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The radioisotope26Al is an important probe of the interstellar medium of our galaxy, but its pro-

duction is now still not well determined partially due to thelack of knowledge of the important

states in26Si, which dominate the large uncertainty in the25Al( p,γ)26Si reaction rate at nova tem-

peratures. We give an update on two experiments that were performed to study these states. One

is a measurement of the27Si(p,d)26Si∗ reaction at the NSCL, and the other one is a measurement

of the25Al+ p elastic scattering with the CRIB facility at RIKEN.
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1. Introduction

Galactic26Al is observed through the emission of 1.8 MeV gamma rays fromthe decay of
26gAl produced by the proton capture on25Mg. In nova explosions, the proton capture of25Al
competes with itsβ decay and bypasses the production of26gAl, since the capture product26Si de-
cays quickly to26mAl instead of its ground state, without the emission of the 1.8 MeV gamma ray.
But at even higher temperatures, such as in supernova explosions,26mAl can be excited to the higher
excited states by thermal excitation and then quickly de-excite to the ground state, thereby enhanc-
ing the production of26gAl [1]. The energy levels in26Si in the Gamow window corresponding
to these temperatures therefore need to be well understood in order to determine the25Al( p,γ)26Si
reaction rate, and thus the production rate of26Al in these explosive environments.

Two experiments were performed to study the important states in26Si : one is the p(27Si,d)26Si∗

reaction at the NSCL, aiming to construct the level scheme oflow lying states around the proton
threshold; the other experiment is a measurement of the elastic scattering of25Al+ p with CRIB [2]
at RIKEN in order to obtain information on states in a broad range above the proton threshold [3].
The thick target method with inverse kinematics [4, 5] was used in the latter experiment, with the
advantage that a wide range of energy levels can be scanned simultaneously with only one beam
energy, and the scattered protons are detected at forward angles in the laboratory system.

2. Experimental Details

The radioactive27Si (T1/2=4.16s) beam used in the NSCL experiment was produced by frag-
menting 150 MeV/nucleon36Ar primary beam ions on a 940 mg/cm2 9Be target, resulting in a27Si
beam energy of 89 MeV/nucleon, with an intensity of about 1×107 pps and purity of about 36%. A
250 mg/cm2 polypropylene foil (CH2) was used as the secondary target, which is surrounded by a
highly segmented germanium detector array (SeGA) for detecting the gamma rays from the decay
of the26Si∗ recoils. These gamma rays were detected in coincidence withthe detection of the26Si
recoils at the S800 focal plane [6, 7]. The SeGA detectors were arranged in two rings at 37◦ and
at 90◦. Each detector consists of 32 segments, providing accurate3-dimensional position for the
Doppler broadening correction of the measured gamma ray energies. The detector system on the
S800 focal plane consists of a pair of cathode readout drift chambers (CRDC) for beam tracking
information, followed by a multi-segmented ion chamber forenergy loss measurement, and three
large plastic scintillators for timing and total energy measurements. The26Si recoils were identified
by the time of flight (TOF) from the scintillators together with the energy loss in the ion chamber.

The CRIB elastic scattering experiment was performed usinga 7.5 MeV/A 24Mg primary
beam. The reaction2H(24Mg,n)25Al was used to produce the secondary25Al beam with energy
of about 3.4 MeV/A, a purity of about 50% and intensity of up to106 pps. The secondary beam
was identified by two PPACs (Parallel Plate Avalanche Counters), which were also used for beam
tracking to determine the beam position on target, and the scattering angle when combined with
the proton position measured on a PSD (Position-Sensitive silicon Detector). The secondary target
was a 6.58 mg/cm2 CH2 target, which was thick enough to stop the25Al beam ions. The elastically
scattered protons were measured with 3 sets of∆E-E telescopes at 0◦, 17◦ and 27◦, respectively.
Each telescope consists of one 75µm double-sided 16ch×16ch PSD and two 1500µm single chan-
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nel SSDs (Silicon Strip Detectors). Directly above the target, 10 NaI detectors were used to detect
γ-rays from the decay of the first excited state of the25Al produced in the inelastic proton scattering.

The scattered protons that punch through the PSD were identified by using the∆E versus E
spectrum, while the spectrum of PSD energy versus TOF (between the PSD and the second PPAC)
was used to identify both protons punching through the PSD and the ones stopped in the PSD.

3. Data Analysis

I. For the p(27Si,d)26Si∗ experiment:
To select only the gamma rays coincident with the26Si recoils, a gate was applied on the his-

togram of TOF vs∆E measured by the detector system at the focal plane. Due to thehigh velocity
of the beam particles, the Doppler broadening is significantfor the gamma ray measurement, and
is corrected as follows:

Eγ ,dop =
1−βcosθ
√

1−β 2
Eγ ,measured

whereEγ ,dop, Eγ ,measured , β , θ represent the corrected gamma ray energy, the measured gamma ray
energy, the27Si beam velocity and the gamma ray emission angle, respectively. Figure 1 shows
the spectrum of corrected gamma rays. Since a cascade of gamma rays can be emitted from an
excited state in a single reaction, theγ-γ coincidence analysis technique is usually used to construct
the level scheme. Figure 2 (black histogram) shows an example of a coincidence spectrum of the
gamma ray of 1400 keV from the transition from the excited state of 26Si at 4184 keV to the
excited state at 2783 keV [8]. The energy of the 4184 keV statecan then be confirmed by adding
the energies of the cascadeγ-rays (1400 keV, 993 keV and 1796 keV). Also shown in red is the
corresponding background spectrum, which is obtained by placing gates on the tails around the
gated peak, since it is not practical to separate the background gamma rays from the actual transition
γ-rays inside the gated peak energy range. After all cascadesare extracted from theγ-γ coincidence
analysis, they will be compared to the equivalent ones from the well known states in26Mg, the
mirror nucleus of26Si, to determine spin-parity assignments of the26Si states.
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Figure 1: Doppler corrected gamma-ray spectrum.
The energies indicated are from skewed Gaussian fits
to the peaks.
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Figure 2: An example of a coincidence gamma-ray
spectrum for the gamma ray of 1400 keV (in black),
with its background shown in red.
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II. For the p(25Al,p)25Al experiment:
When using the thick target method, the energy loss of the scattered proton traveling through

the remaining part of the target must be taken into account. The following steps were performed to
account for this energy loss event by event. First, the rangeof the 25Al beam in the CH2 target is
determined and then divided into 5000 equal parts. The residual energy of the25Al beam is calcu-
lated after each part using Ziegler’s energy-loss routines[9]. The proton energy at the scattering
location is also calculated. Knowing the length of the path the proton takes through the target, its
energy after the target is obtained and compared with the measured proton energy for a given event.
The original proton energy of this event, i.e., the energy ofthe proton with energy loss correction
included, is then deduced from the comparison.

The total yields of background protons of different energies from a carbon target were nor-
malized by the inverse ratio of the energy-dependent stopping power of the proton in the CH2 and
C targets, as well as the ratio of the total number of beam events for each target times the number
density of carbon in the target. The yield Y is given by the equation:

Y = Iσn∆x = Iσn∆E/
dE
dx

(E).

where I represents the accumulated number of events, n is thenumber density of the target material
and∆x is the target thickness per energy bin∆E in the spectrum, which is inversely proportional to
the stopping power of the proton at the corresponding energy. From the above formula,the excita-
tion function can be obtained from the yield spectrum by multiplying Y by the energy-dependent
stopping powerdE/dx sinceσ ∝ Y ×

dE
dx .

Figure 3 shows a proton spectrum after correcting for the energy loss in the target.
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Figure 3: Excitation function in the center of mass
frame with energy loss correction and background
subtraction.
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Figure 4: A sample R-Matrix fit for the resonance at
ER=2.186 MeV.

An R-Matrix [10] fit for the excitation function will be used to extract physical parameters
such as energy levels and proton widths. Assuming only one open channel (elastic scattering) and
only one level per Jπ , then the single-channel single-level R-Matrix formula will be used:

dσ
dΩ

=
π
k2 [(2I1 +1)(2I2 +1)]∑

ss′
(CT + RT + IT ).
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whereI1, I2 are the spins of the nuclei in the entrance channel;s, s
′

are the channel spins of the
entrance and the exit channels; andCT , RT , and IT are the Coulomb term, resonant term and
interference term, respectively. All terms depend on the single-channel single-level R function:

R =
γ2

Eλ −E

whereγ andEλ are the reduced level width and resonance energy respectively, the two physical pa-
rameters to be extracted from the fitting. Figure 4 shows a sample fit for the resonance atER=2.186
MeV.

4. Ongoing and Future Work

The analysis towards getting the final outcome is ongoing. Itincludes, for the p(27Si,d)26Si∗

experiment, constructing level schemes from the coincidence analysis of gamma rays to determine
the energies and spin-parity assignments of the levels; andfor the elastic scattering experiment,
extracting the energies andJπ for the resonances in the excitation function by a least-squares fit
using the R-Matrix theory for compound nuclear reactions. Results from both analyses will be used
as input for calculating the new25Al( p,γ)26Si reaction rate.
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