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Additional experimental information concerning the level structure of26Si above the proton threshold is
needed to reduce uncertainties in the25Al sp,gd26Si reaction rate and consequently better determine26Al
radioisotope production in astrophysical environments. The24Mgs3He,nd26Si reaction was measured and ex-
citation energies of states in26Si were determined with improved accuracy. Spins were assigned to a number
of states by comparing their measured differential cross sections with Hauser-Feshbach cross sections. The 3+

resonance state of the25Al sp,gd26Si reaction was identified at 5912s4d keV excitation energy and the
25Al sp,gd26Si reaction rate in explosive hydrogen burning environments was calculated.

DOI: 10.1103/PhysRevC.70.065805 PACS number(s): 26.30.1k, 25.40.Lw, 25.55.Hp, 27.30.1t

I. INTRODUCTION

The identification of large amountss,3M(d [1] of the
26Al radioisotope in the interstellar medium of our galaxy via
its decay 26Alg.s.sb+nd26Mg*sEg=1.8 MeVd26Mgg.s. from
spectrometers on satellites[2,3] and recently by CGRO col-
laboration[1] is of great interest. A comparison of the26Al
half-life sT1/2=7.23105 yrd to the time scales of the galactic
chemical evolutions<1010 yrd indicated that nucleosynthetic
processes are still active in our galaxy[4]. Answers to ques-
tions regarding the astrophysical sources of26Al and the pro-
duction rate of26Al in these environments can reveal infor-
mation about earlier stages in our galaxy related to26Al
sources.

The26Al production mechanism is dependent on the prop-
erties of the astrophysical environment. For example, the
26Al production in nova explosions[5] proceeds as follows:

25Al sb+nd25Mgsp,gd26Alg.s.sb+nd26Mg*sgd26Mgg.s..

If the decay of25Al is bypassed by the proton capture on25Al
at higher temperaturessT.0.4 GKd, the resulting reaction
sequence

25Al sp,gd26Sisb+nd26Almsb+nd26Mgg.s.

takes place. The25Al sp,gd26Si reaction has not yet been
measured directly, due to the difficulties of producing a ra-
dioactive 25Al beam. At the present time this reaction rate
must thus be determined from indirect spectroscopic infor-
mation. An accurate determination of the25Al sp,gd26Si reac-
tion rate remains very important because a quantitative un-
derstanding of the26Al production rate can in turn constrain
nova models.

Shell model calculations and mirror nucleus arguments
[4] indicate that the25Al sp,gd26Si reaction rate in explosive

hydrogen burning environments is probably dominated by a
Jp=3+ s,=0d resonance state that lies at 5970s100d keV. Ad-
ditional contributions to the25Al sp,gd26Si reaction rates at
stellar temperatures ofT,1.5 GK are expected from direct
capture and resonances up to 1 MeV above the proton
threshold in26SisSp=5518 keVd. The compilation of Endt[6]
lists the level structure of26Si above the proton threshold
mainly from the results of 24Mgs3He,nd26Si [7] and
28Sisp,td26Si [8] reaction measurements. Many of these lev-
els still have unknown spin-parity assignments or relatively
large s.20 keVd uncertainties in their excitation energies.
Recent studies of the28Sisp,td26Si [9] and29Sis3He,6Hed26Si
[10] reactions reduced the uncertainties in the26Si excitation
energies for levels above the proton threshold; the first study
assigned spin and parity to some states above the proton
threshold through distorted-wave Born approximation
(DWBA) analysis and the second study assignedJp’s to two
new states(1+ and 3+) that were not observed in this recent
sp,td [9] measurements. However, more studies are neces-
sary to confirm previous results since even in the two recent
high resolution studies[9,10] not all levels just above the
proton threshold were observed in each measurement. These
levels are expected to play an important role in the astro-
physical reaction rates of25Al sp,gd26Si which depend sensi-
tively on the excitation energy values.

In this work, the astrophysically important26Si states
were studied via the24Mgs3He,nd26Si reaction. The thin tar-
gets, long flight paths, and low bombarding energies pro-
vided high resolution for the26Si states of interest. The
s3He,nd reactions could result in better resolution than the
sp,td or s3He,6Hed reactions since neutrons could be de-
tected at any distance without losing energy using time-of-
flight techniques. The relatively low bombarding energy used
in the present experiment has two advantages: the lower neu-
tron energy improves the neutron energy resolution deter-
mined by time of flight and thes3He,nd reaction at low in-
cident energies favors the compound nuclear reaction
mechanism, particularly when the outgoing neutron energy is
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also low (i.e., for high excitation energies of the residual
nucleus). On the other hand, the previous experiments which
were performed at higher energies(and in some cases in-
volved different reactions) are expected to be dominated by
direct reactions which typically only strongly populate natu-
ral parity states corresponding to a simple rearrangement of
nucleons. The present experiment should be capable of see-
ing all states regardless of their structure including those
with unnatural parity such as the astrophysically important
3+ state. In many cases it is also possible to assign spins to
states lying at high excitation energies by comparing the
measured cross section to Hauser-Feshbach calculations.

II. EXPERIMENT

The 24Mgs3He,nd26Si reaction was measured at the Ohio
University 4.5 MV Van de Graaff Tandem Accelerator. A
He− beam was produced using the duoplasmatron source. It
was chopped and bunched at 1.25 MHz, injected into the
tandem where it was accelerated and stripped, and eventually
a 3He++ pulsed beam was delivered through the swinger
magnet to the target with an intensity of 28 pnA.

The 26-mg/cm2-thick 24Mg (99.94%) targets were made
by evaporation onto 0.2-mm-thick stopping Ta disks. Addi-
tional targets were used, such as12C, Ta2O5, and Ta for iden-
tifying contaminants and checking the background, and a
thick 27Al for the efficiency measurements. All targets were
mounted on a wheel in the scattering chamber. The beam
was focused through a 0.64-cm-diameter collimator followed
by a 0.32-cm-diameter collimator onto the target located in
the center of the scattering chamber. Currents from the scat-
tering chamber, target, and beamstop were summed, inte-
grated, and digitized to determine the number of incident
ions. In order to suppress electrons liberated from the colli-
mator at the entrance to the chamber a ring immediately
following the collimator was held at a potential of −300 V. A
thermoelectric cooler(MI2021T) was used to maintain a
cold copper plate a few centimeters from the target, gather-
ing in this way on its surface the contaminant molecules and
reducing contamination on a target. The pressure in the scat-
tering chamber was maintained at 10−6 torr.

Neutrons were detected in a three-detector array of 12.7-
cm-diameter and 5.1-cm-thickness liquid scintillators(two
BC501A and one NE213) placed 10 m from the target in the
30-m-long tunnel. Angles were changed by rotating the

FIG. 1. The neutron-energy spectra of the
24Mgs3He,nd26Si reaction measurements. The bin
width is given by Eq.(1).
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swinger magnet facility[11] around its axis of rotation, keep-
ing the neutron detector array fixed. The adjustable collima-
tors, according to the solid angle(made of polyethylene,
lead, and tungsten) at the entrance of the tunnel and the
tunnel itself, provided good shielding and background reduc-
tion.

A time signal was extracted from the anode signal of the
photomultiplier(PMT) bases. Special care was taken to ad-
just the gain of the PMT bases and the threshold of the con-
stant fraction discriminator(CFD) before sending the signal

to the time-of-flight circuit. These procedures maximized the
neutron detector efficiency in the region of interest and re-
jected unwanted noise without cutting low energy neutrons
of interest. Outputs from the CFD corresponding to each
detector were sent to the Router and saved. This information
was useful in the analysis because it indicated in which neu-
tron detector the event was recorded. AnOR CFD output was
used as the start signal of the time-to-amplitude converter
(TAC) while a beam pickoff signal, after delay by almost a
period, was used as the stop signal. TheOR outputs of the

TABLE I. Excitation energies(in MeV) andJp of 26Si states from this work in comparison with previous studies.

This work [7] [9] [10] [6]f Jp [7]i [9] [10]j [6]f [4]l

0.0a 0.0 0.0 0.0 0.0 0+ 0+ 0+ 0+ 0+ 0+

1.7959a 1.800(30) 1.7959 1.7959 1.7959(2) 2+h 2+ 2+h 2+ 2+ 2+

2.7835a 2.780(30) 2.7835 2.7835 2.7835(4) 2+h 2+ 2+h 2+ 2+ 2+

3.332a 3.330(30) 3.330 — 3.3325(3) 0+h 0+ 0+h 0+ 0+ 0+

3.756a 3.760(30) 3.756 — 3.756(2) — — s3+d 3+ — 3+

— — — — 3.842(2)g — — — — — —

— — — — 4.093(3)g — — — — — —

4.138(4) 4.140(30) 4.155(2)c 4.144(8) 4.138(1) 2+ 2+ 2+h 2+ 2+ 2+

4.183(4) — 4.155(2)c 4.211(16) 4.183(11) 3+ — s3+d 3+ — 4+

4.446a 4.450(30) 4.445 4.446 4.446(3) 2+ — s2++4+di s2++4+d — 3+

4.806a 4.810(30) 4.805 4.806 4.806(2) s2+d 0++sJ.0d s0++2++4+di s0++2++4+d 0+ s0+,2+,4+d
5.145(4) — 5.145(2) 5.140(10) — 2+ — 2+i 2+ — —

— — — — 5.229(12) — — — — 2+ 2+

5.291(4) 5.310(30) 5.291(3) 5.291 5.330(20) 4+ 4+ 4+h 4+ 4+ 4+

5.515(4) — 5.515(5) 5.526(8) 5.562(28) 4+ — s4+di 4+ — 1+

5.670(4) — — 5.678(8) — 1+ — — 1+k — —

5.912(4) 5.910(30) 5.916(2) — — 3+ 0++s4+d 0+i — — —

5.946(4) — — 5.945(8) 5.940(25) 0+ — — 3+k 0+ s0+,4+d
6.312(4) 6.320(30) 6.300(4)d — 2+ 2+ sL=2di — —

6.388(4) — 6.380(4)d 6.350(25) 2+ — sL=2di 2+ 2+

6.471(4) 6.470(30) — 6.470(30) 0+ 0+ — 0+ s1−d
6.788(4) 6.780(30) 6.787(4) 6.789(17) 3− s2+d 3−i 3− s3−d
—b 6.880(30) — 6.880(30) — s0+d — s0+d s3−d
— — 7.019(10)e — — — — — —

7.152(4) 7.150(30) 7.160(10) 7.150(13) 2+ 2+ 2+h 2+ 2+

7.425(4) 7.390(30) 7.425(7) 7.390(30) 0+ s0+d sL=2di s0+d —

7.493(4) 7.480(30) 7.498(4) 7.489(15) 2+ 2+ 2+h 2+ 2+

7.694(4) — 7.687(22) 7.695(30) 3− — 3−i — —

7.899(4) 7.900(30) 7.900(22) 7.892(15) 1− — 1−i — —

aThese levels were observed and used for energy calibration.
bThis level was not observed because of contaminant peaks.
cAverage centroid of doublet peak.
dPartially resolved.
eObserved only in 24°øuc.m.ø37° range.
fCompilation.
gObserved in as3He,ngd reaction[14].
hFrom Ref.[6].
iFrom DWBA analysis.
jFrom Ref.[9].
kFrom mirror nuclei considerations.
lFrom shell-model calculations and mirror nuclei considerations.
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pulse shape discrimination and the pulse height circuits were
also processed and saved for further analysis. Data were
saved in event mode and analyzed off line with cuts on the
pulse shape and height optimized for bestn-g discrimination.
The dead time of the electronics and the 8-ADC(Analog-to-
Digital-Converter) system [12] and also the beam current
integration were recorded, in histogram format, for the needs
of this analysis too.

Two measurements were taken to study the region just
above the proton threshold. Bombarding energies of
7.9 MeV at 0° and 8.11 MeV at 60° were chosen so that the
time of flight for the 5.90–5.96 MeV excitation region of
26Si, where the25Al sp,gd26Si 3+ resonance possibly is lo-
cated, and the 6.31–6.38 MeV previously known doublet in
26Si were close to the maximum practical value, optimizing
in this way the energy resolution for these neutron groups. A
third measurement was also taken at 10 MeV bombarding
energy and 0° to deduce excitation energies up to 7.9 MeV.
Each run lasted five days because of the low counting due to
the thin targets and the long flight path. The energy calibra-
tion and the time resolution were checked every 24 h; the
time resolution was 1.5–2.0 ns over the course of the mea-
surements. Three24Mg targets were utilized in order to mini-
mize any effects of target deterioration and/or carbon
buildup. Runs with secondary targets(12C, Ta2O5, and Ta)
were also taken under the same kinematic conditions of the
three main measurements, for reasons mentioned above.

III. ANALYSIS AND RESULTS

A. Excitation energies of26Si

The event files were converted into time using the method
described in Ref.[13]. The TAC was calibrated using a ran-
dom spectrum and a calibration circuit which produced
pulses separated by a known period. These procedures yield
an accuracy in time determination of approximately 1 part in
104. The time spectra, with PSD cuts and dead time correc-
tions for each detector, were added using as reference the
ground state and the low excitation levels of26Si since their
excitation energies are accurately known.

The time spectra were rebinned according to neutron en-
ergy, using variable-width neutron-energy bins:

DEbin = 2fEnFSDx

x
D2

+ SDt

t
D2

+ SDEb

En
D2G1/2

. s1d

The following parameters are constants in Eq.(1): f =0.333,
Dx=0.0254 m (detector thickness), x=10 m (flight path),
Dt=1.5 ns (time resolution), and DEb=0.005 MeV (beam-
energy resolution, including the effect of energy loss in the
target), while the time of flightt and neutron energyEn vary
over the spectrum. This energy-binning method is not in-
tended to exactly model our neutron-energy resolution, but
rather to yield peaks with four to six bins full width at half
maximum(FWHM) over the entire spectrum(assuming neg-
ligible intrinsic width), using physically reasonable inputs.

The final neutron-energy spectra are presented in Fig. 1.
Peak centroids were deduced from fits and converted into
excitation energies. The mean beam energy in the target and

the flight path length have been adjusted slightly within their
uncertainties in order to optimize the agreement with known
low-lying states of26Si sEx,5 MeVd. The excitation ener-
gies derived for these states from our final calibration agreed
with known values within ±3 keV. A 4-keV systematic un-
certainty is assigned for states aboveEx=5 MeV (statistical
uncertainties were 1 keV or less). Excitation energy values
are labeled in Fig. 1 for each observed level including con-
taminant peaks due to16O and12C. Table I lists the excitation
energies of26Si up to 7.9 MeV from this work in comparison
with previous studies. Spin and parity values for these levels
are also shown in this table and are discussed in the next
section.

Because of the high resolution achieved in this measure-
ment, previously known doublets were partially resolved
[4.138–4.183 MeV in Figs. 1(a) and 1(b)] or totally resolved
[5.912–5.946 MeV and 6.312–6.388 MeV in Figs. 1(a) and
1(b)]. Also levels at 6.471, 7.152, 7.425, 7.693, and
7.899 MeV were located more accurately(see Table I).
Proton-unbound states lying up to 1 MeV above the thresh-
old (the astrophysically important energy range) were seen at
5.670, 5.912, 5.946, 6.312, and 6.388 MeV while in previous
studies[7,9,10], two or three of these states were observed
(see Table I). The isospin-triplet states ofA=26 nuclei and
T=1 given by Endt[6] implies that the25Al sp,gd26Si 3+

resonance should lie in the 5.90–5.96 MeV region. Both
members of the previously known doublet[6,7] at
5.90–5.96 MeV excitation region were observed. These
states were not seen together in the recent high-resolution
measurements; the 5.912 MeV level was reported in the
sp,td work while the 5.945 MeV level in thes3He,6Hed
study. These states were resolved in the low bombarding
energy measurements where the energy resolution from all
contributions was approximately 16 keV at FWHM in that
region. The 10-MeV measurement could not separate these
levels but one can easily conclude that the broad peak in that
region should be a doublet since the observed width is larger
than the expected experimental width of nearby states, and it
is also asymmetric. Figure 2 shows the neutron-energy spec-
tra of the 5.90–5.96 MeV excitation region of26Si from the
two low bombarding energy measurements. Excitation ener-
gies deduced from the neutron peak centroid and width val-

FIG. 2. Neutron-energy spectra fits of the 5.90–5.96 MeV ex-
citation region of26Si from the low bombarding energy measure-
ments. Excitation-energy centroids and widths(consistent with in-
strumental resolution) are also shown. The bin width is given by Eq.
(1).
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ues from fits are also shown in the figure. No levels seem to
have appreciable intrinsic widths since the observed widths
and the experimental width values were in agreement within
the width error from the fits. This is also in agreement with
theoretical calculations of those widths[4] which are of the
order of eVsGp+Ggd.

B. Spin assignments

Since both the 5.912- and 5.946-MeV states were ob-
served, we are able to assign spin to them based on compari-
son of their differential cross sections with Hauser-Feshbach
predicted cross sections. Spins were also assigned to higher
excited levels verifying the existing assignments or choosing
a specificJp in the case that more than oneJp was reported
by previous studies.

The differential cross section was calculated from the
neutron yield according to the following equation:

ds

dV
=

Y

IhDxeDV
, s2d

whereY is the number of detected neutrons,e is the absolute
efficiency of a neutron detector,DV is the solid angle frac-
tion subtended by a neutron detector,I is the number of
particles that strikes the target with thicknessDx, andn is the
nuclei per unit volume. The quantityI is determined by the
accumulated charge during the measurement time whilehDx
is given by

hDx =
PNArDx

M
, s3d

where P is the isotopic abundance of target atoms in the
prepared foil,NA is Avogadro’s number,M is the target mo-
lar mass, andrDx is the target areal mass density.

The absolute efficiencies of the neutron detectors were
measured with asd,nd reaction on a27Al stopping target at
Ed=7.44 MeV and at 120°. The differential cross section of
the outgoing particle was normalized to the corresponding
one obtained with a fission chamber[15] using the same
reaction under the same kinematic conditions. A fission
chamber was chosen because the fission cross sections are
accurately known for the uranium isotopes.

The neutron detector efficiencies(including air and alu-
minum corrections) and the differential cross section spectra
are shown in Figs. 3 and 4, respectively. The irregularities
with minima and maxima in the absolute efficiency spectra
are strongly correlated with resonances in the cross section

FIG. 3. Neutron detector efficiencies with air and aluminum
corrections.

FIG. 4. Differential cross section per energy bin as a function of
excitation energy for the24Mgs3He,nd26Si reaction measurements.
The bin width is given by Eq.(1).

FIG. 5. Comparison of the experimental differential cross sec-
tions from the26Si measurements with the corresponding Hauser-
Feshbach calculations. The sum of the differential cross sections for
the 4.138s2+d+4.183s3+d and 5.912s3+d+5.946s0+d states are shown
in (c) because they are not resolved in this measurement.

ASTROPHYSICALLY IMPORTANT 26Si STATES… PHYSICAL REVIEW C 70, 065805(2004)

065805-5



for air and aluminum(scattering chamber) in the range of
neutron energies of the present study. The 5% mass uncer-
tainty of the highly enriched235U fission chamber is included
in the error propagation of the efficiencies and the differen-
tial cross sections. An additional 10% systematic uncertainty
is assigned to the differential cross spectra due to the uncer-
tainty in the target thickness. In Fig. 5 we show the measured
differential cross sections for the states withEx.4 MeV.

Hauser-Feshbach calculations predict the angular distribu-
tion of the differential cross section of the emitted particles
from the various exit channels of a compound nucleus. It
takes into account the formation of the compound nucleus
and the various residual nuclei of exit channels in states of
different Jp and the level density in the region where com-
pound nuclear levels overlap. The explicit expression for the
Hauser-Feshbach(HF) differential cross section given by
Douglas and McDonald[16] contains Racah and Clebsch-
Gordan coefficients for angular momentum coupling, trans-
mission factors to describe the probability for compound
nucleus formation and decay, and spherical harmonics to de-
scribe the angular dependence. TheHF code[17] is based on
the theory and formulas in Ref.[18].

Transmission coefficients forsn,nd, sp,pd, s3He,3Hed,
and sa ,ad, particle separation energies, resolved levels, and
level density parameters for the most probable exit channels
were taken into consideration for the HF calculations of the
27Si compound nucleus. The transmission coefficients were
computed from theFOPcode[19] which calculates the elastic
cross sections. The optical model parameters were deter-
mined by a literature search and are listed in Table II. Level
density parameterssa,s ,dd were obtained by expressions
derived by fitting experimental data and they are described in
Ref. [20], while the known resolved levels and theirJp were
taken from the NNDC[21]. Table III shows all energetically
possible exit channels of neutrons, protons, alphas, or com-
binations of these. For some exit channels, we just needed
resolved levels(RL) and for others resolved levels and level
density parameterssRL+LDPd according to the maximum
excitation energy of the residual nuclei.

The HF differential cross sections of every state were con-
verted into the lab system, reduced, and compared with the
experimental ones in Fig. 5. The HF results were reduced
because the HF theory assumes that the cross sections in the
nonelastic channels come entirely from the decay of the
compound nucleus, so that only the elastic channels contrib-
ute in both direct(shape elastic) and compound processes
[22]. In practice, however, there are frequently direct contri-
butions to the nonelastic channels as well. This affects the

compound nucleus cross section even in channels with no
direct component since the flux going into the direct nonelas-
tic reactions does not enter the compound nucleus. There-
fore, in the analysis of these interactions a reduction factorR
should be defined. This reduction factor denotes the percent-
age of the reaction cross section which is compound. Lack of
knowledge of all levels in every exit channel or low density
parameter values could also lead toR,1, while the opposite
to R.1. Five sets of level density parametric equations were
built in theHF code related to analogous studies and provided
the freedom to choose the appropriate level density param-
eters that match the experimental data best.

Figure 5 shows the comparison of the differential cross
sections with the corresponding HF calculations, after the
reduction, for everyJp state above 4 MeV in these measure-
ments. States below 4 MeV were excluded since they had
significant direct contribution. HF is sensitive toJ but not to
p changes; therefore our measurements can lead to a value
for J but rely on other results for inferringp. A large number
of levels especially at higher excitation energies had
strengths consistent with HF calculations based on known
spins (see Fig. 5). In several cases previous studies have
reported two or three possibleJp values. In these cases we
have adopted the assignment which gave the best agreement
with HF calculations. AllJp assignments from this work in
comparison with previous studies are listed in Table I, to-
gether with the excitation energy assignments discussed in
the previous section. In the astrophysically important
5.9–6.0 MeV range the most recent studies[9,10] have in-
dicated the presence of a 0+ and a 3+ state; older work[7] has
suggested the possibility of a 4+ state. In Fig. 6 we show the

TABLE II. Optical model parameter(OMP) sets.

OMP setsa VR rR aR Wv rv av Ws rs as Vso rso aso rc

26Sisn,nd 48.9 1.28 0.7 0.0 0.00 0.0 12.3 1.28 0.4 4.5 1.08 0.7 0.0
26Al sp,pd 51.6–0.21Eb 1.16 0.8 1.2+0.02E 1.40 0.7 4.2−0.03E 1.38 0.6 6.0 1.08 0.8 1.25
23Mgsa ,ad 126.6–0.24E 1.23 0.8 0.0 0.00 0.0 7.8+0.2E 1.58 0.6 0.0 0.00 0.0 1.23
24Mgs3He,3Hed 177.0 1.10 0.7 28.8 1.20 0.7 0.0 0.0 0.0 0.0 0.00 0.0 1.2

aVi, Wi are in MeV andr i, ai in fm.
bE is the incident kinetic energy in MeV.

TABLE III. Exit channels of the27Si compound nucleus for
Es3Hed=10 MeV.

Open exit channels Eexc.
max (MeV) RL/LDPa

27Si+g 22.00 RL+LDP
26Si+n 8.69 RL
26Al+ p 14.54 RL+LDP

25Al+ np 3.17 RL
25Mg+2p 8.23 RL
23Mg+a 12.66 RL+LDP
22Na+ap 5.20 RL
19Ne+2a 3.32 RL

aRL means that only the resolved levels up toEexc.
max are needed while

RL+LDP means that all the known resolved levels and the level
density parameters are required.
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HF predicted cross sections for 0øJø5 states in this exci-
tation region along with our experimental data for the two
low bombarding energy measurements. The comparison
strongly favors 0+ for the 5.946-MeV state. For the 5.912-
MeV state we findJp=3+; a 4+ assignment is only margin-
ally consistent.

Some discussion of previous work in the context of our
new results is in order. The early24Mgs3He,nd26Si experi-
ment of Bohneet al. [7] was performed at higher energies
than the present works13.0 MeVd where direct reactions are
expected to dominate and found a state at 5.910s30d MeV
which had an angular distribution characteristic of a 0+ state.
In addition there was evidence for anotherL transfer which
was interpreted as an indication of an unresolved 4+ state.
However given the uncertainties in the distorted-wave Born
approximation calculations and the likely presence of multi-
step and compound-nuclear processes this result could also
arise from a 2+ state or an unnatural parity state(see also the
discussion in Ref.[10]). This interpretation is consistent with
the present work which indicates a 3+ state at 5.912s4d MeV
and a 0+ state at 5.946s4d MeV. The compilation of Endt[6]
adoptedJp assignments based on the work of Bohneet al.
The recent28Sisp,td26Si experiment of Bardayanet al. [9]
found a state at 5.916s2d MeV. The authors claim to confirm
the 0+ assignment of Endt, but the DWBA calculation pre-

sented does not fit the data particularly well and importantly
the experiment did not coveruc.m.,20° where the angular
distribution for a 0+ state is most unique. We believe that it is
likely that this state corresponds to the 5.912-MeV state
found in the present work which we find to haveJp=3+. The
recent 28Sis3He,6Hed26Si measurements of Caggianoet al.
[10] determined excitation energies for several levels in26Si
including one at 5.945s8d MeV, consistent with the present
work. However, we do not agree with their suggestion that
this state hasJp=3+. It should also be noted that the excita-
tion energies found in the present experiment are in good
agreement with Refs.[7,9,10] but are significantly lower
than the excitation energies found by Paddock[8] in the
5–6.5 MeV range.

C. Astrophysical reaction rates

New astrophysical reaction rates were calculated for the
25Al sp,gd26Si reaction based on the new location of the 3+

resonance in this work. This is because of the sensitivity of
the reaction rates to the resonance energy which differs by
33 keV from the corresponding value of Caggianoet al.
[10].

The nonresonant and tail contribution rates are approxi-
mated by the same equation in Ref.[23] and their values are
taken directly from Refs.[4,27] for temperaturessT9

=0.03–1.5d in explosive hydrogen burning environments.
The resonance reaction rates of the25Al sp,gd26Si 3+ s,=0d
resonance and the two nearby states 1+ s,=2d and 0+ s,
=2d resonances were calculated. These rates are approxi-
mated[23] as follows:

NAksvlR = 1.53943 1011A−3/2svgdT9
−3/2expS− 11.605

ER

T9
D ,

s4d

whereA is the reduced mass in amu,vg is the resonance
strength in MeV, andER is the center-of-mass resonance en-
ergy in MeV. Proton and gamma widths were needed to cal-
culate the resonance strength. The experimental values of the
g width of 26Mg mirror states were used for the 3+ and 0+

states while a calculated value from Ref.[4] was used for the
1+ state since the experimental value is only a lower limit.
Proton widths were calculated based on the proportionality
of the proton width to the penetrability[24], taking into ac-
count the penetrability ratio for the previous and new reso-
nance energy location(i.e., assuming constant reduced
width). Previous values for proton widths were taken from
Ref. [4] where they were deduced from mirror states(neu-
tron spectroscopic factors for states in26Mg have been de-
termined using neutron-transfer experiments and/or shell-

TABLE IV. Parameters used in the astrophysical reaction rate calculations.

Ex (MeV) Jp Er
c.m. (keV) Gp (eV) Gg (eV) vg (eV)

5.670 1+ 152 1.30310−9 1.10310−1 3.25310−10

5.912 3+ 394 2.683100 3.30310−2 1.90310−2

5.946 0+ 428 1.90310−2 8.80310−3 5.05310−4

FIG. 6. Differential cross sections from Hauser-Feshbach calcu-
lations for states ofJ=0–5 in theexcitation region of 5.9–6.0 MeV
and the differential cross sections of the 5.192 and 5.946 MeV26Si
from the24Mgs3He,nd26Si reaction measurements.
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model calculations). The penetrability of the Coulomb and
centrifugal barrier is expressed in terms of the regular and
irregular Coulomb wave functions[25] and was calculated
using thePENE code [26]. Table IV shows the parameter
values used in the reaction rate calculations and Fig. 7 pre-
sents these reaction rates as a function of the temperature
range mentioned above. These rates are also listed in Table
V. The figure includes the direct capture rate[4], the reso-
nance reaction rates of the 3+, 1+, 0+ states, and the total rates
of the present study. As can be seen from Fig. 7, the
25Al sp,gd26Si total rates are dominated by the two unnatural
parity states (1+ and 3+) in the temperature rangeT
=0.05–1.5 GK. A comparison of the present total rates to the

corresponding rates of Iliadiset al. [4,27] and Caggianoet
al. [10] is shown in Fig. 8. The Caggianoet al. [10] total
rates are closer to this work while both studies[4,10] show
agreement with the present work at higher temperaturessT
.0.2 GKd. The present increase of the reaction rates is the
direct result of the change in resonance energy, because the
resonance parameters(except the energies) were scaled from
previous work.

IV. CONCLUSIONS

The 24Mgs3He,nd26Si reaction was studied to deduce ex-
citation energy values for the astrophysically important states

FIG. 7. Direct, resonant, and total rates for the25Al sp,gd26Si
reaction.

TABLE V. Stellar reaction ratesNAksvl (in s−1 mol−1 cm−3) for 25Al sp,gd26Si.

T (GK) Direct capturea Resonanceb Resonancec Resonanced Total

0.03 2.100310−23 2.972310−28 3.847310−61 1.977310−67 2.100310−23

0.04 1.590310−20 4.674310−22 8.819310−45 1.215310−49 1.636310−20

0.05 1.770310−18 2.263310−18 5.354310−35 5.310310−39 4.033310−18

0.06 6.410310−17 6.160310−16 1.694310−28 6.263310−32 6.801310−16

0.07 1.120310−15 3.259310−14 7.186310−24 6.799310−27 3.371310−14

0.08 1.190310−14 6.225310−13 2.067310−20 3.958310−23 6.344310−13

0.09 8.720310−14 6.045310−12 9.924310−18 3.287310−20 6.132310−12

0.1 4.840310−13 3.664310−11 1.362310−15 6.998310−18 3.712310−11

0.15 2.040310−10 7.136310−9 3.085310−9 5.906310−11 1.048310−8

0.2 9.110310−9 8.766310−8 4.087310−6 1.510310−7 4.335310−6

0.3 1.040310−6 9.026310−7 4.540310−3 3.237310−4 4.860310−3

0.4 2.040310−5 2.549310−6 1.331310−1 1.320310−2 1.463310−1

0.5 1.680310−4 4.407310−6 9.370310−1 1.131310−1 1.0503100

0.6 8.350310−4 6.036310−6 3.2723100 4.507310−1 3.7243100

0.7 2.980310−3 7.290310−6 7.7133100 1.1673100 8.8833100

0.8 8.520310−3 8.176310−6 1.4283101 2.3193100 1.6613101

0.9 2.060310−2 8.754310−6 2.2593101 3.8743100 2.6483101

1.0 4.400310−2 9.093310−6 3.2053101 5.7443100 3.7843101

1.5 6.310310−1 8.910310−6 8.0113101 1.6373101 9.7113101

aFrom Ref.[4].
bAt Er

c.m.=152 keV.
cAt Er

c.m.=394 keV.
dAt Er

c.m.=428 keV.

FIG. 8. Ratios of the present total rates to the corresponding
rates of Iliadiset al. [4,27] and Caggianoet al. [10].
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of the 25Al sp,gd26Si reaction. The reaction measurements at
8 MeV provided adequate resolution to resolve these states
that are located up to 1 MeV above the proton threshold in
the 26Si nucleus. The state at 5.912 MeV was assigned as a
3+ resonance of the25Al sp,gd26Si based on the comparison
between the measured differential cross section with HF cal-
culations. New reaction rates were calculated based on these
new assignments and they are presented in Fig. 7. In addition
several states up to 7.9 MeV were located accurately andJp

were assigned to them(see Table I).
Confirmation of these excitation energies, spins, and pari-

ties would be desirable. ManyJp assignments for levels in
26Si could be confirmed by measuring theirg-ray decays,

e.g., via24Mgs3He,ngd. In addition direct determinations of
the partial widths of the astrophysically relevant states would
help to reduce uncertainties in the reaction rate. Higher bom-
barding energy measurements are also needed to complete
the level structure of the26Si nucleus. It is hoped that in the
future radioactive25Al beams will become another tool for
the study of states above the proton threshold in26Si.
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