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Destruction of the cosmic y-ray emitter 2°Al in massive stars: Study of the key 2Al(n, p) reaction
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The 2°Al(n, p) **Mg reaction is the key reaction impacting on the abundances of the cosmic y-ray emitter
26 Al produced in massive stars and impacts on the potential pollution of the early solar system with 2°Al by
asymptotic giant branch stars. We performed a measurement of the 2 Al(n, p) **Mg cross section at the high-flux
beam line EAR-2 at the n_TOF facility (CERN). We report resonance strengths for eleven resonances, nine
being measured for the first time, while there is only one previous measurement for the other two. Our resonance
strengths are significantly lower than the only previous values available. Our cross-section data range to 150 keV
neutron energy, which is sufficient for a reliable determination of astrophysical reactivities up to 0.5 GK stellar

temperature.

DOI: 10.1103/PhysRevC.104.L.022803

The long-lived radioisotope *°Al (T; 2 = 0.7 Myr) plays a
unique role for our understanding of the origin of the chemical
elements in the cosmos. Its presence can be directly observed
in our galaxy by its decay radiation [1], providing proof of
ongoing nucleosynthesis, and giving clues about nucleosyn-
thesis processes inside stars.

Identifying the astrophysical sites and stellar yields of 2°Al
provides important information to study galactical chemical
evolution, supernova explosions, and may help to understand
the formation of our solar system (extinct °Al found in me-
teorites suggests that 2°Al was injected into the solar system
just before its formation [2]).

Significant progress to identify the origin of galactic 2°Al
has been made by detailed satellite observations of its abun-
dance distribution across the galaxy (COMPTEL [3] and
INTEGRAL [4]), suggesting massive stars as most likely
sites for 2°Al production. Stellar models link 2°Al production
to three distinct stellar sites in massive stars [5-7]: (i) the
hydrogen-burning phase in Wolf Rayet stars [8], (ii) convec-
tive C burning, and (iii) explosive Ne/C burning in stars before
and during core collapse. A missing piece of information is the
experimental determination of nuclear reaction rates which
influence the amount of 2% Al produced in these different stel-
lar sites. Major uncertainties to determine 2°Al abundances in
sites (ii) and (iii) are the neutron-induced destruction reactions
(n, @) and (n, p). In their sensitivity study, Iliadis et al. [6]
conclude that present uncertainties of the 2°Al(n, p) reaction
at stellar temperatures above 1 GK have the most impact on
estimates of overall 26 Al production in massive stars.

Among the candidates for the pollution of the early solar
system with 2°Al are asymptotic giant branch (AGB) stars [9].
The contribution of low-mass (<4 Mg) AGB stars to this
process depends sensitively on how much 2°Al is destroyed by
the neutron-induced (n, p) and (n, o) reactions. This requires
an accurate knowledge of these reaction rates for stellar tem-
peratures around 0.3 GK.

Experimental data on 2°Al(n, p) reaction cross sections
are scarce, with only two direct measurements [10,11], and
results from these measurements are highly discrepant in the
energy range of overlap (see Ref. [6] for discussion). The
first direct measurement of the 2°Al(n, p) cross sections was
performed by Trautvetter ef al. [11], who measured averaged
cross sections using four different neutron spectra with av-
erage energies of 40 meV, 30 keV, 70 keV, and 300 keV. In
particular, the neutron spectra with energies of 30 and 70
keV were similar in shape to Maxwell Boltzmann distribu-
tions, which allowed Trautvetter et al. to directly infer the
astrophysical reaction rate. Trautvetter et al. also provided
branchings for proton emission to the ground (n, pg), first
(n, p1), and, in the thermal case, second (n, p,) excited state
of 2*Mg. They concluded that the reaction rate is dominated
by the (n, p1) channel. The second and only subsequent direct
measurement was performed by Koehler et al. [10] using
the neutron time-of-flight technique at the LANSCE facility
at Los Alamos National Laboratory. They measured energy-
dependent 2°Al(n, p) cross sections up to 70 keV, identifying
two resonances, one at 5.6 keV neutron energy, and one
around 35 keV neutron energy. Their data were normalized to
the thermal 2°Al(n, p1) cross section determined by Trautvet-
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ter et al. [11]. Despite normalizing to the value of Trautvetter
et al. at lower energy, it turned out that astrophysical reactivi-
ties calculated using the Koehler ef al. data were significantly
higher than those derived with the data of Trautvetter et al.
(see, e.g., Refs. [6,12] for a discussion). It should be noted
that the most recent study identifying states in 2’ Al above
the neutron separation energy, performed via the 2’ Al(p, p')
reaction by Benamara et al. [13], indicate about 7-8 states per
100 keV. This is similar to results by de Smet et al.’s [14]
study of the 26A1(n, o) channel, where six resonances were
observed below neutron energies of 110 keV, suggesting that
the 2°Al(n, p) cross section may be strongly influenced by
several resonances not observed yet. Therefore, new data on
this important reaction are urgently required to resolve the
discrepancies between existing experimental data.

We simultaneously measured 2°Al(n, p) and 2°Al(n, o)
reaction cross sections at the neutron time-of-flight facil-
ity n_TOF at CERN. This paper reports on results for the
20A1(n, p) reaction; results on the 20 Al(n, o) reaction will be
published in a subsequent article [15].

At n_TOF, a highly intense pulsed neutron beam is pro-
duced by spallation reactions of a 20-GeV proton beam
impinging on a massive Pb target. The initially highly ener-
getic neutrons are slowed down by using a water moderator
surrounding the target. This results in a neutron spectrum
ranging from thermal-neutron energies (25 meV) to several
GeV. The measurement was performed at the recently com-
missioned vertical high-flux beam line EAR-2 at a distance
of about 20 m from the spallation target [16]. We used a
large neutron beam collimator with a diameter of 8.6 cm to
maximize the neutron flux. This allowed us to achieve good
statistical accuracy despite the small sample mass due to °Al
being radioactive. The °Al sample was produced by Los
Alamos National Laboratory and EC-JRC Geel about 20 years
ago [17]. It has an active area of 5 X 6 cm? and consists of
2.58(12) x 107 atoms 2°Al [14,17].

The (n, p) reaction cross section on %Al was measured by
using a silicon strip detection setup housed in an aluminium
reaction chamber (see Fig. 1). The detection setup consisted
of two 50 x 50 mm? silicon strip detectors, arranged as a
AE-E telescope. The AE detector was a 20-um-thick single-
sided silicon strip detector (SSD, 16 strips). Placed behind it
was a 50 um SSD (16 strips). Proton energies for the main
reaction channels are about 4.6 MeV for 26A1(n, Do) events,
about 2.9 MeV for 2°Al(n, p;), and 1.8 MeV for 2°Al(n, p,).
In all those cases, protons will produce a signal above thresh-
old both in the AE and the E detectors (a 1 MeV proton has
a range of ~20 um in silicon). In contrast, events produced
in the 2Al(n, ) reaction can be eliminated because they
are stopped already in the thin 20 um AE detector. Protons
emitted by the (n, p,) branch are completely stopped in the
AE-E system, while protons of the (n, p;) branch are only
stopped if emitted at certain angles (the range of 2.9 MeV
protons in silicon is about 90 pum, so slightly larger than the
combined 20 + 50 um thickness of the SSDs), and protons
from the (n, pg) channel are not stopped. A thicker E detector,
which would stop all protons, was not chosen because the y
flash (highly intense, prompt y radiation produced when the
proton pulse hits the spallation target) was found to saturate

(a)

Al sample

Silicon
Detectors

Neutron
beam

26A] sample

proton

50 um SSD 20 um SSD

Neutron
beam

FIG. 1. (a) Reaction chamber with silicon detectors and Al
sample. (b) AE-E telescope setup to identify protons emitted in
2 Al(n, p) reactions.

thicker detectors, which would have had the effect of lowering
the upper neutron energy limit. Data were recorded using flash
ADCs (12 and 14 bit at sampling rates of 56.25 and 62.5 MHz,
respectively). We developed a dedicated pulse shape analy-
sis algorithm for the present experimental setup to analyze
signals as close as possible to the y flash. This allowed us
to reach an upper neutron energy limit of 150 keV, the highest
energy reached so far in a time-of-flight measurement of the
26 Al(n, p) reaction.

The detection efficiency of the setup was determined by
normalizing the data to the well-known '°B(n, ) cross sec-
tion between 1 and 100 eV [18], using a '°B sample of the
same size as the 2° Al sample. The thickness of this '°B sample
has been determined with an accuracy of 5% by a proton-
elastic backscattering spectrometry measurement performed
at the 3 MV tandem pelletron accelerator at the Centro Na-
cional de Aceleradores (CNA, Spain). The different neutron
fluences on the Al and B samples were measured by recording
the number of protons hitting the spallation target (which is
proportional to the number of neutrons produced). An uncer-
tainty of 3% for this fluence normalization was determined by
monitoring the stability of the number of counts in the silicon
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FIG. 2. (a) AE vs E energy across the entire neutron energy
range from thermal (25 meV) to 150 keV. Clear groups of events
can be observed for 2°Al(n, p1) and ®Li(n, t) reactions. 2°Al(n, p1)
events are spread over two groups as some protons do not get stopped
in the AE-E system. (b) Same as (a) but for events corresponding to
neutron energies in the resonance region (1-150 keV).

detectors normalized to the protons on target for each run. The
uncertainty of the 0B (1, o) cross section used as a reference
is negligible compared with the other systematic uncertainties
(<1%) [18]. Alpha particles emitted in the '°B(n, o) reaction
are already stopped in the AE detector. To take into account
the difference in efficiency compared with proton detection,
which requires a coincidence between AE and the E detector
at a larger distance to the sample, we also measured 6Li(n, 1)
reactions using a LiF sample enriched in SLi. Using the ratio
of tritons detected in AE and tritons detected in coincidence
between the AE and E detectors, we determined the proton
detection efficiency relative to the o detection efficiency of
€p/€x = 0.70(4).

Figure 2(a) shows AE vs E detector energies of 2°Al sam-
ple data across the entire neutron energy range. Most of the
events are associated with the high yield for reactions induced
by thermal neutrons (see Fig. 3). The 20Al1(n, p1) events are
split across two groups, since a fraction of the protons are not
completely stopped in the E detector. There is another group
from tritons produced by the Li(n, 1) reaction due to a small
®Li impurity in the sample or reaction chamber. Figure 2(b)
is restricted to events gated on neutron energies in the reso-
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FIG. 3. (a) 2Al(n, p;) count spectrum over the whole neutron
energy range from thermal (2.5 x 10~ keV) to 150 keV. (b) Zoom
into the resonance region. The positions of present and previously
observed resonances are marked by black lines and listed in Table I.

TABLE I. Resonance energies and resonance strengths wy of
the 2°Al(n, p;) reaction compared with previous data by Koehler
et al. [10]. The quoted uncertainties are only due to propagating
uncorrelated uncertainties due to counting statistics. The combined
uncertainties due to systematic effects are 10%.

This work Koehler et al. [10]
Er (keV) wyp1 (€V) Er (keV) wyp1 (€V)
5.9(1) 1.28(16) 5.578 2.03(51)
21.9(2) <0.6
31.4(4) 5.8(14)
35.7(4) 43.4(98) 33.7 128(22)
41.3(4) 22.9(48)
57(2) 2.7(18)
75(2) 8.1(36)
86(4) 85(21)
~105 53(13)
~120 46(12)
~140 71(22)
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nance region from 1 to 150 keV (see Fig. 3). Events from the
®Li(n, t) reaction completely disappear as they are dominantly
produced by thermal neutrons. The regions of interest for the
26 Al(n, po) and °Al(n, p,) channels are also shown along
with the dominant (1, p;) grouping. For the 2°Al(n, po) events
a more restricted region has been selected corresponding to
a minimum E signal energy of 850 keV due to background
noise in the energy region below. This results in a loss of about
20% of 26 Al(n, py) events.

Figures 3(a) and 3(b) show the neutron energy spec-
trum for the dominant °Al(n, p;) channel including the
thermal-neutron-induced events and for the resonance region,
respectively, gating on AE and E energies of 2°Al(n, p;)
events shown in Fig. 2. Table I shows a list of the resonance
energies and strengths from the present work compared with
those seen in the earlier work of Kohler er al. [10]. The data
from the energy spectrum was first converted to a cross section
using o0 = Cy;/(eny; ®) where Cy; is the proton count rate, ny;
is the areal density of the sample, € is the detection efficiency
and & is the neutron fluence rate (determined in a separate
campaign [19]). Resonance strengths were then calculated us-
ing wy = Ak?/(27?), where A is the resonance area (eV barn)
and k is the wave number. Potential background caused by
beam induced reactions was estimated for each resonance by
considering counts in regions outside the resonances, which
produced small changes (3%—15%) in the calculated reso-
nance strengths (see Fig. 3). In a run with no neutron beam
(1/8 duration compared with 2 Al sample run) there were no
background events. The individual resonance strength uncer-
tainties listed in Table I are only due to counting statistics.
Uncertainties due to systematic effects are 10%, due to the
energy distribution of the neutron fluence rate (2.7%) [19],
the Al sample areal density (5%) [14,17], the B reference
sample areal density (5%), the fluence normalization (3%),
and the efficiency for coincident detection (6%), added in
quadrature. An upper limit at a 95% confidence level on the
strength is given in Table I for a resonance at 21.9 keV, which
has only been previously observed in the (n, o) channel [14].

Only two resonance strengths were reported in the
26 Al(n, p1) reaction measurement by Koehler et al. [10]. The
resonance strength at 5.9 keV measured here is about a factor
1.5 weaker than in Ref. [10]. The second resonance reported in
Ref. [10] is at 33.7 keV with a strength of 128 eV. In the data
of Ref. [10], one broad resonance is shown at this neutron en-
ergy, suggesting that this resonance strength should probably
be compared with the sum of three resonance strengths in this
work (31.4, 35.7, and 41.3 keV). Taking this approach, our
total strength in this region yields 72 & 11, & 755 €V, still
almost a factor of two smaller than Ref. [10]. All resonances in
the table below 110 keV except for Ex = 31.4, 57 and 75 keV
have also been observed previously in the (n, o) channel [14].
For the energy region above 100 keV, we find indications for
several resonances, but the experimental resolution precludes
us from assigning precise resonance energies. Therefore, we
provide resonance strengths for these resonance energies,
integrating from 95-115, 115-130, and 130-150 keV, respec-
tively. Previous data by Benamara et al. [13] where excitation
energies above the neutron separation energy in 2’Al were
identified using 27A1(p, p’)27A1* reactions, quote states cor-

responding to about 110, 125, and 140 keV neutron energy,
which is largely consistent with our data considering their
excitation energy uncertainties of 4 keV [13].

We determined the 2°Al(n, p1) cross section at thermal-
neutron energies (25 meV) of 2519(247) mb. This can
be compared with previous measurements performed by
Trautvetter et al. and Wagemans et al. [11,20]. In both
latter cases, the cross section has been determined in a
Maxwellian spectrum of a thermal reactor while in our case
we provide a pointwise rather than averaged cross section.
Our Maxwellian-averaged cross section at k7 = 40 meV is
1960(198) mb, in agreement with Trautvetter et al.’s value of
1850(150) mb. At kT = 36 meV, corresponding to Wagemans
et al.’s neutron spectrum, we obtain 2065(210) mb, again in
good agreement to Wagemans et al.’s value of 1942(95) mb.

For the reaction channel to the ground state of **Mg,
(n, pp), we obtain strengths for individual resonances; at
86 keV of 43(18) eV, and at around 140 keV of 51(22) eV. For
the 2°Al(n, p») channel, the statistics in individual resonances
were not high enough to extract meaningful information, how-
ever, astrophysical reaction rates could be obtained for this
channel (see below).

We have calculated astrophysical reactivities N4(ov) for
all three branches (N, is the Avogadro number). For the
26 Al(n, po) and 2°Al(n, p;) channels, where we could extract
reliable resonance information below 95 keV, we have used
the approach by Macklin and Gibbons [21], i.e.,

2UsT\'"? (253 x 1076 [keV]\"/*
(ov) = Oth
" ksT [keV]

2 3/2 )
+ RSy (i) exp BOBT (1)
[LkBT

This was complemented by using the experimental cross-
section information between 95 and 150 keV, i.e.,

8\ 1 —E/kgT
Here u is the reduced mass, kg is the Boltzmann constant,
and T is the stellar temperature. oy, is the cross section at
the thermal-neutron energy (25 meV), and this term accounts
for its contribution to the rate, using the well-known 1/v
energy dependence of the reaction cross section at low neutron
energy. For the 2°Al(n, p,) channel, the reactivity was calcu-
lated using Eq. (2) over the whole energy range. Backgrounds
affecting the average cross section o (E') used in Eq. (2) were
estimated again by considering events between resonances.
For 2°Al(n, po) and 2 Al(n, p), a background between 95 and
150 keV of 20% and 5%, respectively, was estimated by using
the resonance-free neutron energy region from 60 to 70 keV
(above that, resonances are too closely spaced to estimate a
background). For 2 Al(n, p2) where the reactivity was deter-
mined using Eq. (2) over the whole range, the background was
estimated in the resonance-free regions below 95 keV, which
resulted in a correction of about 20%.

Figure 4 shows the reactivity Nj(ov) up to 5 GK stel-
lar temperature compared with other experimental data and
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FIG. 4. Stellar reaction rate compared with previous measure-

ments by Trautvetter et al. [11], Koehler ef al. [10], and theoretical
calculations and evaluations [12,22,23].

theoretical predictions. Our total 2 Al(n, p) rates are shown as
the black band. Our data are reliable up to 0.5-0.6 GK. Above
these temperatures, cross sections above our experimental
range increasingly contribute to the total reactivity, meaning
that our data provide a lower limit. The large error band
in the recommended reactivity by Oginni et al. [12] reflects
the discrepancies between experimental data by Trautvetter
et al. [11], Koehler et al. [10], and theoretical calculations
of the reactivity. Up to temperatures of 0.1 GK, our reac-
tivity is smaller than even the low-energy limit suggested
by Oginni et al., and significantly smaller than rates by
Koehler et al. Compared with Trautvetter et al., our results
are systematically higher. The figure also includes theoreti-
cal predictions and recommended values of the reactivity by
NON-SMOKER [22], and JINA-REACLIB v1.1 [23] (which
adopts rates by Caughlan and Fowler [24]), both based on
Hauser-Feshbach calculations. It should be noted that statisti-
cal model predictions become unreliable at low level densities,
as not enough resonances contribute to the overall reactivity
(Ref. [22] estimates that this is the case for the 2°Al(n, p)
reaction for stellar temperatures lower than 0.5-0.6 GK).
Hence, a comparison with the experimental data is of limited
significance.

Table II compares Nj(ov) with results from Trautvetter
et al. [11]. At 0.36 GK, both the (n, py) and (n, p;) rates
are higher but consistent within 1 and 2 standard deviations,
respectively. In addition, our results suggest that about 5% of
the total rate comes from (n, p,) reactions which have not
been published by Trautvetter et al. The agreement seems
better at 0.82 GK, however, as mentioned before, our rates are
likely underestimated due to the 150 keV neutron energy limit
in our data. Compared with the median rate recommended by
Oginni et al. [12] for 26A1(n, p), our rate is about a factor of
2.5 smaller at 0.1 GK, while at 0.6 GK our rate is a factor of
about 1.4 smaller.

The new reactivities represent an important input to model
26 Al destruction in AGB stars to investigate their role in the
early solar system. For example, Ref. [25] finds that scaling

TABLE II. Reactivities of this work compared with those of
Trautvetter et al. [11].

Reactivity Ny (o v)
(10° cm® mol ™' s71)

T (GK) This work Trautvetter et al.
0.36 Do 3.0(10) 1.909)
0.36 1 26.2(39) 18.6(25)
0.36 D2 1.5(6)

0.82 Do 5.0(15) 3.6(29)
0.82 1 23.1(32) 19.0(32)
0.82 D2 1.7(7)

3.6 Do 8.6(39)
~3.6 12 30.1(78)

all neutron induced rates on 2°Al by a factor two reduces
the amount of 2°Al by half, indicating that °Al produced
in AGB stars is highly sensitive to neutron-induced reaction
rates [in particular (n, p) and (n, o) because the (n, y) rate
is much smaller]. Regarding massive stars, the reasonable
agreement of our results with those of Trautvetter et al. [11]
at 0.36 GK indicates that Trautvetter et al.’s data at the higher
stellar temperatures are a reasonable choice to use in stellar
models.

In summary, we have measured 2 Al(n, p) reactions over a
wide energy range at the high-flux beam line EAR-2 at n_TOF
(CERN) using a dedicated silicon strip detection system. We
obtain resonance energies and strengths of 11 resonances,
with systematic uncertainties of 10%. Astrophysical reactiv-
ities were calculated including all relevant branches (n, py),
(n, p1), and (n, p2), and are significantly lower than Koehler
et al. in the energy range of overlap [10], and slightly higher
than activation data from Trautvetter et al. [11]. Our results
significantly constrain reaction-rate uncertainties compared
with the current recommended rate uncertainties by Oginni
et al. [12], providing accurate reactivities up to 0.5 GK
and an improved lower limit of the reaction rate for higher
stellar temperatures up to 1 GK. Our reasonable agreement
with Trautvetter et al. for overlapping temperature ranges
suggest that Trautvetter et al.’s rates at higher stellar temper-
atures (>1 GK) are presently a reasonable choice for stellar
models. However, in the future, a measurement of this key
reaction rate at higher neutron energies is very important to
further constrain the reaction rate at the higher stellar tem-
peratures (>1 GK) relevant for 2°Al destruction in massive
stars.
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