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We have measured th&Al(n,a,)>Mg and 2°Al(n,p,)*®Mg* 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 of?%Al in many nucleosynthesis environments; hence, an accurate determination of their rates is
important for understanding the observationsyofays from “live” 26Al in our galaxy and of “extinct”
26A] in meteorites. The astrophysical rate for tFAl( n, ) >Mg 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 the?®Al(n,p,)?®Mg* 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 produtidrirof
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 nucleosynthesi&Alof
[S0556-2818@7)07208-1

PACS numbegps): 25.40.Hs, 26.20:f, 26.35+c, 27.30:+t

[. INTRODUCTION that such data will lead to significant advances.
Many different sites have been proposed as the birthplace

The origin and subsequent history of radioactRPal is of 28Al. These include presupernova and supernovae nucleo-
exceedingly interesting to astrophysics because it is a potesynthesis in massive stgl8—12], Asymptotic Giant Branch
tially valuable probe of stellar nucleosynthesis, of galactic(AGB) stars[5,13—-19, Wolf-Rayet (W-R) stars[16,17),
chemical evolution, and of the formation of the solar systemcosmic rayq18,19, and novagd20—23. The CGRO obser-
This is because both “extinct’?®Al has been observed in vations appear to indicate that massive stars are the most
meteorites and the distribution of “live”%Al has been likely source of the bulk of the&®Al in our galaxy. Calcula-
mapped in our galaxy, and because the productioR®af  tions have shown that neutron-induced reactions, most nota-
appears to be ubiquitous in many nucleosynthesis models.bly 2Al(n,p), are the main route for the destruction of

The presence of extindt®Al in Ca-Al-rich inclusions in  2°Al in many scenarios involving massive stars. In addition,
meteorited 1-3] was inferred from observations of material these same reactions are calculated to destroy a sizable frac-
having anomalously higif®Mg/?*Mg ratios but essentially tion of the 2°Al synthesized in AGB stars. In these environ-
solar 2°Mg/?*Mg. In addition, a correlation was found be- ments, the amount of®Al produced is roughly inversely
tween the amount of aluminum in the inclusion relative toproportional to the?®Al(n,p) reaction rate; hence, it is im-
magnesium and the size of t#éMg anomaly. Therefore, it portant that this rate be determined accurately.
was concluded thaf®Al was alive when the inclusions  The 2°Al(n,p,) and 2°Al(n,aq) (Where a subscript 0, 1,
formed and that its subsequent decay gave rise to anomaloetc., designates the reaction in which the residual nucleus is
28Mg. This and other isotopic anomalies in meteorites havdeft in the ground state, first excited state, pteaction rates
been interpreted as evidence, for example, that the formatiowere first determined via detailed balance using measure-
of the solar system was aided by the explosion of a nearbynents of the cross sections for the inverse reactigds25|.
supernovd4], or by mass ejection from a nearby red giant The reaction rates determined from these measurements were
star during its most active phagg]. very different from the theoretical predictiofg6]. For ex-

The first observation of “live” 2°Al outside the solar sys- ample, theory predicted that tha,p) would be much larger
tem[6] was made using theeaos satellite which detected than the (,a) rate, whereas the measurad 4,) rate was
the 1.809 MeVy ray resulting from the decay dfAl to the  much larger than then(p,) rate. Based on these measure-
first excited state ofMg. Subsequently, the distribution of ments, the level density ig’Al was revised downward to
28A] in the galaxy has been mapped using instruments on thebtain an improved r{,p) reaction rate[27] which was a
Compton Gamma-Ray Observatqf@GRO [7]. These ob- factor of 3.3 lower than the previous one, but still about a
servations provide a unique diagnostic of relatively recenfactor of 10 larger than the measured [f,) rate.
(and almost certainly ongoifgnucleosynthesis. Because  Based on the spins of the levels involved, it was specu-
these observations of°Al are unique and detailed, they lated [24] that the 2°Al(n,p;) cross section, which is not
present both a challenge to nuclear astrophysics and a hopeeasurable via the inverse reaction, would be larger than that
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for the (n,pg) reaction. This expectation was verified in the
first direct measurement of these cross secti@B$in which

it was determined that then(p,)/(n,py) ratio varies from
approximately 100 at thermal energy to about 3 near 30!
keV. At astrophysically relevant energies the improved the-ﬁ
oretical ratd 27] was still 50% higher than the measured one&
[28]. However, the measurements of REI8] were made
with a neutron source which approximates, but does not ex
actly reproduce, a Maxwell-Boltzmann distribution at
kT=31 and 71 keV. The extent to which this approximation
affects the reaction rate extracted from the measuremen
depends on the energy dependence of the cross sectic &)
However, the measurements of Rgf8] were made only at =
four widely spaced energies, so the energy dependence of tl

cross section was not well constrained by these data. In a

dition, the reaction rate was not determined for temperatures

in the range kF40x 10 ° to 31 keV although the data in-  FiG. 1. Pulse-height spectrum from ofAI(n,p) measure-
dicate that the rate changes by a factor of 63 across thigents.

region. Hence, the temperature range typical of neutron ex-

posure in AGB stargkT=6 to 23 ke\} was left undeter- barrier detector telescope comprised af& detector which
mined. Also, the cross section for thf@Al(n,«) reaction was 50um thick by 300 mnf followed by an E detector
was not measured in RgR8]. Finally, measurements of the which was 50um thick by 450 mn?. The detectors were
1N(n,p)**C [29] and "Li( n,y)®Li [30] cross sections using placed at 90° to the neutron beam at about 3 cm from the
a technique very similar to that used in Rg28] are in  center of the sample. The solid angles subtended by the de-
serious disagreement with other measuremgBits-34 us-  tectors were determined using a calibrat&dAm source.

ing different techniques. For these reasons, new measurgmall corrections to the measured solid angles, due to the
ments were desired. We have measured#é(n,ao) and  fact that the area of th&*!Am source was smaller than the
2Al(n,p,) cross sections from thermal energy to approxi-area of the sample, were calculated using Monte Carlo tech-
mately 10 keV and 70 keV, respectively. This energy rangeniques. The coincidence timing spectrum between the detec-
provides sufficient overlap to check previous measurement®rs was measured using a Time-to-Amplitude Converter
and allows the reaction rates in the low temperature regiofiTAC). The coincidence timing peak had a FWHM of about
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characteristic of AGB stars to be determined. 31 ns and a width of about 150 ns at its base. For each event
in the AE detector, the neutron time-of-flight, the pulse
Il EXPERIMENTAL PROCEDURES heights in the two detectors, and the TAC spectrum were

written to disk. Several spectra were displayed “on-line” to

The measurements were performed at the moderateaonitor the progress of the experiment. The data were re-
“white” neutron source of the Los Alamos Neutron Science played “off-line” to obtain the final yields. The gate on the
Center(LANSCE) [35] using an apparatus which has beenAE—E coincidence timing spectrum was set to approxi-
described elsewhel86] so only the salient details will be mately Jus width to ensure that all coincidence events were
mentioned herein. recorded. Thé\E andE pulse-height spectra were calibrated

The Al for the samples was produced by spallation atusing measurements oALi(n,«)®H, %B(n,«)’Li, and
the Los Alamos Meson Physics FacilityAMPF) using an ~ *’Ca(n,a)3®Ar. The AE versusE spectrum for all neutron
electronics-grade silicon target. The LAMPF material had arenergies between thermal and 70 k@Motal of 823 counis
isotope ratio of?’Al/ 2°Al ~ 16. The samples were maffé7]  is shown in Fig. 1. As can be seen, a peak due to the
by vacuum evaporation of a carbon-aluminum oxide-carborf°Al(n,p,) reaction was observed with a very good signal-
sandwich onto a copper backing foil which wasZé thick.  to-noise ratio.
During preliminary measurements it was found that the cop- The measurements were made relative to the
per backing caused unacceptably large background and lardéi( n,a)3H cross section using a separaiei sample and
dead time at short time-of-flight, so it was etched away andgolid-state detector as a flux monitor. The data were con-
the sample was supported by a smaller niobium foil whichverted from yields to cross sections using the latest evalua-
was 25um thick. The sample deposit was approximately 0.4tion for the 6Li( n,«)®H cross sectiofi3g] and the measured
cm in diameter whereas the neutron beam was about 0.7 cA?Al(n,p,;) cross section at 40 mej28]. We chose to nor-
in diameter at the sample position. Most of the measuremalize our results using this latter valgeather than one of
ments were made with a sample containing approximatelyhe other energy-cross section pairs reported in RzS3])
4 10' atoms of?%Al. A few measurements were made with because it is the only one whose energy range fully overlaps
a sample containing about X80 atoms of 2°Al. These the range of our data. Other reasons we chose this point for
latter measurements were used as a check on the energy calprmalization include(1) It was the most accurate value
bration of the pulse-height spectra to ensure that the peakeported,(2) Our data show that the cross section has a very
due to the?®Al(n,p,) and 2°Al(n,«a,) reactions were iden- smooth energy dependence in this region, é)drhe cross
tified correctly. section should be isotropic at this energy. GAAI(n,aq)

Reaction products were detected with a silicon surfacedata were normalized to 0#fAI(n,p;) data in the region of
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FIG. 2. The?®Al(n,a)?Na cross sections between thermal en-  F/G- 3. The 2Al(n,p;)*Mg cross sections between thermal
ergy and 10 keV. The circles with error bars are our data with®"€r9y and 70 keV. The circles with error bars are our data with
one-standard-deviation statistical uncertainties. The curve is from gn€-Standard-deviation statistical uncertainties. The curve is from a
multilevel fit to the data as described in the text. multilevel fit to the data as described in the text.

tively. The error bars depict the one-standard-deviation sta-

the resonance at 5.578 keV where the best signal-to-noiSgyia| yncertainties only. We calculate a normalization un-
ratio was obtained in the former data. We assumed that th@ertainty of 8.3% for ouP®Al( n,p,) data from the combined

Cross section was Isotropic when converting our measure, ncertainties in theGLi(n,a)SH and 26A|(n,p1) Cross sec-

ylelds to cross sections. This assumption may not be valid lons used to normalize our data. The normalization uncer-

all energies because at least some of the resonances appea{aﬁ?‘ty in our 2°Al( n, ag) data is much larger, approximately

be$hwazj/etas will bte Elscustsed bEIOW't le dist 6%, due to the additional uncertainty in the yield ratio for
e data were taken at a source-to-sample distance ¢f ., c 578 keV resonance.

7.026 m with a time-of-flight channel width of 2 ns. The data A resonance at 5.578 keV appears to be the first in both

\I/3ve|re aélab/zgdk u\jlngdabmtl\zlmum channel W'(tjkt]h gf t32 NSyeactions. In addition, there is a second resonance at 33.7
elow E,~ 2 KeV and between resonances, the data Werg., isiple in the26Al( n,p,) channel. An attempt was made
comp'ressesd.to 'mprove the Stat'St'C?I precision. A separatgy i poth cross sections from thermal energy to the maxi-
run with a Li sam_ple in pl_ace of the°Al Sa”?p'e was u_sed_ mum energy measured using only these two resonances as-
to de_termme_the time-of-flight to energy calll_)ratlon._Dlps In uming noninterfering Breit-Wigner shapes. The calculated
the time-of-flight spectra due to resonances in aluminum an sonance shapes were broadened to account for the resolu-

manganese in the various windows in the beam line Werg,, of the experiment as explained in RE39]. The search
used for this calibration. 1+) and p wave

Becausea-particles from the?®Al(n,a,) reaction were was restiicted tos wave (7=3".3
stopped in the\E detector, the background was much worse(J”= 3" to £7) neutron resonances only, because the pen-
for this reaction and measurements were possible only belowtrabilities for higher partial waves are very small at these
approximately 10 keV. In addition, to reduce dead-time ef-energies. It was not possible to fit both the thermal cross
fects as well as the background counting rate, the thresholsections and the resonances at the same time. In particular,
on the AE detector was set too high to record protons fromfitting the peaks using wave resonances resulted in thermal
the 2Al(n,p,) reaction. This should not affect the useful- cross sections that were much too large; hesceave as-
ness of our data, however, because previous measuremesignments seem to be ruled out for both resonances unless
[25,28 have shown that the cross section for other protorthere is significant interference between them and resonances

groups is much smaller than that for the group over the
energy range of our measurements.

[lI. CROSS SECTIONS AND RESONANCE ANALYSIS

outside our energy range. There are no levels in the com-
pound nucleus’’Al listed at this high an excitation energy
(E,=13.058 MeV in the latest compilatio40]. For these
reasons we refitted the data assuming both resonances were
p wave and added i&/componentgpresumably from ars

The #°Al(n,ap) and 2°Al(n,p;) cross sections resulting wave resonance outside our energy rangeich were fitted
from our measurements are shown in Figs. 2 and 3, respe the thermal cross sections. Good fits to the data could be

TABLE |. Resonance parameters.

26Al(n,py) 28Al( n, axg)
Ees (keV) I (ev) an(b) wy (eV) an(b) wy (eV)
- - 2.37*+ 0.19 - 0.88+ 0.23 -
5.578 240+ 200 - 2.03*= 0.51 - 6.6 1.7
33.70 8200+ 3000 - 128+ 22 - -
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FIG. 4. The astrophysical reaction rate fonl(n,«)™Na. The FIG. 5. The astrophysical reaction rate fSAI(n,p)?*Mg. The
rate calculated from the multilevel fit to our data is shown as the . . i
. . . . rate calculated from the multilevel fit to our data is shown as the
solid curve with uncertainties depicted by the dotted curves. The . ) - .
. . solid curve with uncertainties depicted by the dotted curves. The
rate from the inverse measurements of Hé&b| is shown as a

. . I from the previ m rements of re shown
dashed-dotted curve whereas the statistical model calculation of théf’m.es _o € previous eas_u _e ents of 28] ae_ sho as
) solid circles whereas the statistical model calculation of the rate
rate[27] is shown as the dashed curve. .
[27] is shown as the dashed curve.

obtained under these assumptions as is shown in Figs. 2 anfyserve in the?®Al(n,p,) reaction.
3. The resonance parameters are listed in Table I. Because the measurements of R&B] (except for the
The astrophysical reaction ratlls(ov), calculated from lowest energy point which we used to normalize our fata
these resonance parameters following the prescription in Refvere made with a source having a broad distribution extend-
[41], are shown in Figs. 4 and 5 as a function of temperatureing to energies above our range, it is not possible to compare
The reaction rates calculated in this way are in agreement téhe two results directly as cross sections. Instead, our results
within the experimental uncertainties with the rates calcuare compared to those of R¢28] as reaction rates in Fig. 5.
lated by numerically integrating the data. The uncertaintie$/nfortunately, there is very little overlap between the two
in our rates, depicted by the dotted curves in Figs. 4 and gneasurements in such a comparison. However, our data in-
were calculated from the normalization uncertainties giverflic@te that the reaction rate is about a factor of two larger
above plus the uncertainties in the resonance strengths. BEI2N the rate determined in R¢28]. There are several pos-
cause our measurements were made over a limited range 8'P|e.' reasons for this disagreement.
energies, above some temperature the rates calculated from First, all but_the lowest energy measurements of %] .
our data can be considered only as lower limits. This temy e made_ using a source whose flux and energy dlstrlby-
T . tions vary significantly across the surface of the sample. This
perature limit depends on the shape Of. the cross sections gl 14 jead to systematic errors due to sample nonuniformi-
energies above our measurements. Using previous measuggs

) ) : s s. In contrast, our measurements were made using a uni-
ments at higher energi¢25,28 and theoretical estimates of t;.m peam which was larger than the sample.
the rateqd27], we estimate that the rates calculated from our Second, in Ref[28], the flux was determined by activa-

data are reliable up to approximately 0.08 GK for theiign of a gold foil. However, the'®’Au(n,y) cross section
26 : 6 . h
Al(n, ao) reaction and 0.3 GK for thé°Al(n,p,) reaction.  increases by a factor of about 175 between 30 keV and ther-
Our data for th926A|( n,pl) reaction fill in the temperature mal energy whereas th@AK n,pl) Cross section Changes by
range typical of the destruction GPAl via exposure to neu- g factor of only 15 or less. Therefore, a smaH 1% or les$
trons in AGB stars. Our data for both reactions define hOV\{herma| component to the neutron ﬂaxom moderation in
the rates increase by a factor of 100 or more over the ranggg||s, nearby equipment, etacould lead to a factor of two
from very low temperatures to temperatures typical of Nnuyeduction in the measuretfAl(n,p;) cross section relative
cleosynthesis calculations. to Au(n,y) at 30 keV. Measurements of the
¥N(n,p)t4C [29] and “Li(n, y)8Li [30] cross sections using
IV. COMPARISON TO PREVIOUS WORK a technique very similar to that used in RE28] are also a
factor of 2—3 lower than the results from other measurements
Our results are compared to previot?8l( n,aq) [25] and  [31-34 using different techniques. In contrast, previous
28Al(n,p;) [28] measurements as well as statistical modemeasurements  of the O(n,a)*C [42,43 and
calculationg27] in Figs. 4 and 5. Our results for the energy 3¢CI(n,p)36S [44,45 at LANSCE and at Karlsruhe are, gen-
and strength of the 5.578 keV resonance agree with those @frally, in good agreement. Also, other results from LANSCE
Ref.[25] to within the experimental uncertainties. This good[[31,36,44,46,4] using techniques similar to the present
agreement lends confidence to the normalization used in theork, are in agreement with data taken using several other
present work and to our assumption that angular distributiomethodg48-54.
effects can be neglected. Also, the energy of the first reso- Third, all but the lowest energy measurements of Ref. 28
nance observed in th&Al(n,py) channel in Ref[25] isin  were made by detecting reaction products over a relatively
good agreement with the energy of the second resonance wéde range of angles in the forward hemisphere whereas our
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data were taken with the detectors subtending a limited arthat the neutron exposure is already much more than is
gular range near 90°. Hence, angular distribution effectsieeded to destroy all of th&°Al in this small part of the

might explain the differences between the two sets of dataAGB star, so this component of the destruction appears to be
However, this does not seem to be a very likely explanatiorsensitive to only a drastic decrease in the rate compared to
given the generally good agreement observed for previouBef.[27]. On the other hand, the measurements indicate that
measurements of the O(n,a)*C [42,43 and the combined rate at the temperature of the second neutron
36Cl(n,p)3%s [44,45 cross sections, where similar effects exposure, due to the(margina) activation of the

were possible, but were not observed to be significant. #Ne(a,n) neutron source in the convective He shell, is
For these reasons we believe that the reaction rates calcabout 30% larger than the theoretical rate of R27]. This

lated from our data are more reliable than those of Rd].  increase in the combined rate should lead to a corresponding

Our results indicate that the tot3?Al(n,p) reaction rate is decrease in the amount &fAl produced.

at least as large as calculated in HefZ]. It is this latter rate The impact of our measurements &l nucleosynthesis

which is apparently often used in nucleosynthesis calculaih massive stars is uncertain because there are a variety of
tions. On the other hand, our results, as well as those of Refones and processes affecting its destruction by neutrons in
[25], indicate that the?®Al(n, ) given in Ref.[27] is about  these stars and our data do not extend to high enough ener-
a factor of 2—3 too small for temperatures below approxi-gies to determine directly the reaction rate at the higher tem-

mately 1 GK. peratures characteristic of some of these environments. How-
ever, our data indicate that th€AI(n,p) rate measured in
V. ASTROPHYSICAL IMPLICATIONS Ref.[28] is almost a factor of 2 too small. Our measurements

together with the shape of the reaction rate measured in Ref.
Proposed sites for the origin of significafAl include  [28] indicate that the theoretical rate of RE27] may be a

both presupernova and supernova nucleosynthesis in massiygod approximation of the?®Al(n,p,) rate. When the
stars[8-12, AGB starg13,5,14,1%, W-R stard 16,17, cos-  26p|(n,p,) data of Ref[25] and the limits on proton transi-
mic rays[18,19, and novag20-23. The CGRO observa- tions to higher-lying levels ir?®Mg are taken into account,
tions [7] appear to indicate that massive stars are the moshe data indicate that the totZPAI(n,p) rate is approxi-
likely source of the bulk of thé®Al in our galaxy. Calcula-  mately 5-40% larger than that of ReR7]. This larger
tions have shown that neutron-induced I’eaC'[iOI’lS, most notee'BAl(n’p) rate, combined with fact that the experimenta”y
bly ?°Al(n,p), are the main route for the destruction of determined?®Al(n,«y) is factor of 2—3 larger than the rate

%Al in many scenarios involving massive stars. In addition,of Ref. [27], indicates that the’®Al produced by massive
these same reactions are calculated to destroy a sizable fragars has probably been overestimated.

tion of the 2°Al synthesized in AGB stars.

Most previous nucleosynthesis calculations have used the VI. CONCLUSIONS
statistical model rates given in R¢R7] rather than the rates 6 26
measured in Ref$28,25. The measurements, however, are OUr measurements of thé&°Al(n, o) and *°Al(n,p,)

significantly different from the statistical model calculations. €70SS Sections as well as previous d&] indicate that the
For example, our measurements suppo?f’/&i(n p) rate at combined rate for these two reactions has been underesti-

least as high as that in Ré27] for T=0.1 GK. However, at mate'd in preyious nucleosynthesis calculations. Previous cal-
lower temperatures characteristic of the main neutron expdeulations indicate that the amount &Al produced by mas-
sure in low-mass AGB stardT~0.07-0.09 GK, our SIV€ stars_and AGB stars is roughly inversely proportional to
26A1(n,p) rate is only about 40—50% of the rate in Rg7]. this qomblqed rate. As a result, although there are other un-
Also, our measurements as well as those of (& indicate ~ certainties in the models, the amount BRI produced has
that the rate for th€®Al(n,a) reactions is 2—3 times larger Probably been overestimated.

than the rate given in Ref27] over much of the range of
interest to nucleosynthesis calculations.

In these environments, the amount BAl produced ap- We would like to thank J. C. Gursky for making tiéi
pears to be roughly inversely proportional to the combinedsample used in this experiment, H. A. O'Brien and K. W.
28AI(n,p) plus 2%Al(n,a) reaction rates. At the temperature Thomas for providing the material for th&Al sample, and
characteristic of the major neutron exposure in low-masfR. M. Mortensen for technical assistance. This work was
AGB stars, the combined rate from RE27] is very close to  supported by the U.S. Department of Energy under Contract
the experimental rate even though the individual rates ar®lo. W-7405-end-36 with the University of Californiaos
significantly different. This is because the overestimate ofAlamog and Contract No. DE-AC05-960R22464 with
the 2°Al(n,p) rate by the statistical model calculations is Lockheed Martin Energy Research Corporati@ak Ridge
nearly compensated by its underestimate of th&l(n,«) and by the National Science Foundatiggrant PHY88-
rate. At any rate, nucleosynthesis calculatiphS] indicate ~ 17296.
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