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OF SCIENCE

The 18F nucleus is one of the radioactive isotopes produced durawvg explosions. It is of
particular interest since it is mainly responsible for tid eV gamma-ray emission of novae
that could be detected with the INTEGRAL satellite or futgegnma-ray telescopes. The amount
of 18F synthesised still suffers from large uncertainties cgnfilom missing nuclear information
concerning thé®F destruction reactiofPF(p,a)*°0. In particular, the interference sign between
three 3/2 resonances it°Ne, situated slightly above the proton threshold (8 keV an@8
keV) and at higher energy (665 keV), is unknown. The maximéfeceof these interferences is
lying in the energy range corresponding to the Gamow peakmegnd has a strong impact on
the 18F(p,a)1°0 reaction rate. We report here on the direct measuremeotvagtergy (down
to 400 keV in the center-of-mass) of th&F(p,a)1°0 total cross section that we performed at
the Louvain-la-Neuve CRC-RIB facility with the high-intsity and -purity!®F radioactive beam
(T1/2 =110 min). The total cross section for the different incidemergies will be presented and
compared to previous experimental data.
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1. Introduction

Gamma-ray emission from classical novae is dominated during the first bguypssitron
annihilation following theB* decay of radioactive nuclei. The main contribution comes from
the decay of®F (half-life of 110 min) and hence is directly related'f formation during the
outburst [IL[P[13]. A good knowledge of the nuclear reaction ratethéoproduction and destruction
of 18F is required to calculate the amount8F synthesized in novae and the resulting gamma-
ray emission at and below 511 keV. In the following, we focus on'fitedestruction through the
reaction*®F(p,a)1°0 whose cross section still remains highly uncertain.

The calculation of the reaction rate of tH#(p,a)*°0 reaction involves several resonances in
the'®Ne compound nucleus below 1 MeV above the proton threshold. Apantdrg/2- resonance
(Er = 330 keV), most of the involved resonances have d 34#n and parity. One of them is the
E; = 665 keV resonance which has been extensively studied in the[p&kt§47548,[P{T0] and
for which the propertiesl{p, I'q, I'tot) are now well established. Due to its large total widthy
= 40 keV, it is a large contributor to the reaction rate. At much lower enengycdose to the
proton threshold, the proton width of two 3/2esonancess; = 8 and 38 keV) have been recently
determined through the study of their analog levels in‘tiremiror nucleus[[7)1, 12]. Uncertainties
in the properties of these two resonances and their impact on the readtédmgabeen recently
discussed[[13]. The most important effect is the interferences bettheelow-lying and high-
energy resonances whose signs are totally unknown and which lies irathevspeak region.

We report here on a direct measurement at low energy aPE{p,a )1°0 reaction cross section
with the goal of constraining the interference sign of the"3/@sonances. Two data points were
measured on the top of tie = 665 keV resonance ("on-resonance") and others two were measure
at lower energies ("off-resonance").

2. Experimental method

The experiment was performed at the CYCLONE RIB facility at@entre de Recherches du
Cyclotron UCL, Louvain—la—Neuve, Belgium. We used a high purity 13.8-Mé&N radioactive
beam which was produced using the ISOL technidup [1#F. was produced in the batch mode
and an average of 1:LC° 8F ions per second on target was delivered for a total of 50 hours,
representing 178F batches. The beam properties (nominal energy, energy resolutiobeam
purity) were studied using a 1 énsilicon PIPS detector placed at zero degrees downstream from
the target position (see Rdf ]15]). TH&F beam bombarded a 7@g/cn? polyethylene (CH)
target and the products of tH&F(p,a)1°0 reaction were detected using two LEDA silicon strip
detectors[[16]. These detectors are composed of 8 sectors, eat#ddivo 16 radial strips. The
energy calibration of the 256 strips was performed withoa-Source £3°Pu, 241Am and?44Cm)
whereas the time—of-flight calibration was performed with a precision pulser

The experimental set-up is shown in Fig[ire 1. Thparticles from thé®F(p,a)°0 reaction
were detected in the LEDAL detector positioned 8.5 cm downstream fronrged tavering labo-
ratory angles between 30.8nd 56.8. Due to the properties of inverse kinematics, P@ nuclei
are emitted in a forward cone of limiting laboratory an@le- 23°. Hence the LEDA2 detector
was positioned 32 cm downstream from the target covering the laboraigtgs between 8 &nd
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Figure 1: The experimental set-up is shown Wit ions impinging on a Chitarget after passing through
the aluminium degraders. Alpha particles were mainly detein the first LEDA detector whilé*O were
detected in coincidence in the second LEDA detector.

22.7. The positions of the detectors were determined by Monte-Carlo simulatiorthefaEDA1
detector, the angular range and detection efficiency were maximized atiebfoEDA2 detector,
the coincidence efficiency betweemn-particles and®O was optimized.

The'®F(p,a)*®0 cross section was measured at four different energies corrisgdn beam
energies ranging from 0.77 to 0.48 MeV/u. In order to obtain the fourrdiffeenergies there are
in our case two possibilities: either the cyclotron is tuned for each energynlp one nominal
energy is used in conjunction with degraders. In the first solution, the Ipeaperties (spatial and
energy resolution) remain similar in all cases, however for the lowest tex&s the acceleration
efficiency is reduced as compared to the highest two energies leadingetreade in the beam
intensity by at least a factor of two. In the second solution, the beam intés ity same for each
center-of-mass energy, but for the lowest energies the energypatidisesolution of the beam on
target are worse due to the straggling in the degraders. However indbenprexperiment the en-
ergy resolution is not crucial since the cross section is not affectedtogw resonances and since
only the number of coincidence events is needed. Hence we used a n&tRibaam of 13.8 MeV
together with aluminium foils of different thickness as degraders befertatiyet position. Home-
made (evaporated) aluminium foils of 95, 500 and Gitficn? were used, corresponding &F
energies incident on target of 13.1, 9.9 and 8.6 MeV, respectivelyseTapergies as well as the
beam energy profile were measured directly with the zero degree sili@#$ ddtector. Compari-
son of the different beam energies allowed us to check the thickness détitaders which were
found to be within 10% of their nominal values.

Data were collected in event—by—event mode where the multiplicity, the angldefusited
energy and the time of flight relative to the cyclotron radio—frequencewezorded, allowing an
off-line analysis of single and coincidence events.

3. Data Analysis

3.1 Datareduction

"On-resonance" coincidence spectra using theu§&n? aluminium degrader are shown in
Figure[R. The coincidence condition between the two LEDA detectors alldw iaentify easily
the events from th&F(p,a)1°0 reaction in théE; x E; two-dimensional spectrum (Figyfe 2a). The
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linear correlation observed between the detected energies in the two L&Bétaks is characteris-
tic of a two—body reaction which after reconstructing its Q—value was idahtiehe'8F(p,a)1°0
reaction. The same coincidence events are displayedin  spectrum for LEDAL and LEDA2
(see Figurd]2b anf 2c, respectively) where kinematical bandspzrticles and®O are clearly
observed. A full Monte—Carlo simulation of the experimental set—up includiegyy losses in the
degraders and the target as well as the spatial and energy resolutierbefam was performed and
a very good agreement with the three spectra of Fifure 2 was obsemédipg high confidence

in the identification of thé®F(p,a)°0 reaction. An additional check of the reaction identification
was performed by verifying that the reaction products were detected §athe reaction plane. Se-
lection of the'®F(p,a)1°0 events in thé; x E, spectrum leads to approximatively 1400 and 4100
events for the beam energies of 13.9 and 13.1 MeV, respectivelye Bvests are clearly separated
from the coincidence events coming from t§& + 1°C elastic scattering which are found below
2 MeV in LEDAL.
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Figure 2: Coincidence spectri; x Ez, E; x 81 andE, x 8, where 1 and 2 represent the first and sec-
ond LEDA detector, respectively. The three regions cowado thea—1°0 events from thé®F(p,a)*°0
reaction, and ta8F + 1°C events from elastic scattering.

In order to be sensitive to the interference effect of the 3&sonances, théF(p,a )10 cross
section was measured "off-resonance" at two different beam iesefg., = 9.9 MeV andE g,
= 8.6 MeV). In this case the selection of the coincidence events is slightly nificuid since
the 8F(p,a)*°0 cross section is decreasing due to the Coulomb penetrability andrhe!?C
elastic scattering cross section is increasing due to the lower center-sfsgsiem energy. Hence
the a—1°0 coincidence events are no longer well separated fronthe- 12C elastic scattering
events in thée; x Ep spectrum. However the kinematical baBgx 6, for the a—particles is well
separated from other events and an additional selection was perfolongdtzis kinematical band.
After applying these two simultaneous selections, ¢hé°0 coincidence events were properly
selected; 180 and 39 events were obtaineHat= 9.9 and 8.6 MeV respectively. Background
measurements were also run and no coincidence events were obsahedagion of interest.

3.2 Cross section

The total cross section in the center-of-mass system was calculated fahdérved yield at
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each energy following the relation

1 [ Ys(E)
o(E)= N Z <A§2385> X 41T

S

wherel is the number of incident®F ions andNp the proton content of the target per unit area.
The sum is performed over the 16 stripsf the LEDA1 detector wherg;(E) is the number obr—
particles detected in a given strip from tH&(p,a)1°0 reaction in coincidence witkO ions,AQ

is the geometrical solid angle subtended by the strip in the center-of-massiaride coincidence
efficiency. The coincidence efficiency was determined by Monte—Camlolations assuming that
the angular distribution in the center-of-mass is isotropic as would be exbf&om an/ =0
resonance. The angular distribution obtained from the two data pointse%mmance” supports
this assumption and the total cross section is obtained by multiplyingtby 4

The number of incident®F ions was determined from thH€F + 1°C elastic cross section
detected in the LEDA2 detector using the strips at 1®dcause they have the maximum solid
angle and are not very sensitive to the exact position of the beam on gie¢. t&urthermore, the
elastic scattering peaks &fF and'?C are well separated in a time-of-flight v. energy spectrum.
Since the beam intensity is deduced from elastic scattering off@and since thé®F(p,a)°0
cross section depends on the hydrogen content of the target, the natioalitoes not depend on
the target thickness but on the target stoichiometry. This quantity was degetrifinom the well
known cross section of theH(*20,a)'°N reaction whose cross section was also measured here.
The hydrogen content of the target was monitored during the experimgantitdzking the ratio of
the number of protons antfC elastically scattered. No hydrogen depletion was observed as it
could be expected from the lofiF beam intensity.

The *¥F(p,a)*°0 cross section deduced from the present experiment is shown in Fgae
well as the available data from the literatre[[d, 17]. For the presentttiatarror bars mainly come
from statistical and coincidence efficiency uncertainties. Each dataipogjresented at a center-
of-mass energy corresponding to the beam energy in the middle of thé tBeggh measurement
is an averaged cross section taken over the beam energy loss in thditargdout 50 keV in the
center-of-mass). For the data from the lowest two energies this effectaken into account as
an additional vertical error bar which was added quadratically to thequewncertainties. This
effect results in a smaller uncertainty at lower energy since the enempndence (slope) of the
cross section is less important "off-resonance”.

4. Preliminary analysisand per spectives

The solid (dashed) lines on FigJle 3 represent the results of R-matriXatidns for construc-
tive (destructive) interferences between Hye= 665 keV resonance and the low-lying resonances
E, = 8 or 38 keV using adopted parameters from the literafure[[11, 9]. Thettdrigkness has
been taken into account for these calculations. Interferences with semaaces are a simple
case but seem a good approximation since previous (d,p) transféorestedies [11[ 12] showed
that only one of the two low-lying resonance is dominating the reaction ratevetr one can-
not exclude a small contribution from the other resonance and a full Rxnaaualysis taking into
account interference effects between the threé 82onances is underway and will be presented
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Figure 3: Cross section of thé®F(p,a)1°0 reaction. The experimental data consists in the preseat da
(full squares) and previous data (dots) for comparison gagp. The solid (dashed) lines are R-matrix
calculations for constructive (destructive) interferensee text for details).

elsewhere[[18]. However, as a preliminary result it seems that if only teesféring resonances
are considered, the constructive case is favored. The result ofrth@ry analysis is expected to
reduce significantly the uncertainty associated to the productiéfFah novae events.
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