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1. Introduction

Thel2C(a, y)'0 reaction cross section at the Gamow enegy,= 0.3 MeV, plays an impor-
tant role in determining the mass fraction’8€ and'®0 after stellar helium burning, abundance
distribution of the elements between carbon and iron, aadrtin core mass before supernovae
explosion [1]. Therefore, it is quite important to accuhatietermine the cross section&g,= 0.3
MeV. The direct measurement of the cross sectidi.gt= 0.3 MeV, however, is not possible using
current experimental technique, because the cross séstioa small, around 107 barn. Hence,
one has to derive the cross section by extrapolating a meghsurss section &;,, > 1.0 MeV into
the range of stellar temperature. The total cross sectidghed?C(a, y)'°0 reaction aE¢m = 0.3
MeV has been known to be dominated by direct electric dipglE @nd electric quadrupole (E2)
a-capture reactions into the ground staté®®. However, the extrapolation mentioned is not easy,
since there are the two sub-threshold resonance stai#s-ol~ atEgr = —45 keV and)™ = 2+ at
Er = —245 keV in'%0 [2], and E1 and E2 cross sections have different energyndiepee. Hence,
it is essential to measure thyeray angular distributions of th#C(a, y)10 reaction over a wide
range of energy, and to determine the energy dependenceéhathteoE 1 cross sectiowg; (E), and
the E2 onepgz(E). Despite a significant progress has been made in measugngdhs section,
both E1 and E2 cross sections have been determined withdaggetainties. It is therefore highly
required to carry out a new experiment to accurately detegrtiiese E1 and E2 cross sections by
measuring the-ray angular distribution of th&C(a, y)*°0 reaction.

In the present experiment, we measured yray angular distribution by employing three
anti-Compton Nal(TI) spectrometers to obtain a sufficigndy yield and using an intense pulsed
a-beam to discriminate trugray events from background events due to high energy nesifrom
the 13C(a,n)*®0 reaction with a time-of-flight (TOF) method. Note that a #raenount of13C is
contained in the target.

2. Experimental Method

The present experiment was carried out using an intensegalbeam, which was provided
from the 3.2 MV Pelletron accelerator at the Research Labordor Nuclear Reactors of Tokyo
Institute of Technology. An average beam current was ab@LA 8t a repetition rate of 4 MHz. A
pulse width of the beam was about 1.9 ns (FWHM), which wasaefft to distinguish a true event
from the?C(a, y)180 reaction from neutron related background events. yFrey angular distri-
butions of the'?C(a, y)1°0 reaction were measured by constructing a new measurelysatrs
Since a detailed description of the new system is publishezisewhere [3], we briefly describe
the present experimental method.

The new system consists of three high efficiency anti-Comptal(Tl) spectrometers and of
a Si counter to monitor th&C target thickness. A schematic view of the experimentalpset
shown in Figure 1. Each spectrometer consists of a centridlrNaetector with a diameter of 9
inches and a length of 8 inches, and an annular Nal(Tl) datedth a size of 2 inches in thickness
and 14.5 inches in length. These Nal(Tl) detectors werereoMay heavy shield composed of lead
and Boron-doped polyethylene, and set &t,40° and 130 with respect to ther-beam direction.
The y-ray yield at angles of 40and 130 provided information on the E2 strength and that at
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Figure 1: Schematic view of the Nal(Tl) spectromFigure 2: TOF spectrum, which was obtained by

eters placed at 4090° and 130 with respect to the putting the gate in the region of between 8.0 MeV and

a-beam direction. 9.0 MeV on they-ray energy spectrum, taken by the
Nal(Tl) spectrometer placed at @8 dashed line in-
dicates the time-independent background events due
to thermal neutrons and cosmic rays.

9¢° gave information on the E1 strength. The absolatay efficiency of each spectrometer was
calculated using the Monte-Carlo code, GEANT4 [4] by refeyithe measured one, which was
obtained with use of the standayeray sources®Co and®®Y) and y-rays from the?’Al(p, y)?8Si
reaction measured aiE 992 and 2046 keV [5].

An enriched (more than 99.95 %AC target foil with a thickness of about 360400 pg/cn?
was made by a thermal cracking of methane. A gold with a tldskrof 0.1mm was used as a
backing of!2C target. We took the Rutherford backscattering spectruBS)Rf a-particles from
the enrichedC targets with a Si detector to determine their thicknessthedncidenta-particle
intensity. The spectrum was used also to check any changeedfatget thickness during the
measurement.

3. Analysis

A typical TOF spectrum measured by the central Nal(Tl) sjpeceter placed at 90s shown
in Figure 2. We see clearly the peak due to'tf@(ar, y)*°0 reaction event, which is well separated
from a broad peak due to tH&’I(n,y)*?8 reactions. Events in the plateau region below about
-5 ns are due to time-independent background events caysedaktered neutrons and cosmic
rays. We could obtain true events from tH€(a, y)*°0 reaction by subtracting both the neutron
induced background and the time-independent backgroutiduse of the TOF method as shown
in Figure 3, where we see the discrateay from the directa-capture of'2C into the ground
state ofl%0 with a large S/N ratio. A dashed line is the fitted spectrumttie y-ray using the
response function, which was calculated by taking accofititeoenergy loss oft-particles in the
12C target, energy dependence of ##€(a, y)1®0 cross section, Doppler shift of theray and
the intrinsic energy resolution of the Nal(TI) spectroneteegarding the energy dependence of
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Figure 3: Background subtracted (nghray energy Figure4: RBS spectrum obtained with a Si detector

spectrum. A dashed line indicates the fitted spdxy bombarding 2.270 Me\a-particles on enriched

trum using the response function of the spectromeféC targets on a gold backing. A dashed line in-

(Ecm= 1.6 MeV, 6, = 90°) dicates the calculated spectrum using a simulation
code.

the cross section we took only the Coulomb part of the crosose Note that since the nuclear
part, which is an astrophysical S-factor, changes gentlly shanging the energy af-patrticle, it
can be ignored. It should be mentioned that the average\enéfgll-energy y-ray peak obtained
by the calculation is in good agreement with observed onse@®edy-ray yield for each Nal(Tl)
spectrometer was obtained by integrating the counts ofa@lpanse function fitted to measured
data.

The RBS spectrum afi-particles is shown in Figure 4. Since the thickness of'fi@target
was thin, about 306- 400 ug/cn?, and the target backing was gold with a thickness of 0.1 mm,
incident a-particles were scattered by gold while loosing their eiesrgn passing through the
12C target. The target thickness HiC was determined accurately by fitting spectrum using the
simulation code SIMNRA [6] as shown in Figure 4.

Since the cross section of théC(a, y)1®0 reaction changes with decreasing the energy of
a-beam over the target thickness, it is necessary to definffeartiee cross section by considering
the energy dependence of the cross section as given in fefl¢2e we took the Coulomb part of
the cross section as is the case with the calculation of gmorese function for the characteristic
y-ray from the'?C(a, )10 reaction.

4. Results

In order to obtainog; and og» the resulting differential cross sections were fitted ughrey
angular distribution formula, which is given in ref. [7]. Hewe used elastic scattering data of
Plagaet al. [8] for the relative phase between E1 and E2 amplitude of thine@'?C(a, y)%0
reaction. The thus obtained preliminary result &, agree with three data set [9, 10, 11] and
marginally agree with the data set of Kuetzal.[12] and Assuncéet al.[13].

5. Summary

With use of a new system we succeeded to measurg-thg angular distributions &y, =



E2 and E1 cross sections of th&C(a, )10 reaction Hiroyuki Makii

1.6 MeV and 1.4 MeV using intense pulsadbeams together with high efficiency anti-Compton
Nal(TI) spectrometers with a large S/N ratio and high siais The detailed analysis to determine
absolute differential cross sections are in progress hingaekccount of energy dependence of the
differential cross section . We expect that from treay angular distribution both theg; and
Og2/0g ratio could be accurately determined. To obtain the eneegpeddence of botbg; and
Oe2, @ new measurements of the angular distribution at loweggrie in progress.
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