fig. 2, the solid curve is the
result of the best fit with I, as a parameter. A difference
between both curves is observed in the central part of the
spectrum, in the region where the resonance is expected
to play a role: the upper and lower slopes are indeed gov-
erned by the energy loss and straggling of 150 beam ions
and outgoing a-particles. Figure 3 shows the normalized
x? vs. I',. The introduction of this new (tenth) parameter
improved the x? by 25%. From the (x2;, + 1) procedure,
I, =3.2+1.6keV was deduced.
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Fig. 3. Normalized x? (i.e. x? divided by the number of de-
grees of freedom) vs. s (keV), resulting from the global fit of
the a-spectra from the *O(q, @) elastic scattering. The solid
curve is an eye guide.

In order to gain confidence in the significance of this
width determination, a second analysis of the experimen-
tal spectra was performed. In each spectrum, the content
of each energy bin was modified according to the Poisson
law and a global fit of the new spectra was done as in the
second step of the previous analysis, with the o width as
parameter; a width (I7;) corresponding to the minimum
x? was then obtained. This process was repeated up to 15
times, a mean width I, was deduced as the average of the
fifteen I3’s and the error (o) was calculated by external
consistency:

(I — I;)?

15 x 14

The result of this second analysis, I, = 2.9+ 1.8keV, in
perfect agreement with the first one makes us confident
that the improvement of the x? in the second step of the
first analysis was not due to a statistical effect.

o =

4 Discussion

A first measurement of the width of a resonant state in
19Ne was performed through the 1°O(a, o) elastic scatter-
ing in inverse kinematics, using an **O radioactive beam
and a He gas cell. The trend of x? vs. I, (fig. 3) clearly
shows that the width of the resonant state is around 3 keV,
unfortunately with a large uncertainty due to the flat
shape of x2. The deduced width of the 5.351 MeV level
in 1%Ne, i.e. 3.2+ 1.6keV, is in agreement with the width
obtained from its analog state at 5.337 MeV in '°F, i.e.
5.4 +2.1keV, confirming the validity of charge symmetry
for a widths. However, large error bars (both in the 1°F
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and the 9Ne levels) preclude a precision check of the ex-
trapolation procedure of a widths between analog states
in light nuclei.

The limitations of the present set-up were noticed,
compared to previous experiments performed in the same
lab in which recoil protons were detected from a solid CH,
target [15]: the longitudinal extension of the gas target
and the degradation of the beam due to Mylar windows
were the most important factors affecting the quality of
the a-recoil spectra. As an attempt to bypass both prob-
lems, thin Al foils were recently implanted with He ions.
For 50 pug/cm? thick Al foils, encouraging results were ob-
tained regarding the homogeneity of the implantation wvs.
the foil thickness and regarding the total amount of He
implanted [16]. For most resonant states, thicker foils are,
however, required.
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