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Destruction of the cosmic y-ray emitter °Al in massive stars: study of the key
26 Al(n, ) reaction
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Neutron destruction reactions of the cosmic y-ray emitter 26 Al are of importance to determine
the amount of 2°Al ejected into our galaxy by supernova explosions, and for 2°Al production in
Asymptotic Giant Branch (AGB) stars. We performed a new measurement of the 26 Al(n, o) reaction
up to 160 keV neutron energy at the neutron time-of-flight facilities n_TOF at CERN and GELINA
at EC-JRC. We provide strengths for 10 resonances, 6 of them for the first time. We use our data
to calculate astrophysical reactivities for stellar temperatures up to 0.7 GK. Our results resolve
a discrepancy between the two previous direct measurements of this reaction, and indicate higher

stellar destruction rates than the most recently recommended reactivity.

PACS numbers: 25.40.Lw, 29.30.Hs, 27.80.4+w

Radioactive 20Al (T 5 = 7 x 10° years) was the first
cosmic ~v-ray emitter observed in our galaxy. Under-
standing the origins of 26Al gives crucial information
on nucleosynthesis processes in stars, the chemical
evolution of our galaxy as well as the birth of our solar
system. Galactic 26Al was observed for the first time
by the HEAO-3 (High Energy Astronomy Observatory)
satellite mission [1] by detecting the characteristic 1.8-
MeV v-decay radiation. Later, more detailed satellite
observations by COMPTEL on board CGRO and SPI
on board INTEGRAL indicated that 26Al is mainly
produced in massive stars [2, 3]. Stellar models suggest
26 A1 is produced during three different phases of stellar
evolution [4-6]: (i) H core burning in Wolf-Rayet stars
(M > 30Mg) [7], where 26Al gets ejected into the
interstellar medium by stellar winds, (ii) convective
carbon shell burning and (iii) explosive C/Ne burning
in massive stars, ejecting 26Al during the subsequent
core collapse supernova explosion. Final 26Al yields
sensitively depend on nuclear reaction rates producing
and destroying 26Al. Tliadis et al. [5] studied the effect of
varying nuclear reaction rates on the final abundances of
the 26A] produced in the different stellar environments.
Stellar 26Al(n, ) and 26Al(n, p) reaction rates between
1.1 and 2.3 GK (1 GK=10° K) were identified among
the most important uncertainties impacting on 26Al
abundances in in hydrostatic and explosive carbon
burning of massive stars.
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26 A1 may also be produced in Asymptotic Giant Branch
stars, which are candidates for polluting the early solar
system with it [8]. Hence, accurate data on 26Al(n, )
and 26 Al(n, p) reaction rates around 0.3 GK are required
to estimate their contribution to 26 Al abundances in the
early solar system.

Our collaboration recently reported a new measurement
of the 26Al(n,p) reaction cross section [9].  There
is only limited experimental data available for the
26Al(n, a) reaction and that data is in disagreement. A
new measurement is therefore required. We measured
the 26Al(n,a) reaction at two neutron time-of-flight
facilities, the n_ TOF facility at CERN, and the Geel
Linear Accelerator GELINA situated at the European
Commission Joint Research Center (EC-JRC) in Geel,
Belgium.

The 26Al(n, a) reaction induced by low energy neu-
trons produces 23Na either in its ground state, here de-
noted as 26Al(n, ap), or in its first excited state at 0.44
MeV, here denoted as 26Al(n, ;). The first direct mea-
surement of the 26 Al(n, ap)?*Na reaction was conducted
by Koehler et al. [10] at the Los Alamos Neutron Sci-
ence Center (LANSCE), covering neutron energies from
thermal (0.0253 e€V) to 10 keV. Koehler et al. detected
a events using a set of silicon surface barrier detectors,
and reported one large resonance in the cross section at
5.6 keV laboratory neutron energy. Later, the 26Al(n, ap)
and 26 Al(n, ) reactions were studied by De Smet et al.
[11] with an ionization chamber at GELINA. In this work
resonances of 26Al4+n were identified up to a neutron en-
ergy of 110 keV and resonance strengths were extracted
up to 42 keV neutron energy. The lowest lying resonance
reported at a neutron energy of 5.9 keV had a lower res-
onance strength than the value reported in Ref. [10] (see



Table I). Accordingly, the astrophysical reaction rates
using the De Smet data are a factor of ~ 1.7 smaller
than using the Koehler data over the stellar temperature
range from 0.01 to 0.08 GK. The most recent evaluated
stellar reactivity by Oginni et al. [12] combines both ex-
perimental results and theoretical calculations. Recom-
mended lower and upper limits are reported from 0.01 to
10 GK, and uncertainties are a factor of 1.4 to 2.4.

We studied neutron induced reactions on 26Al in cam-
paigns at n_TOF and GELINA, using a dedicated silicon
strip detection system. In both measurements, we used
the same 26Al sample as De Smet et al., which contains
the largest concentration of 26Al in the world. This sam-
ple was produced at Los Alamos National Laboratory
and EC-JRC Geel [14]. It has an active area of 6 x 5
cm? and contains 2.58(12) x 10'7 atoms of 26Al on a 7.5
pm thick Ni foil [11, 14]. There are small impurities of
0B and '#8Gd, none of which cause interference with the
signals expected from 26 Al(n, a) reactions.

n_TOF is a spallation neutron source, producing a high
instantaneous neutron flux by a highly energetic (20
GeV) proton beam provided by the CERN-PS imping-
ing on a massive Pb spallation target. The experiment
was performed at the EAR-2 high flux beam line, at a
flight path of about 20 m. As 26Al is radioactive and
only available in small quantities, this provided the ideal
compromise between maximising neutron flux and main-
taining good neutron energy resolution.

The detection setup at n-TOF consisted of a thin single
sided silicon strip detector (SSD), 20 pm in thickness,
followed by another SSD of 50 pm thickness (see Fig
1 in Ref [9]). The silicon detectors were Micron type
W1 with an active area of 50 x 50 mm? and 16 strips
[13]. This configuration was chosen to discriminate be-
tween a-particles and protons, and minimise background
induced by prompt ~-rays and relativistic particles which
are produced when the proton beam hits the spalla-
tion target (so-called ~-flash). a-particles produced by
26 Al(n, ag) and 26Al(n, ) reactions have laboratory en-
ergies of approximately 2.5 and 2.1 MeV, respectively,
and are stopped in the 20 yum AF detectors. The AE—F
configuration was used for the simultaneous 26 Al(n, p) re-
action measurement reported in a separate publication
[9].
The 26Al(n,a) reaction cross section was measured rel-
ative to the well known °B(n, a) reaction, by replacing
the 26Al sample by a 'B sample, produced at STFC
Daresbury Laboratory, of a well known thickness and
the same active area. The areal density of this sam-
ple was determined with 5% accuracy by a proton-elastic
Backscattering Spectrometry measurement at the Centro
Nacional de Aceleradores (CNA, Spain). We calibrated
the silicon strip detectors using a standard alpha calibra-
tion source containing 8Gd, 2*"Np, ?4'Am and 2*4Cm,
and the as emitted in °B(n,ap + a1) reactions. Data
were recorded using 14 bit flash-ADCs, recording the en-
tire signal pulse shape. The development of a dedicated
pulse shape algorithm allowed us to analyse signals close

to the y-flash (a signal induced by highly intense, prompt
~-radiation which is produced when the proton pulse hits
the spallation target). Hence, cross sections could be de-
termined up to neutron energies of 160 keV. A spectrum
of the counts as a function of neutron energy up to 160
keV is shown in Fig. 1.

At GELINA, a pulsed neutron beam is produced by
a 140 MeV electron beam impinging on a rotating U
target [15, 16]. The decelerating electrons produce
Bremsstrahlung which generate neutrons by photonu-
clear reactions on uranium. Similar to the n_TOF setup,
the alpha-particles from the 26Al4n reaction were de-
tected with two thin 20 gym SSDs placed adjacent to one
another, at a flight path of about 9 m. The geometry
of the GELINA setup was designed to produce a bet-
ter energy resolution, e.g. using a smaller solid angle
and hence producing less variation in energy loss in the
target. This resulted in well separated peaks for ay and
o emission (Fig. 2 shows the deposited energy spectrum
for the resonance at 41.3 keV). Data obtained during this
measurement were mainly used to accurately determine
the branching for alpha emission to the ground («y), and
first excited () states in 23Na, respectively (there was
no measurement of the absolute cross-section with this
set-up).

Figure 1 shows the count spectrum as a function of
neutron energy obtained at n_.TOF gated on 26Al(n, )
events for (a) the resonance at 5.9 keV neutron energy,
and for (b) the neutron energy range from 10 to 160 keV.
Resonances identified in the 26Al(n, @) reaction are un-
derlined with solid lines. The background was estimated
from the regions between resonances. The data were con-
verted into a reaction cross section using

o= Ca (1)

nAl<I>e

where C' is the count rate, n is the areal density
of the sample, ® is the neutron fluence rate and € is
the detection efficiency. The neutron fluence spectrum
at n.TOF EAR-2 has been measured in a dedicated
campaign [17]. We used the °B(n,a) reference reac-
tion to verify the energy dependence of the neutron
fluence. The detection efficiency was taken into account
by normalising the data to the B sample measure-
ment between 1 and 100 eV, where the °B(n,a) cross
section is known with an uncertainty of less than 1% [18] .

Table I lists the resonance energies (Fr) and
strengths (w7y) obtained in this work, determined as
wy = Ak?/(27?) for 26Al(n, g + a1) reactions, where A
is the area of the resonance, and k is the wavenumber.
Above 100 keV, there are indications of resonances,
however, the worsening neutron energy resolution pre-
cludes from providing precise resonance energies, hence
only approximate values are given in the table. While
there were no absolute cross-section measurements
obtained at GELINA, resonance strengths (up to 50
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FIG. 1: (a) Count spectrum of the 5.9-keV resonance. (b)
Count spectrum from 10 to 160 keV. Resonances listed in
Table I are indicated by solid lines. The inset shows the count
spectrum of the 35 keV-resonance obtained at GELINA used
for determining the resonance strength at 35 keV, as the
n_TOF neutron flux has a large absorption dip at that energy
(see text for details).

keV) measured relative to the 5.9 keV resonance were
checked to confirm consistency with the n_TOF data
within statistical uncertainties. For the resonance at
35 keV, the strength value in Table I was obtained by
normalising the GELINA data relative to the 5.9 keV
resonance, due to a strong neutron flux absorption dip
around 35 keV resulting in poor statistics in the n. TOF
data.

Resonance strengths are compared to results of De
Smet et al. [11] and Koehler et al [10]. There is good
agreement for all resonances within uncertainties with
Ref. [11], while, in contrast, our strength at 5.9 keV is
1.6 times smaller than results of Ref. [10]. Uncertainties
of the cross section due to systematic effects are 8%,
due to uncertainties of the number of 26Al nuclei in
the sample (5%), the number of !B nuclei in the
reference sample (5%), the energy dependence of the
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FIG. 2: a-energy spectrum measured in the 20 pgm thick SSD
detectors for the *Al(n, ) resonance at 41.3 keV neutron
energy recorded at the GELINA time-of-flight facility. The
peaks around 2.4 and 2 MeV, correspond to (n,ao) and (n,a1)
events, respectively.

neutron fluence rate (2.7%) [17], and the neutron fluence
normalisation between individual sample runs (3%).
We have not assigned a systematic uncertainty to the
background estimations, as either corrections are very
small (< 2%), or the uncertainty of the correction is
dominated by counting statistics.

We also determined branching ratios between oy and oy
emission for four resonances (an example of a deposited
energy spectrum for the resonance at 41.3 keV neutron
energy is shown in Fig. 2). Results are displayed in
Table I and compared to Ref. [11]. Our results agree
within uncertainties at 21.9, 35.7 and 41.3 keV with [11],
while there is a small difference at 5.9 keV.

We calculated stellar reactivities for a range of temper-
atures, using the resonance strengths wy determined up
to 80 keV, and averaged cross sections from 80-160 keV
neutron energy. The total stellar reactivity was calcu-
lated as

2kgT 25.3 x 1076

)1/2
kpTkeV]

)1/2

(ov) = ( on
2

+ (m)?’/?h?Eiwry(i) exp_ER(i)/kBT

)t o EB T
T (lfBT)?’/2 80 keV @)
2

where p is the reduced mass, kg the Boltzmann con-
stant, T" the stellar temperature, wy(i) / Eg(i) are the
resonance strengths /energies as determined in Table I,
and oy, is the cross section at thermal neutron energies
(25.3 meV). The first term of the equation accounts for
the contribution of the thermal cross section to the re-



TABLE I: Laboratory resonance energies Er, resonance strengths wy and a-branching ratios ao/(co + 1) of the 26 Al(n, @)
reaction with uncertainties due to counting statistics. Uncertainties due to systematic effects are 8%. Our data are compared

to results obtained by De Smet et al. [11] and Koehler et al. [10]

This Work De Smet et al [11] Koehler et al. [10]

Er (keV) wy (eV) ap/a Er (keV) wy (eV) ap/a Er (keV) wy(ao) (eV)
5.9(1) 4.25(23) 0.95(1) 5.87(2) 4.23(36) 0.87(3) 5.578 6.6(17)
21.9(2) 1.62(39) 0.96(4) 21.98(10) 1.83(27) 1.0
31.4(4)° 1.62(61)

35.7(4) 3.7(10)* < 0.15 34.95(20) 5.98(86) 0.0
41.3(4) 19.1(33) 0.47(5) 41.30(20) 20.2(20) 0.55(5)
59(3) 1.8(12)

86(4)° 8.9(77) 85.2(8)

~ 105 38(11) 108.5(11)

~ 120 34(10)

~ 140 151(28)

“ resonance strength determined from GELINA data normalised at 5.9 keV
resonance energy from (n,p) channel [9]

activity [19], assuming a 1/v energy dependence of the data. From about 0.2 GK, our reactivities exceed the

reaction cross section at low neutron energy. oy, was
adopted from Reference [20]. The second term refers to
the contribution of resolved resonances below 80 keV to
the reactivity, while the third term accounts for the un-
resolved contribution at high neutron energies from 80-
160 keV.

Fig. 3 shows the stellar reactivities N4 (ov) in units of
cm? /mol s (where N4 is the Avogadro Number) obtained
in this work. The figure also shows the partial contri-
butions of individual resonances and the unresolved re-
gion from 80-160 keV to the total reactivity. At low
temperatures, the rate is determined by the first reso-
nance at 5.9 keV, while the 41.3 keV resonance becomes
more dominant between 0.2 and 0.4 GK. From 0.4 GK
onwards, the unresolved cross section region from 80-
160 keV makes the most important contribution. Our
reactivities are reliable up to about 0.6-0.7 GK stellar
temperature, while representing a lower limit for higher
stellar temperatures due to the missing contribution from
the cross sections for neutron energies > 160 keV. Fig. 4
shows a comparison between our reactivities and previ-
ous experimental and theoretical results. Our reactivities
agree well with De Smet et al. [11] up to about 0.1 GK,
while being systematically higher at higher temperatures,
due to the contribution of higher energy resonances to the
stellar reactivity in our data (Ref [11] reports resonance
strengths only below 45 keV). Compared to Koehler et
al. [10], our reactivities are systematically smaller in the
energy region of overlap. Theoretical and evaluated data
in the Figure include reactivities from the Hauser Fesh-
bach code NON-SMOKER |21, 22], and reactivities rec-
ommended by Oginni et al. [12], which are obtained as a
combination of theoretical calculations and experimental

median values of Oginni et al., for example by about a
factor 1.3 at 0.4 GK, relevant for AGB stars. The large
width of the reactivity band by Oginni et al. at low
stellar temperature reflects the discrepancies in the two
previous experimental datasets by Koehler et al. [10] and
De Smet et al. [11] .

It is evident in Fig. 4 that our new results allow to sig-
nificantly reduce the uncertainty of 26Al(n, o) reactivity
below 0.7 GK, and are consistent with previous results
obtained by De Smet et al [11]. This is also the first
measurement providing cross section data above 50 keV
neutron energy which allows to extend the experimen-
tal information for stellar reactivities to higher stellar
temperatures. In particular at temperatures relevant to
26 Al synthesis in AGB stars (around 0.3-0.4 GK), our
results allow to fully constrain the stellar reaction reac-
tivity. The astrophysical reactivities obtained are higher
than results by De Smet et al. and Oginni et al, which
would lead to a higher destruction of 26Al. While our
data do not cover the full energy range relevant for 26 Al
synthesis in massive stars (1.1-2.3 GK), we can provide
a firm lower limit of the reactivity.

In summary, we measured the key destruction reac-
tion 26Al(n,q), which has a critical influence on the
abundance of the cosmic y-ray emitter 26 Al produced in
massive and AGB stars. Our results clearly favour one of
the only two existing discrepant experimental data sets.
We obtain for the first time cross sections above 50 keV
neutron energy, providing reliable stellar reactivities for
temperatures up to about 0.7 GK. Our results suggest
a higher destruction of 26Al by (n, ) reactions in AGB
stars, compared to using the most recently evaluated
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and theoretical calculations. The results of this work are
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et al. [10], and theoretical and evaluated reactivities (NON-
SMOKER |21, 22], Oginni et al. [12]). See text for details.

reactivity [12].
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