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Nuclear astrophysics aims at describing nuclear processes relevant to nucleosynthesis. Such reactions can
be studied by performing nuclear cross-section measurements at the relevant energy regimes. Accelera-
tor-based experiments allow simulating nucleosynthesis in the laboratory. For specific reactions acceler-
ator mass spectrometry (AMS) offers a powerful tool to measure cross-sections independent on half-lives
of reaction products. It represents a complementary, off-line method compared to on-line methods, the
latter being sensitive to prompt reaction signatures. An overview over recent experiments using AMS in
nuclear astrophysics is given and for selected reactions the potential of AMS is exemplified: limitations
and advantages of this method are illustrated for neutron-induced reactions on °Be, 1*C and >*Fe, leading
to the long-lived AMS isotopes '°Be, '“C, and *°Fe, respectively. Measurements on >°Fe allow producing
highly precise data. The potential of AMS for helping to resolve a recently observed discrepancy between
observation and nucleosynthesis models relevant for our understanding of the isotopic abundances is

highlighted.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

One of the ongoing questions in nuclear astrophysics is a better
understanding of the elemental abundances of the solar system.
While the very light elements from hydrogen to lithium are found
to be dominantly produced in the early phase after the Big Bang,
elements from carbon to the heaviest ones are understood to be
synthesized in nucleosynthesis processes in stars: the isotopic pat-
tern of our solar system [1] which is strongly mirrored in extra-so-
lar objects is a fingerprint of stellar nucleosynthesis processes
within many generations of stars. The complex isotopic signature
can be understood as the interplay of nuclear physics issues and
the specific conditions of the stellar environment [2]. Charged-par-
ticle induced reactions are responsible for the production of the
nuclides from carbon up to Fe and Ni, while most of the elements
heavier than iron are produced via neutron-induced reactions. Fi-
nally, specific processes, e.g. p and rp-process, help to tailor the iso-
topic abundance pattern for some proton-rich nuclei across the
chart of nuclides [3].

Element synthesis of the lighter masses is dominated by
charged-particle induced reactions during the stellar burning
phases. Relevant are often a few resonances within a narrow en-
ergy range. Typical particle energies range from tens of keV up to
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several MeV. In a few cases, longer-lived radionuclides like 26Al
and “4Ti, can be traced in the sky via observing their characteristic
decay pattern, e.g. by space-born y-ray telescopes. Their intensity
distribution represents an important source of information to iden-
tify active nucleosynthesis regions in our galaxy. In this regard,
AMS has been used to measure such production rates, e.g. of 4/Ti
dominated by the “°Ca(a, y) reaction [4], and of 2°Al through the
25Mg(p, y) reaction [5].

Neutron-induced reactions are triggered by two different sce-
narios [2]: the slow neutron-capture process (s-process) and the
rapid neutron-capture process (r-process) — both contribute about
equal to the abundance of elements above iron. They are character-
ized by the time scale of the reaction rate relative to their compet-
ing beta decays. The s-process acts at time scales of months to
years, it can be subdivided into tree fractions, corresponding to dif-
ferent mass regions, temperature ranges and neutron exposures
[6,7] in late phases of stellar burning. In particular for s-process
calculations in the lower-mass range (A < 90), uncertainties are still
large because the corresponding neutron-capture cross-sections
are not sufficiently well known. Accuracy of the order of 3% would
be necessary for proper calculations [8]. Interestingly, recent
observations of very old, so-called ultra-metal-poor (UMP) stars
indicate that our knowledge of heavy-element nucleosynthesis is
still limited [9]. New precise measurements might help to clarify
this recently found discrepancy in UMP stars (see Section 4).

r-process nuclides need high neutron densities, most likely pro-
vided in supernova (SN) explosions, possibly, but less likely,
in merging neutron stars. Supernova (SN)-produced, long-lived
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radionuclides deposited on Earth [10-12], like °Fe, '82Hf, 244pu
and 2*’Cm (see e.g. [13-19]), and possibly super-heavy elements
[20], will give an improved insight into explosive nucleosynthesis
scenarios. AMS represents a powerful and sensitive technique to
search for live long-lived radionuclides in terrestrial archives, as
signatures of both, single close-by SN explosions and steady-state
(i.e. averaged) concentrations of such nuclides [21].

There is a clear need for more data to support our understand-
ing of these processes. One important contribution to the study of
nuclear processes occurring in stars can be provided by measure-
ments of nuclear reactions at accelerator based facilities. AMS of-
fers a powerful tool to measure cross-sections independent on
half-lives of reaction products. In Section 2 a summary of AMS con-
tributions to cross-section measurements of relevance in nuclear
astrophysics is given: charged-particle and neutron-induced reac-
tions are listed. In the subsequent sections, for a few specific cases
of neutron-capture reactions, some AMS-relevant features are pre-
sented. Those cases demonstrate that also standard applications of
AMS will benefit from such “exotic” measurements, where the
facility has to explore its detection limits.

2. Cross-section measurements in nuclear astrophysics using
AMS

AMS contributed to understand and validate nucleosynthesis
through various cross-section measurements. Activation with sub-
sequent AMS measurements have been applied for isotopes where
off-line decay counting is difficult or impossible due to long half-
lives or due to the absence of suitable y-ray transitions. Paul and
co-workers first introduced AMS to cross-section measurements
in nuclear astrophysics for the 26Mg(p, n)?*®Al reaction [22] and la-
ter for neutron-induced reactions [23] using a stellar-like neutron
spectrum developed at FZK (for more details see Section 3 and Ref.
[24]). AMS measurements in combination with charged-particle
induced reactions have been proposed first for the measurement
of 4°Ca(at, v)*Ti [25,4] and also for 2*Mg(p, 7)*°Al [26,5]. A list of
AMS measurements studying reactions of interest for stellar pro-
cesses is given in Table 1.

3. Neutron-capture cross-section measurements at VERA

In the following, advantages and limitations of AMS measure-
ments are illustrated for neutron-induced reactions. Their typical
stellar environments correspond to particle energies in the range
of keV. In particular, s-process nucleosynthesis knows two domi-
nating phases [6-8]: the main component takes place at kT = 8 keV
(important for element production between A =90 and 204). The
second, weak component (at somewhat higher energies,
kT =25 keV), contributes dominantly to element production be-
tween the seed nuclei, Fe and Ni, and up to A =90.

Neutron activations in combination with AMS were usually per-
formed at Forschungszentrum Karlsruhe (FZK) [24]. Neutrons were
produced via the “Li(p, n)’Be reaction. By choosing a proper irradi-
ation geometry, a quasi-stellar neutron spectrum is generated
which approximates a Maxwellian distribution for kT =25 keV
[24]; increased proton energies allow also to produce higher neu-
tron energies. Such an irradiation covers simultaneously the en-
ergy region of interest. Depending on the cross-section value,
isotope ratios between 10~'" and 10~ '* were produced at FZK.
After the neutron irradiation, the subsequent AMS measurements
were performed at the various AMS facilities, like Argonne, Munich
or Vienna (see Section 2). In the following, a few specific reactions
measured at the Vienna Environmental Research Accelerator
(VERA) are highlighted with respect to interesting features for
AMS measurements.

3.1. °Be(n, 7)'°Be neutron-capture cross-section measurement

Low-mass nuclei like °Be or '>C exhibit low neutron-capture
cross-section values. Therefore, to be of relevance for nucleosyn-
thesis, high neutron densities are needed, as proposed, e.g. in inho-
mogeneous Big-Bang nucleosynthesis scenarios or in explosive
nucleosynthesis, like short time-scale r-process [42,43]. In all those
cases, the high neutron densities allow to overcome the obstacle of
unstable masses at A=5 and A = 8, which otherwise stops nucleo-
synthesis above the seed nucleus “He almost completely. However,
up to date, no experimental values can be found for °Be(n, ¥)'°Be
neutron capture above thermal energies. Adopted values for keV
energies are extrapolations from the only existing thermal values
and they scatter by more than a factor of 10 [32].

Samples of commercially available BeO powder were irradiated
at FZK with neutrons corresponding to a Maxwellian-Boltzmann
distribution of kT = 25 keV, and with energies of 500 keV. The num-
ber of 1°Be nuclei produced during the neutron irradiations, scales
directly with the neutron flux (neutrons cm~2 and s~!), the neu-
tron-capture cross-section value and the duration of the neutron
irradiation. A neutron flux of (1-2) x 10° neutrons cm 2 s~! corre-
sponds to a total of (0.6-1.2) x 10'> neutrons cm~2 within a rea-
sonable irradiation period of 1 week. According to semi-empirical
studies, a cross-section value between 1 and 100 pbarn is expected
for 9Be(n, 7)!°Be at 25 keV. Combining all these values results in an
expected isotope ratio '°Be/°Be between 6 x 107!'® and
1.2 x 10713

Commercially available BeO samples typically contain '°Be at
concentrations comparable to that expected from the neutron irra-
diation. In general, for cases where signal and background are of
the same order, a stable and well-defined background signal has
to be fulfilled.

For °Be(n, y)'°Be, different BeO pellets were available from
independent neutron irradiations. Fig. 1 shows the °Be/°Be iso-
tope ratios measured for two BeO samples. Be-sample no. 1 (upper
figure) was exposed to a lower neutron fluence compared to sam-
ple no. 2 (lower one). This is reflected in different individual
10Be/°Be ratios (symbols). Lines depict the mean values for the irra-
diated samples and unirradiated blanks. Dashed lines indicate the
uncertainty associated with the mean values. In order to highlight
contributions from systematic uncertainties, in the upper panel
statistical errors are given only, while the lower one includes sys-
tematic uncertainties, too. Combining the background-corrected
isotope ratios of the two samples with their corresponding neutron
fluence, results in a cross-section value (averaged for 25 keV) of
(9.2+0.5) and (9.8 +0.8) pubarn, respectively, in good agreement
to each other.

Recently, an additional neutron irradiation was performed at an
energy of 500 keV. A resonance might occur at that energy, but, be-
cause of a significantly lower neutron yield in the irradiation, the
isotope ratio is expected to be even lower than that for 25 keV.
Interestingly, the growing interest for geological applications in a
Be spike material with lowest 1°Be content, led to the finding of
Be-containing materials with isotope ratios well below 104, At
VERA such material was measured to '°Be/°Be ratios of <10~'°
[44]. Such a material was utilized for measuring the cross-section
at 500 keV.

Within these measurements the VERA facility could demon-
strate both, a low machine background without '°B and °Be inter-
ference [45], and good measurement reproducibility. The reference
material used for '°Be measurements (Zurich S555, with a quoted
isotope ratio of 9.55 x 10~'1), however, gave rise to a source cross
contamination of about 10~!4, This effect was below the detection
limit in previous applications. For measurements with ratios of
10~ or below, such a cross contamination has to be avoided. To
this end, BeO powder material was activated with thermal neu-
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Some cross-section measurements of interest to nuclear astrophysics using AMS. Neutron activation in combination with AMS was almost exclusively done at FZK [24]. New
measurements are also proposed at Notre Dame, e.g. “Kr(a,, 7)®2Se. FZK: Forschungszentrum Karlsruhe and FZD: Forschungszentrum Dresden-Rossendorf.

Reaction Projectile Irradiation facility Particle energy AMS facility References

26Mg(p, n)*Al p Argonne FN tandem 5.3-7.0 MeV Argonne tandem [22]

25Mg(p, v)*°Al p FZD, implanter 189-418 keV Munich/Vienna [5,26]

25Mg(p, v)*°Al p LUNA, Gran Sasso 189-304 keV CIRCE Caserta [27], in progress

40Ca(ar, y)*Ti “Uer ATLAS (Argonne) ~ 4.2 MeV resonances Hebrew Univ./Weizmann  [4,25,28,29]; inv.

Inst. kinematics
40Ca(a, y)*Ti lGal Koffler tandem, Weizmann  2.1-4.2 MeV integral Hebrew Univ./Weizmann  [4,29] inv. kinematics
Inst. Inst.

40Ca(ar, y)*Ti Rl@al Munich MP tandem 2.1-4.17 MeV and 4.17-5.39 MeV Munich - GAMS [30], in progress, inv.
(integral) kinematics

52Ni(n, v)®*Ni n FZK 25 keV Argonne - ATLAS [23,31]

“Be(n, v)!°Be n FZK 25 keV, 500 keV Vienna - VERA [32], in progress

13¢(n, y)'4C n FZK 25 keV, 128 keV, 167 keV Vienna - VERA [32], in progress

1N(n, p)*4C n FZK 25 keV, 123 keV, 178 keV Vienna - VERA in progress

40Ca(n, y)*'Ca n FZK 25 keV Vienna - VERA [33,34]

54Fe(n, 7)>°Fe n FZK 25 keV, 500 keV Vienna - VERA [33,35], in progress

58Ni(n, v)*°Ni n FZK 25 keV Munich - GAMS [36]

52Ni(n, v)®*Ni n FZK 25 keV Munich - GAMS [37], also 5*Ni(y,n)

78Se(n, 7)"°Se n FZK 25 keV Munich - GAMS [36,37]

209Bj(n, y)?19mBij n FZK 25 keV Vienna - VERA in progress

147Sm(n, 2n) n Tohoku Univ. n: 6-10 MeV Argonne - ATLAS [38,39], in progress

147Sm (p, 2ng) p Osaka Univ. p: 21 MeV

147Sm (v, n) % Tohoku Univ. v: <50 MeV

40Ca(a, y)*Ti em Univ. Notre Dame ~4.2 MeV U Notre Dame [40], in progress

335(a, p)*6Cl, 36g Univ. Notre Dame 5-7 MeV U Notre Dame [41], in progress

365([3, n)36c1

trons in a reactor to produce reference materials with isotope ra-
tios between 107! and 10~ '2. Nevertheless, one always relies on
the absolute value of the standard material used. In particular,
for 1°Be measurements this is currently important, because of pre-
viously discrepant half-live values associated with standard mate-
rials. Thanks to new measurements, the half-live value of '°Be now
seems to converge to a value of (1.387 £ 0.012) Myr with high pre-
cision [46,47].

3.2. 13C(n, y)'C neutron-capture cross-section measurement

Besides Big Bang and highly neutron-rich environments, this
reaction is also of interest in stellar burning processes: '3C is one
major product in CNO hydrogen burning. In addition, the reaction
13C(at, n)'®0 is the most relevant neutron source for the main s-
process. Interestingly, the reaction *C(n, y)'C acts as a neutron
poison in two ways: neutron capture removes both, '3C as target
for the neutron-producing reaction, and it consumes also neutrons,
which otherwise will be used in the s-process for capture reactions.
In addition, 'C(n, y)!“C is of importance in so-called neutron-in-
duced CNO cycles [48].

Similar to the case of °Be(n, y)!°Be, cross-section values of the
order of 10 pbarn are expected. However, natural carbon consists
of only 1% of '3C, therefore, even one week of neutron irradiation
(1 x 10" neutrons cm™2) results in an isotope ratio of
14C/13C=1 x 1074, which translates to a '*C/!2C isotope ratio of
1 x 10718, Clearly, enriched material has to be used for that pur-
pose. A suitable *C-enriched material, low in *C, was available
(amorphous graphite powder, provided by AMT Ltd., Israel). It is
enriched by a factor of ~10* compared to natural graphite. Such
high '3C concentrations, however, resulted in an enhanced blank
14C/12C isotope ratio. The reason was a “leaky” '>C-beam entering
our standard particle detector used for '“C-dating applications.
These signals were indistinguishable from true '#C events. That
detector-setup is located after the high-energy magnet and a 90°
electrostatic deflector (ESA). Narrow slits after the ESA allowed
cutting the leaking '>C-beam significantly, but at the cost of fluctu-
ating isotope ratios, being highly sensitive to terminal-voltage fluc-

tuations. However, other detectors (an ionization chamber -
labelled detector 1 in Fig. 2, and a TOF-detection setup - detector
2) positioned after an additional magnetic deflector (see [33] for
the VERA setup), gave stable isotope ratios '4C/'C=(9.5 £0.5) x
10~'° for unirradiated graphite (Fig. 2).

Because of the low 'C content in the samples, one has to take
care not to contaminate the enriched graphite material with natu-
ral carbon. It should be noted, that no chemistry was involved for
those measurements - the irradiated material was directly pressed
into sputter sample holders. Most of the samples showed '3C/'2C
values around 70; contamination with natural carbon would di-
rectly be reflected in a lower >C/'2C value.

A preliminary mean value for a sample irradiated with neutrons
of kT =25 keV (asterisk) is plotted in Fig. 3 and is compared to the
two previous results [49,50], which were obtained from direct
measurements (see also Section 4). The AMS value fits well to
the previous data and all experimental values exclude the low val-
ues at 25 keV expected from theory [51]. As indicated in Fig. 3 two
additional measurements at higher neutron energies are in pro-
gress. From theoretical investigations an increase in the cross-sec-
tion value up to a factor of 1000 is possible for neutron energies at
150 keV (note the logarithmic scale in Fig. 3).

3.3. Other neutron-induced reactions measured at VERA

Besides the above mentioned reactions, several additional neu-
tron-induced reactions of relevance to nuclear astrophysics are
studied (see also [32,33]). The production of *C via N(n, p) has
been recognized as an important reaction in the CNO cycle. It rep-
resents the most important neutron poison in the late phases of
stars and protons produced in that (n, p) reaction are essential in
the - still not fully understood — nucleosynthesis of '°F [52]. Sam-
ples containing both nitrogen and carbon (Uracil, C4H4N,0;) have
been irradiated with neutrons with energies from thermal to
MeV and are analyzed by AMS. An interesting case for comparing
different experimental techniques is >*Fe(n, y)*°Fe: >>Fe does not
suffer from isobaric interferences and allows to generate precise
AMS-data (see Section 4). At higher masses, the reaction 2°°Bi(n, v),
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Fig. 3. 13C(n, Y)'C cross-sections in the neutron energy range of relevance for
nuclear astrophysics scenarios (keV range). Two previous measurements (Shima
et al. [49] and Raman et al. [50]) are in good agreement with the preliminary AMS
value - in contrast to theoretical descriptions. Additional samples were irradiated
and AMS measurements are in progress for a detailed investigation of the resonance
region at higher neutron energies.

leading to the short-lived 2'°Bi (¢, = 5 days) and the long-lived
isomer 2'°™Bi (t;; = 3.0 Myr) is studied. That reaction terminates
the s-process, because no stable or sufficiently long-lived nuclide
can further be produced via slow neutron-capture processes.
Although no stable isobar exists for 2!°Bi, the decay product of
210ggj, 219pg (¢, = 138.4 days), with its much higher negative ion-
ization yield, interferes with 2!°™Bi. The low cross-section value
also requires suppressing efficiently interference from stable 2°°Bi.

4. Comparison of AMS measurements to other techniques

Cross-section measurements can be classified into two comple-
mentary techniques: on-line and off-line methods. The on-line
method makes use of the detection of the prompt and characteris-
tic radiation associated with the production of a specific nuclide, or
selectively detects the reaction product itself by means of the re-
coil separator technique (direct detection techniques). Typical
examples of experimental facilities dedicated also to nuclear astro-
physics studies in “direct mode” are, among many others, e.g. the
DRAGON setup at TRIUMF (combined with recoil separator tech-
nique [53]), LUNA at Gran Sasso [54] and the Recoil Separator
ERNA [55] for charged-particle induced reactions; and e.g. the
n_TOF facility at CERN [56] for studying neutron-induced reac-
tions. In addition, indirect detection techniques, e.g. the “Trojan
Horse”-like methods and others (see [57]) are capable to investi-
gate energy regions inaccessible to the direct techniques suffering
from extremely low reaction rates.

A second and independent method in “off-line” mode makes
use of the activation technique, with sample irradiation and subse-
quent measurement of the reaction product. After the irradiation
the number of produced radioactive nuclei can be quantified either
by decay counting or by mass spectrometric methods. This method
is mostly restricted to radioactive products; however, it represents
a very sensitive technique due to potential long irradiation periods.
Stellar conditions can directly be simulated by generating a quasi-
stellar spectrum (see e.g. [24]), and consequently the reaction rate
directly scales with stellar rates. Contrary, direct methods have the
advantage that, e.g. with the time-of-flight technique, an energy-
dependent cross-section over a wide energy range can be obtained.
Direct methods can be applied to both radioactive and stable
reaction products, and can be applied to radioactive beams.
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Nowadays, detection-setups are becoming state-of-the-art which
offer higher detection efficiencies (e.g. in 4w geometry) compared
to AMS [27].

The determination of the stellar cross-sections via the combina-
tion of the activation technique and AMS represents an important
off-line method. It is complementary to on-line measurements,
since this independent approach implies different systematic
uncertainties. In this regard, precision measurements of neutron-
capture cross-sections of >*Fe are in progress to clarify the recently
found discrepancy of s-process nucleosynthesis at lower-mass nu-
clei (A <120). The discrepancy is related to observations of r-pro-
cess elements in ultra metal-poor stars [9]. In such stars the
abundance for elements heavier than barium scales exactly with
the r-process abundances found in the solar system, while those
lighter than barium show a systematic deviation of the order of
20%. A similar discrepancy is found for s-only isotopes lighter than
barium (nuclides with no r-process contribution). These facts hint
to some deficiency in the standard description of the s-process
nucleosynthesis or there is a systematic offset in the experimental
data. The latter can be tested by precision measurements of neu-
tron-capture cross-sections, e.g. the >*Fe(n, y)*°Fe reaction.

The potential and power of AMS for detecting >°Fe has been
demonstrated recently in a first irradiation campaign [35]. *°Fe
detection benefits from the fact that no isobaric interference exists
because >>Mn does not form stable negative ions. At VERA AMS al-
lows to perform measurements on the level of 1% reproducibility
with a background level >°Fe/>6Fe < 2 x 107! [33]. In this regard,
an important aspect is the availability of accurate AMS standards.
A new *°Fe standard for AMS measurements is produced via the
p-induced reactions >®Ni(p, o) and >*Fe(p, y): in both cases >°Co
was produced, which decayed to 5°Fe with a half-life of 17.54 h.
Combining the well-known half-life of >>Co and the precisely mea-
sured activity of >>Co allowed to calculate the amount of >*Fe with
high precision. In addition, a reference solution with a well-known
concentration of >°Fe is available; via a dilution series AMS refer-
ence material is produced. Measurements for >*Fe(n, y)*°Fe from
thermal to several hundred keV neutron energies are now in pro-
gress at the VERA laboratory. The new data are expected to be
accurate to a level of about 3%.

5. Conclusion

The actual situation of cross-section data relevant for nucleo-
synthesis is far from being satisfactory for a wide range of nuclides.
The determination of the stellar cross-sections via a combination of
the activation technique and AMS represents an important com-
plement to online measurements, since this independent approach
implies different systematic uncertainties. AMS allows measuring
precisely neutron-capture cross-sections, thus elucidating current
discrepancies within the s-process path. Besides simulating nucle-
osynthesis processes in the laboratory via cross-section measure-
ments, also the direct search, e.g. for certain supernova-
produced, long-lived radionuclides deposited on Earth, like %°Fe,
182Hf, 244py and 24’Cm will give an improved insight into explosive
nucleosynthesis scenarios. AMS represents a powerful and sensi-
tive technique to search for spurious amounts of live long-lived
radionuclides in terrestrial archives. Such challenging applications,
where a facility has to explore its limits, are clearly beneficial also
for more routine applications of AMS.
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