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26Al „n,p1… and „n,a0… cross sections from thermal energy to 70 keV
and the nucleosynthesis of26Al
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We have measured the26Al( n,a0)23Mg and 26Al( n,p1)26Mg* cross sections from thermal energy to ap-
proximately 10 keV and 70 keV, respectively. These reactions are thought to be the major mechanisms for the
destruction of26Al in many nucleosynthesis environments; hence, an accurate determination of their rates is
important for understanding the observations ofg rays from ‘‘live’’ 26Al in our galaxy and of ‘‘extinct’’
26Al in meteorites. The astrophysical rate for the26Al( n,a0)23Mg reaction determined from our measurements
is in good agreement with the rate determined via inverse measurements. On the other hand, the rate we
determined for the26Al( n,p1)26Mg* reaction is significantly larger than previously reported. In addition, we
were able to determine this rate in the temperature range below 0.2 GK which was not covered by previous
measurements. This lower temperature range may be important for understanding the production of26Al in
Red Giant stars. Both of our rates are significantly different than the rates used in most nucleosynthesis
calculations. We discuss the impact of our measurements on the nucleosynthesis of26Al.
@S0556-2813~97!07208-7#

PACS number~s!: 25.40.Hs, 26.20.1f, 26.35.1c, 27.30.1t
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I. INTRODUCTION

The origin and subsequent history of radioactive26Al is
exceedingly interesting to astrophysics because it is a po
tially valuable probe of stellar nucleosynthesis, of galac
chemical evolution, and of the formation of the solar syste
This is because both ‘‘extinct’’26Al has been observed in
meteorites and the distribution of ‘‘live’’26Al has been
mapped in our galaxy, and because the production of26Al
appears to be ubiquitous in many nucleosynthesis mode

The presence of extinct26Al in Ca-Al-rich inclusions in
meteorites@1–3# was inferred from observations of materi
having anomalously high26Mg/24Mg ratios but essentially
solar 25Mg/24Mg. In addition, a correlation was found be
tween the amount of aluminum in the inclusion relative
magnesium and the size of the26Mg anomaly. Therefore, it
was concluded that26Al was alive when the inclusions
formed and that its subsequent decay gave rise to anoma
26Mg. This and other isotopic anomalies in meteorites ha
been interpreted as evidence, for example, that the forma
of the solar system was aided by the explosion of a nea
supernova@4#, or by mass ejection from a nearby red gia
star during its most active phase@5#.

The first observation of ‘‘live’’ 26Al outside the solar sys
tem @6# was made using theHEAO3 satellite which detected
the 1.809 MeVg ray resulting from the decay of26Al to the
first excited state of26Mg. Subsequently, the distribution o
26Al in the galaxy has been mapped using instruments on
Compton Gamma-Ray Observatory~CGRO! @7#. These ob-
servations provide a unique diagnostic of relatively rec
~and almost certainly ongoing! nucleosynthesis. Becaus
these observations of26Al are unique and detailed, the
present both a challenge to nuclear astrophysics and a
560556-2813/97/56~2!/1138~6!/$10.00
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that such data will lead to significant advances.
Many different sites have been proposed as the birthp

of 26Al. These include presupernova and supernovae nuc
synthesis in massive stars@8–12#, Asymptotic Giant Branch
~AGB! stars @5,13–15#, Wolf-Rayet ~W-R! stars @16,17#,
cosmic rays@18,19#, and novae@20–23#. The CGRO obser-
vations appear to indicate that massive stars are the m
likely source of the bulk of the26Al in our galaxy. Calcula-
tions have shown that neutron-induced reactions, most n
bly 26Al( n,p), are the main route for the destruction
26Al in many scenarios involving massive stars. In additio
these same reactions are calculated to destroy a sizable
tion of the 26Al synthesized in AGB stars. In these enviro
ments, the amount of26Al produced is roughly inversely
proportional to the26Al( n,p) reaction rate; hence, it is im
portant that this rate be determined accurately.

The 26Al( n,p0) and 26Al( n,a0) ~where a subscript 0, 1
etc., designates the reaction in which the residual nucleu
left in the ground state, first excited state, etc.! reaction rates
were first determined via detailed balance using meas
ments of the cross sections for the inverse reactions@24,25#.
The reaction rates determined from these measurements
very different from the theoretical predictions@26#. For ex-
ample, theory predicted that the (n,p) would be much larger
than the (n,a) rate, whereas the measured (n,a0) rate was
much larger than the (n,p0) rate. Based on these measur
ments, the level density in27Al was revised downward to
obtain an improved (n,p) reaction rate@27# which was a
factor of 3.3 lower than the previous one, but still abou
factor of 10 larger than the measured (n,p0) rate.

Based on the spins of the levels involved, it was spe
lated @24# that the 26Al( n,p1) cross section, which is no
measurable via the inverse reaction, would be larger than
1138 © 1997 The American Physical Society
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56 113926Al( n,p1) AND (n,a0) CROSS SECTIONS FROM . . .
for the (n,p0) reaction. This expectation was verified in th
first direct measurement of these cross sections@28# in which
it was determined that the (n,p1)/(n,p0) ratio varies from
approximately 100 at thermal energy to about 3 near
keV. At astrophysically relevant energies the improved t
oretical rate@27# was still 50% higher than the measured o
@28#. However, the measurements of Ref.@28# were made
with a neutron source which approximates, but does not
actly reproduce, a Maxwell-Boltzmann distribution
kT531 and 71 keV. The extent to which this approximati
affects the reaction rate extracted from the measurem
depends on the energy dependence of the cross sec
However, the measurements of Ref.@28# were made only at
four widely spaced energies, so the energy dependence o
cross section was not well constrained by these data. In
dition, the reaction rate was not determined for temperatu
in the range kT54031026 to 31 keV although the data in
dicate that the rate changes by a factor of 63 across
region. Hence, the temperature range typical of neutron
posure in AGB stars~kT56 to 23 keV! was left undeter-
mined. Also, the cross section for the26Al( n,a) reaction
was not measured in Ref.@28#. Finally, measurements of th
14N(n,p)14C @29# and 7Li( n,g)8Li @30# cross sections using
a technique very similar to that used in Ref.@28# are in
serious disagreement with other measurements@31–34# us-
ing different techniques. For these reasons, new meas
ments were desired. We have measured the26Al( n,a0) and
26Al( n,p1) cross sections from thermal energy to appro
mately 10 keV and 70 keV, respectively. This energy ran
provides sufficient overlap to check previous measurem
and allows the reaction rates in the low temperature reg
characteristic of AGB stars to be determined.

II. EXPERIMENTAL PROCEDURES

The measurements were performed at the moder
‘‘white’’ neutron source of the Los Alamos Neutron Scien
Center~LANSCE! @35# using an apparatus which has be
described elsewhere@36# so only the salient details will be
mentioned herein.

The 26Al for the samples was produced by spallation
the Los Alamos Meson Physics Facility~LAMPF! using an
electronics-grade silicon target. The LAMPF material had
isotope ratio of27Al/ 26Al'16. The samples were made@37#
by vacuum evaporation of a carbon-aluminum oxide-carb
sandwich onto a copper backing foil which was 76mm thick.
During preliminary measurements it was found that the c
per backing caused unacceptably large background and
dead time at short time-of-flight, so it was etched away a
the sample was supported by a smaller niobium foil wh
was 25mm thick. The sample deposit was approximately 0
cm in diameter whereas the neutron beam was about 0.7
in diameter at the sample position. Most of the measu
ments were made with a sample containing approxima
431015 atoms of26Al. A few measurements were made wi
a sample containing about 2.631015 atoms of 26Al. These
latter measurements were used as a check on the energy
bration of the pulse-height spectra to ensure that the pe
due to the26Al( n,p1) and 26Al( n,a0) reactions were iden
tified correctly.

Reaction products were detected with a silicon surfa
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barrier detector telescope comprised of aDE detector which
was 50mm thick by 300 mm2 followed by an E detector
which was 50mm thick by 450 mm2. The detectors were
placed at 90° to the neutron beam at about 3 cm from
center of the sample. The solid angles subtended by the
tectors were determined using a calibrated241Am source.
Small corrections to the measured solid angles, due to
fact that the area of the241Am source was smaller than th
area of the sample, were calculated using Monte Carlo te
niques. The coincidence timing spectrum between the de
tors was measured using a Time-to-Amplitude Conver
~TAC!. The coincidence timing peak had a FWHM of abo
31 ns and a width of about 150 ns at its base. For each e
in the DE detector, the neutron time-of-flight, the puls
heights in the two detectors, and the TAC spectrum w
written to disk. Several spectra were displayed ‘‘on-line’’
monitor the progress of the experiment. The data were
played ‘‘off-line’’ to obtain the final yields. The gate on th
DE2E coincidence timing spectrum was set to appro
mately 1ms width to ensure that all coincidence events we
recorded. TheDE andE pulse-height spectra were calibrate
using measurements on6Li( n,a)3H, 10B(n,a)7Li, and
41Ca(n,a)38Ar. The DE versusE spectrum for all neutron
energies between thermal and 70 keV~a total of 823 counts!
is shown in Fig. 1. As can be seen, a peak due to
26Al( n,p1) reaction was observed with a very good signa
to-noise ratio.

The measurements were made relative to
6Li( n,a)3H cross section using a separate6Li sample and
solid-state detector as a flux monitor. The data were c
verted from yields to cross sections using the latest eva
tion for the 6Li( n,a)3H cross section@38# and the measured
26Al( n,p1) cross section at 40 meV@28#. We chose to nor-
malize our results using this latter value~rather than one of
the other energy-cross section pairs reported in Ref.@28#!
because it is the only one whose energy range fully overl
the range of our data. Other reasons we chose this poin
normalization include:~1! It was the most accurate valu
reported,~2! Our data show that the cross section has a v
smooth energy dependence in this region, and~3! The cross
section should be isotropic at this energy. Our26Al( n,a0)
data were normalized to our26Al( n,p1) data in the region of

FIG. 1. Pulse-height spectrum from our26Al( n,p) measure-
ments.
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1140 56P. E. KOEHLERet al.
the resonance at 5.578 keV where the best signal-to-n
ratio was obtained in the former data. We assumed that
cross section was isotropic when converting our measu
yields to cross sections. This assumption may not be vali
all energies because at least some of the resonances app
be p wave as will be discussed below.

The data were taken at a source-to-sample distanc
7.026 m with a time-of-flight channel width of 2 ns. The da
were analyzed using a minimum channel width of 32
Below En' 2 keV and between resonances, the data w
compressed to improve the statistical precision. A sepa
run with a 6Li sample in place of the26Al sample was used
to determine the time-of-flight to energy calibration. Dips
the time-of-flight spectra due to resonances in aluminum
manganese in the various windows in the beam line w
used for this calibration.

Becausea-particles from the26Al( n,a0) reaction were
stopped in theDE detector, the background was much wor
for this reaction and measurements were possible only be
approximately 10 keV. In addition, to reduce dead-time
fects as well as the background counting rate, the thres
on theDE detector was set too high to record protons fro
the 26Al( n,p0) reaction. This should not affect the usefu
ness of our data, however, because previous measurem
@25,28# have shown that the cross section for other pro
groups is much smaller than that for thep1 group over the
energy range of our measurements.

III. CROSS SECTIONS AND RESONANCE ANALYSIS

The 26Al( n,a0) and 26Al( n,p1) cross sections resultin
from our measurements are shown in Figs. 2 and 3, res

FIG. 2. The26Al( n,a)23Na cross sections between thermal e
ergy and 10 keV. The circles with error bars are our data w
one-standard-deviation statistical uncertainties. The curve is fro
multilevel fit to the data as described in the text.
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tively. The error bars depict the one-standard-deviation
tistical uncertainties only. We calculate a normalization u
certainty of 8.3% for our26Al( n,p1) data from the combined
uncertainties in the6Li( n,a)3H and 26Al( n,p1) cross sec-
tions used to normalize our data. The normalization unc
tainty in our 26Al( n,a0) data is much larger, approximatel
26%, due to the additional uncertainty in the yield ratio f
the 5.578 keV resonance.

A resonance at 5.578 keV appears to be the first in b
reactions. In addition, there is a second resonance at
keV visible in the26Al( n,p1) channel. An attempt was mad
to fit both cross sections from thermal energy to the ma
mum energy measured using only these two resonance
suming noninterfering Breit-Wigner shapes. The calcula
resonance shapes were broadened to account for the re
tion of the experiment as explained in Ref.@39#. The search

was restricted tos wave (Jp5 9
2

1,11
2

1) and p wave

(Jp5 7
2

2 to 13
2

2) neutron resonances only, because the p
etrabilities for higher partial waves are very small at the
energies. It was not possible to fit both the thermal cr
sections and the resonances at the same time. In partic
fitting the peaks usings wave resonances resulted in therm
cross sections that were much too large; hence,s wave as-
signments seem to be ruled out for both resonances un
there is significant interference between them and resona
outside our energy range. There are no levels in the c
pound nucleus27Al listed at this high an excitation energ
~Ex>13.058 MeV! in the latest compilation@40#. For these
reasons we refitted the data assuming both resonances
p wave and added 1/v components~presumably from ans
wave resonance outside our energy range! which were fitted
to the thermal cross sections. Good fits to the data could

-
h
a

FIG. 3. The 26Al( n,p1)26Mg cross sections between therm
energy and 70 keV. The circles with error bars are our data w
one-standard-deviation statistical uncertainties. The curve is fro
multilevel fit to the data as described in the text.
TABLE I. Resonance parameters.

26Al( n,p1) 26Al( n,a0)
E res ~keV! G ~eV! s th(b) vg ~eV! s th(b) vg ~eV!

- – 2.376 0.19 - 0.886 0.23 -
5.578 2406 200 - 2.036 0.51 - 6.66 1.7
33.70 82006 3000 - 1286 22 - -
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56 114126Al( n,p1) AND (n,a0) CROSS SECTIONS FROM . . .
obtained under these assumptions as is shown in Figs. 2
3. The resonance parameters are listed in Table I.

The astrophysical reaction ratesNA^sv&, calculated from
these resonance parameters following the prescription in
@41#, are shown in Figs. 4 and 5 as a function of temperatu
The reaction rates calculated in this way are in agreemen
within the experimental uncertainties with the rates cal
lated by numerically integrating the data. The uncertain
in our rates, depicted by the dotted curves in Figs. 4 an
were calculated from the normalization uncertainties giv
above plus the uncertainties in the resonance strengths
cause our measurements were made over a limited rang
energies, above some temperature the rates calculated
our data can be considered only as lower limits. This te
perature limit depends on the shape of the cross section
energies above our measurements. Using previous mea
ments at higher energies@25,28# and theoretical estimates o
the rates@27#, we estimate that the rates calculated from o
data are reliable up to approximately 0.08 GK for t
26Al( n,a0) reaction and 0.3 GK for the26Al( n,p1) reaction.
Our data for the26Al( n,p1) reaction fill in the temperature
range typical of the destruction of26Al via exposure to neu-
trons in AGB stars. Our data for both reactions define h
the rates increase by a factor of 100 or more over the ra
from very low temperatures to temperatures typical of n
cleosynthesis calculations.

IV. COMPARISON TO PREVIOUS WORK

Our results are compared to previous26Al( n,a0) @25# and
26Al( n,p1) @28# measurements as well as statistical mo
calculations@27# in Figs. 4 and 5. Our results for the energ
and strength of the 5.578 keV resonance agree with thos
Ref. @25# to within the experimental uncertainties. This go
agreement lends confidence to the normalization used in
present work and to our assumption that angular distribu
effects can be neglected. Also, the energy of the first re
nance observed in the26Al( n,p0) channel in Ref.@25# is in
good agreement with the energy of the second resonanc

FIG. 4. The astrophysical reaction rate for26Al( n,a)23Na. The
rate calculated from the multilevel fit to our data is shown as
solid curve with uncertainties depicted by the dotted curves.
rate from the inverse measurements of Ref.@25# is shown as a
dashed-dotted curve whereas the statistical model calculation o
rate @27# is shown as the dashed curve.
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observe in the26Al( n,p1) reaction.
Because the measurements of Ref.@28# ~except for the

lowest energy point which we used to normalize our da!
were made with a source having a broad distribution exte
ing to energies above our range, it is not possible to comp
the two results directly as cross sections. Instead, our res
are compared to those of Ref.@28# as reaction rates in Fig. 5
Unfortunately, there is very little overlap between the tw
measurements in such a comparison. However, our data
dicate that the reaction rate is about a factor of two lar
than the rate determined in Ref.@28#. There are several pos
sible reasons for this disagreement.

First, all but the lowest energy measurements of Ref.@28#
were made using a source whose flux and energy distr
tions vary significantly across the surface of the sample. T
could lead to systematic errors due to sample nonunifor
ties. In contrast, our measurements were made using a
form beam which was larger than the sample.

Second, in Ref.@28#, the flux was determined by activa
tion of a gold foil. However, the197Au(n,g) cross section
increases by a factor of about 175 between 30 keV and t
mal energy whereas the26Al( n,p1) cross section changes b
a factor of only 15 or less. Therefore, a small (;1% or less!
thermal component to the neutron flux~from moderation in
walls, nearby equipment, etc.! could lead to a factor of two
reduction in the measured26Al( n,p1) cross section relative
to 197Au(n,g) at 30 keV. Measurements of th
14N(n,p)14C @29# and 7Li( n,g)8Li @30# cross sections using
a technique very similar to that used in Ref.@28# are also a
factor of 2–3 lower than the results from other measureme
@31–34# using different techniques. In contrast, previo
measurements of the 17O(n,a)14C @42,43# and
36Cl(n,p)36S @44,45# at LANSCE and at Karlsruhe are, gen
erally, in good agreement. Also, other results from LANSC
@@31,36,44,46,47#, using techniques similar to the prese
work, are in agreement with data taken using several o
methods@48–56#.

Third, all but the lowest energy measurements of Ref.
were made by detecting reaction products over a relativ
wide range of angles in the forward hemisphere whereas

FIG. 5. The astrophysical reaction rate for26Al( n,p)26Mg. The
rate calculated from the multilevel fit to our data is shown as
solid curve with uncertainties depicted by the dotted curves. T
rates from the previous measurements of Ref.@28# are shown as
solid circles whereas the statistical model calculation of the r
@27# is shown as the dashed curve.
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1142 56P. E. KOEHLERet al.
data were taken with the detectors subtending a limited
gular range near 90°. Hence, angular distribution effe
might explain the differences between the two sets of d
However, this does not seem to be a very likely explanat
given the generally good agreement observed for prev
measurements of the 17O(n,a)14C @42,43# and
36Cl(n,p)36S @44,45# cross sections, where similar effec
were possible, but were not observed to be significant.

For these reasons we believe that the reaction rates c
lated from our data are more reliable than those of Ref.@28#.
Our results indicate that the total26Al( n,p) reaction rate is
at least as large as calculated in Ref.@27#. It is this latter rate
which is apparently often used in nucleosynthesis calc
tions. On the other hand, our results, as well as those of
@25#, indicate that the26Al( n,a) given in Ref.@27# is about
a factor of 2–3 too small for temperatures below appro
mately 1 GK.

V. ASTROPHYSICAL IMPLICATIONS

Proposed sites for the origin of significant26Al include
both presupernova and supernova nucleosynthesis in ma
stars@8–12#, AGB stars@13,5,14,15#, W-R stars@16,17#, cos-
mic rays @18,19#, and novae@20–23#. The CGRO observa
tions @7# appear to indicate that massive stars are the m
likely source of the bulk of the26Al in our galaxy. Calcula-
tions have shown that neutron-induced reactions, most n
bly 26Al( n,p), are the main route for the destruction
26Al in many scenarios involving massive stars. In additio
these same reactions are calculated to destroy a sizable
tion of the 26Al synthesized in AGB stars.

Most previous nucleosynthesis calculations have used
statistical model rates given in Ref.@27# rather than the rate
measured in Refs.@28,25#. The measurements, however, a
significantly different from the statistical model calculation
For example, our measurements support a26Al( n,p) rate at
least as high as that in Ref.@27# for T*0.1 GK. However, at
lower temperatures characteristic of the main neutron ex
sure in low-mass AGB stars~T'0.07–0.09 GK!, our
26Al( n,p) rate is only about 40–50% of the rate in Ref.@27#.
Also, our measurements as well as those of Ref.@25# indicate
that the rate for the26Al( n,a) reactions is 2–3 times large
than the rate given in Ref.@27# over much of the range o
interest to nucleosynthesis calculations.

In these environments, the amount of26Al produced ap-
pears to be roughly inversely proportional to the combin
26Al( n,p) plus 26Al( n,a) reaction rates. At the temperatu
characteristic of the major neutron exposure in low-m
AGB stars, the combined rate from Ref.@27# is very close to
the experimental rate even though the individual rates
significantly different. This is because the overestimate
the 26Al( n,p) rate by the statistical model calculations
nearly compensated by its underestimate of the26Al( n,a)
rate. At any rate, nucleosynthesis calculations@15# indicate
tr
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that the neutron exposure is already much more than
needed to destroy all of the26Al in this small part of the
AGB star, so this component of the destruction appears to
sensitive to only a drastic decrease in the rate compare
Ref. @27#. On the other hand, the measurements indicate
the combined rate at the temperature of the second neu
exposure, due to the~marginal! activation of the
22Ne(a,n) neutron source in the convective He shell,
about 30% larger than the theoretical rate of Ref.@27#. This
increase in the combined rate should lead to a correspon
decrease in the amount of26Al produced.

The impact of our measurements on26Al nucleosynthesis
in massive stars is uncertain because there are a varie
zones and processes affecting its destruction by neutron
these stars and our data do not extend to high enough e
gies to determine directly the reaction rate at the higher te
peratures characteristic of some of these environments. H
ever, our data indicate that the26Al( n,p) rate measured in
Ref. @28# is almost a factor of 2 too small. Our measureme
together with the shape of the reaction rate measured in
@28# indicate that the theoretical rate of Ref.@27# may be a
good approximation of the26Al( n,p1) rate. When the
26Al( n,p0) data of Ref.@25# and the limits on proton transi
tions to higher-lying levels in26Mg are taken into account
the data indicate that the total26Al( n,p) rate is approxi-
mately 5–40% larger than that of Ref.@27#. This larger
26Al( n,p) rate, combined with fact that the experimenta
determined26Al( n,a0) is factor of 2–3 larger than the rat
of Ref. @27#, indicates that the26Al produced by massive
stars has probably been overestimated.

VI. CONCLUSIONS

Our measurements of the26Al( n,a0) and 26Al( n,p1)
cross sections as well as previous data@25# indicate that the
combined rate for these two reactions has been under
mated in previous nucleosynthesis calculations. Previous
culations indicate that the amount of26Al produced by mas-
sive stars and AGB stars is roughly inversely proportiona
this combined rate. As a result, although there are other
certainties in the models, the amount of26Al produced has
probably been overestimated.
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