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9Atominstitut der Österreichischen Universitäten, Technische Universität Wien, Austria
10Centre National de la Recherche Scientifique/IN2P3-IReS, Strasbourg, France

11Faculty of Mathematics and Physics, Charles University in Prague, Czech Republic
12Dipartimento di Fisica Generale, Università di Torino, Italy
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The neutron capture cross sections of the Zr isotopes play an important role in nucleosynthesis studies. The
s-process reaction flow between the Fe seed and the heavier isotopes passes through the neutron magic nucleus
90Zr and through 91,92,93,94Zr, but only part of the flow extends to 96Zr because of the branching point at 95Zr.
Apart from their effect on the s-process flow, the comparably small isotopic (n, γ ) cross sections make Zr also
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an interesting structural material for nuclear reactors. The 94Zr (n, γ ) cross section has been measured with high
resolution at the spallation neutron source n TOF at CERN and resonance parameters are reported up to 60 keV
neutron energy.

DOI: 10.1103/PhysRevC.84.015801 PACS number(s): 25.40.Lw, 25.70.Ef, 27.60.+j, 28.41.Qb

I. INTRODUCTION

The production of heavy elements in stars is almost
exclusively due to neutron capture processes named for
the time scales at which they take place: the rapid (r)
process is related to explosive scenarios, e.g., supernovae and
neutron star mergers, with extremely hot (temperatures T >

109 K) and neutron-rich (neutron densities nn �1020 cm−3)
environments, where neutron capture times are of the order
of milliseconds. In contrast, the slow (s) process occurs
during the He burning phases of stellar evolution at lower
temperatures [T ≈ (1–3) × 108 K] and much lower neutron
densities (nn ≈ 106–1010 cm−3) with typical capture times of
about a year [1]. The terms slow and rapid refer to the average
β-decay half-lives close to the valley of stability.

In massive stars neutrons are produced by the
22Ne(α, n)25Mg reaction during the presupernova evolution,
i.e. during convective core helium burning and convective
carbon shell burning [2]. These stars contribute only to the s

abundances below A = 90 by the so-called weak s process.
The s abundances from Zr to Bi constitute the main s

component and are produced in thermally pulsing low-mass
asymptotic giant branch (AGB) stars, which populate the mass
region 1.5 � M/M� � 3 (where M� denotes the mass of the
Sun) [3–5]. Zr is, therefore, situated at a crucial point, where
these two s components match.

The isotopes 90–94 are characterized by low neutron
capture cross sections and are predominantly of s-process
origin. Because of the comparably short half-life of 95Zr
(t1/2 = 64d) the competition between neutron capture and β−
decay prevents the main part of the reaction flow from reaching
96Zr, which is, therefore, considered an r isotope with a small
s-process admixture [6,7]. Any significant s production of 96Zr
would imply that the stellar neutron density is high enough for
neutron capture on 95Zr to compete with the β decay.

As a result of the efficient transport mechanisms between
the He burning layers and the outer envelope, significant
s-process enrichments have been spectroscopically observed
in AGB stars. Among the refractory compounds that can
be formed at the comparatively low surface temperatures of
these red giant stars, ZrO has also been identified. Studies
of molecular bands of ZrO confirmed the expected s-process
pattern for the Zr isotopes, with a 96Zr abundance that was
missing or at most compatible with the solar value within the
observational uncertainties [8]. Similar indications come from
the isotopic Zr abundances in presolar silicon carbide grains
[9], which are formed from s-process-enriched material in the
circumstellar envelopes of AGB stars [10]. These grains also
show a deficiency in 96Zr compared to stellar model predictions
based on theoretically calculated 95Zr cross sections [11].

*giuseppe.tagliente@ba.infn.it

The deficiency of the molecular 96Zr lines in the optical
spectra of AGB stars as well as the low 96Zr abundances in
presolar grains provide evidence that the 95Zr branching is
weaker than expected, because either the s-process neutron
density or the (n, γ ) cross section of 95Zr has been overes-
timated so far. This ambiguity in the assessment of the 95Zr
branching calls for a more accurate set of Zr cross sections
[12–14] for an improved assessment of the 95Zr branching.

Apart from the problem with the 95Zr branching, 94Zr is
important for the decomposition of the solar abundance pattern
into the relative s and r components, because it is the Zr isotope
with the highest s-process contribution [15]. In order to be
used as reference isotope for this separation of the s and r

components, the capture cross section of 94Zr is needed with
an uncertainty of 3%–5%, a typical request for meaningful
s-process analyses [16].

The (n, γ ) cross sections of the Zr isotopes are also of
interest for technological applications due to the common use
of Zr as a structural material in nuclear technology, where it
contributes to the neutron balance, the lifetime, and the overall
performance of power reactors.

The 94Zr(n, γ ) cross section has been measured up to
60 keV neutron energy using the unique features of the n TOF
facility at CERN, which combines excellent resolution, high
instantaneous neutron flux, and low background [17]. The
measurement is described in Sec. II, followed by the resonance
analysis and the results in Sec. III. The Maxwellian-averaged
capture cross sections (MACSs) and the implications for the
s-process abundance are discussed in Secs. IV and V.

II. MEASUREMENT

A. Experimental setup

At the CERN n TOF facility neutrons are produced by
spallation reactions induced by a pulsed proton beam with
6 ns pulse width and a nominal repetition rate of 0.4 Hz in
a massive lead block of 80 × 80 × 60 cm3. Due to the high
beam momentum of 20 GeV/c, which provides 300 neutrons
per proton, and the high intensity of 7 × 1012 protons per pulse,
the n TOF facility represents one of the most luminous pulsed
neutron sources worldwide [17]. The initially fast spallation
neutrons are moderated in the 5.8-cm-thick layer of cooling
water around the lead target, resulting in a wide neutron
spectrum ranging from thermal up to 250 MeV with a nearly
constant isolethargic flux [φ(E) ∝ 1/E] between 1 eV and
1 MeV.

The lead spallation target is connected with the experimen-
tal area at a flight path of 185 m by an evacuated beamline.
Neutrons and ultrarelativistic particles outside the beamline
are suppressed by heavy concrete walls and a massive iron
shielding 3.5 m in thickness. In addition, charged particles
are removed from the neutron beam by a 1.5 T sweeping
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TABLE I. Sample characteristics.

Isotopic composition (%)
Sample Chemical form 90Zr 91Zr 92Zr 94Zr 96Zr

94Zr ZrO2 4.05 1.18 1.93 91.8 1.04

magnet [18]. The neutron beam is collimated in two steps,
at 140 m and near 175 m, shortly before the last shielding
wall in front of the experimental area. The 18 mm aperture
of the second collimator gives rise to a nearly symmetric
Gaussian-shaped beam profile at the sample position. The
spatial distribution of the beam has been measured as a function
of neutron energy [19], and the neutron flux was accurately
determined relative to the 235U(n, f ) cross section by means
of a calibrated fission chamber from PTB Braunschweig [17].
Additional flux measurements were carried out with parallel-
plate avalanche counters [20] and by the analysis of standard
resonances [21].

The measurement was performed between 1 eV and 60 keV
with a resolution in neutron energy of better than 0.2%. The
flux of 105 neutrons/cm2/pulse was constantly recorded by a
low-mass neutron monitor consisting of a Mylar foil 1.5 μm
in thickness with a layer of 200 μg/cm2 of 6Li. The monitor
was located 1.5 m upstream of the capture samples. The
ejectiles from the 6Li(n, α)3H reaction were detected by a set
of four Si detectors surrounding the sample outside the neutron
beam [22]. Calibration runs with a gold reference sample were
conducted at regular intervals for additional checks of the
neutron beam.

Capture events were detected via the prompt γ -ray cascades
with a pair of C6D6 liquid scintillator cells, which were
optimized for accurate measurements of resonance-dominated
(n, γ ) cross sections [23]. The thin carbon fiber cells are
directly glued onto an EMI-9823QKB photomultiplier tube,
thus reducing the detector mass as much as possible. This
design and the very low capture cross sections of deuterium,
carbon, oxygen, and silicon, which are the main constituents of
the scintillator and the detectors, resulted in a correspondingly
small neutron sensitivity of less than 10−5. We recall that
the neutron sensitivity of the capture setup is particularly
important in this measurement, considering the large scatter-
ing/capture ratio that characterizes 94Zr.

The detectors were mounted perpendicular to the neutron
beam, which was 4 cm in diameter at this point, and at a
distance of about 3 cm from the axis. Background due to
in-beam γ rays produced by neutron capture in the spallation
target and predominantly in the water moderator [18] was
reduced by placing the detectors 9.2 cm upstream of the sample
position.

The light output of the detectors was calibrated at 662,
1173, and 1332 keV with 137Cs and 60Co reference sources.
An additional calibration point at 6.13 MeV was obtained
by means of a composite 238Pu/13C source. The calibrations
were repeated at regular intervals to verify the stability of the
detectors and of the data acquisition system.

To extract the neutron energy the time of flight to energy
relation of Ref. [21] was used.

The data acquisition system was based on fast digitizers
operating at 500 × 106 MSamples/s with a memory option to
store the detector output for each neutron burst over a time-
of-flight (TOF) interval of 16 ms, corresponding to a lower
limit in neutron energy of 0.7 eV. The data from the digitizers
were reduced by a zero-suppression routine and the remaining
signals were stored for off-line analysis of the deposited γ -ray
energy in the scintillator and the respective TOF [24].

The 94Zr sample was prepared from ZrO2 powder with an
enrichment of 91.8%. The powder was pressed to a pellet
22 mm in diameter, 1.3 mm in thickness, and 2.015 g in mass.
The pellet was canned in an aluminum capsule with 0.1-mm-
thick walls and a mass of about 300 mg. The sample contained
impurities of Hf, Sn, Na, Mg, and Al, which contributed 0.01%
to the total weight. Various of the observed resonances in the
TOF spectra could be assigned to the impurities, in particular to
Hf and Sn. This background contribution was carefully taken
into account in data analysis.

In addition to 94Zr, a Au and a Pb sample were also mounted
on the carbon fiber sample changer used in the experiment.
Au was used for monitoring the neutron flux; the Pb sample
served for the determination of the background. The sample
characteristics are summarized in Table I.

B. Capture yields

The γ -ray spectrum and the corresponding cascade multi-
plicity depend on the isotope under study and may even change
from resonance to resonance for a given isotope. To detect
capture events independently of the cascade multiplicity, the
intrinsic efficiency of C6D6 detectors has to be corrected by
the pulse height weighting technique (PHWT) [25–27]. The
PHWT consists of an off-line modification of the response
function of the detector, which is constructed to modify
the detector efficiency such that it increases linearly with
γ -ray energy. In this case, the efficiency for capture cascades
becomes proportional to the total released γ energy.

The experimental capture yields are obtained by means
of weighting functions (WFs), which are parametrized as
polynomial functions of the γ -ray energy. Each recorded
detector signal is multiplied with the proper WF to obtain
the required linearity with γ -ray energy. This transformation
of the raw data is valid if the efficiency of the detector is
low enough to detect only one γ ray per capture event. This
requirement is met by the C6D6 detectors because of their low
intrinsic efficiency and their restricted solid angle, resulting
in an overall efficiency for the detection of capture events of
≈20%. The detailed geometry and nuclear composition of the
experimental setup have been implemented in Monte Carlo
simulations and the weighting functions were determined,
following the prescriptions outlined in Ref. [27].
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To obtain the absolute yield the measured yield has been
normalized by applying the saturated resonance technique,
using a 0.1-mm-thick Au sample [28].

Once the fraction of incident neutrons undergoing (n, γ )
reactions in the sample is defined, the capture yield is directly
linked to the capture and total cross sections.

C. Backgrounds

The identification and characterization of all possible
backgrounds is important because the capture cross section of
94Zr is relatively small. The different background components
are due to (i) capture events in the detectors or in surrounding
materials caused by neutrons scattered from the sample,
(ii) capture events in the aluminum can of the Zr sample,
(iii) in-beam γ rays produced in the spallation target, and
(iv) the ambient background in the experimental area.

(i) This contribution to the background was evaluated
by means of the carbon sample, which can be
considered as a pure scatterer. Thanks to the very low
neutron sensitivity of the setup [17,23], the neutron
scattering effect on the Zr resonances is practically
negligible.

(ii) Measurements with an empty Al can showed that
this component is also very small, except for a few
well-known Al resonances, which were identified
and subtracted from the Zr spectra.

FIG. 1. (Color online) Capture yield (black) and overall back-
ground (turquoise) as a function of neutron energy En. (a) shows the
entire energy range covered by the experiment, and (b) concentrates
on the the region of the investigated Zr resonances. All resonances
below 2 keV neutron energy are due to Hf and Sn impurities in the
sample.

(iii) The dominant background component in the keV
region of neutron energies is caused by in-beam
γ rays, which are scattered by the sample and
detected in the C6D6 scintillators. This background
was investigated by means of a lead sample, where
the capture channel is extremely low and γ scatter-
ing is enhanced due to the high atomic number.

(iv) The ambient background was found to be so small
that the uncertainty of this contribution could be
neglected.

The final capture yield and the overall background are
presented in Fig. 1.

III. RESONANCE ANALYSIS AND RESULTS

The experimental yield

Y expt = Yw

NnEc

+ B

is determined by the weighted net count rate Yw, the effective
binding energy Ec, the integrated neutron flux Nn, and the
overall background B.

In the resolved resonance region, the experimental yield
was analyzed with the R-matrix code SAMMY [29], which was
used in the Reich-Moore formalism to extract the individual
resonance parameters. Corrections for the energy resolution
of the neutron beam, for the Doppler broadening of resonance
widths due to the thermal motion, for isotopic and chemical
sample impurities, and for self-shielding and neutron multiple
scattering are considered in the fits with this code. The Doppler
broadening was treated by a free gas model assuming a
temperature of 300 K. The effect of potential scattering was
calculated using a nuclear radius of 7.2 fm [30]. The resolution
function of the n TOF neutron beam becomes important at
energies above 1 keV and leads to low-energy tails in the
resonance shapes.

In total 50 resonances could be analyzed in the investigated
energy range between 2 and 60 keV. Among these, four
resonances were identified for the first time, whereas four of the
resonances reported previously [31] have not been observed.
Examples illustrating the quality of the fits are summarized in
Fig. 2.

The determination of the resonance parameters requires
the combination of three measurements: two transmission
measurements on samples with different thicknesses (so-called
thin and thick [32]) and a capture measurement with a thin
sample. In fact, in the asymptotic limit the thin and thick
transmission resonance areas and the capture areas are given
by

A(thin) ∝ g�n,

A(thick) ∝ g�n(�n + �γ ),

Aγ ∝ g�n · �γ /(�n + �γ ),

where

g = (2J + 1)

(2In + 1)(2IZr + 1)
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FIG. 2. Examples of fits with the R-matrix code SAMMY (solid
lines). (a) and (b) refer to well-established resonances. In (c) the dash-
dotted line indicates a previously reported resonance [31], which was
not found in the present data. This resonance, which was calculated
with the parameters from the JENDL3.3 compilation [35], is probably
due to a contamination in the sample of [31]. Finally, (d) shows weak
resonances belonging to the upper part of the energy range considered
in the present analysis.

is the statistical spin factor determined by the resonance spin
J , the spin In = 1/2 of the incident neutron, and the spin of
the target nucleus, IZr = 0; �n and �γ are the neutron and
radiative widths, respectively.

Unfortunately a simultaneous analysis with the original
transmission data of Ref. [31], in which two samples of
94Zr of different thickness were used, was hampered by the
discrepancy between the normalization factors in the data
stored in the EXFOR library [33]. However, the transmission
data of Ref. [31] were fundamental, not only in order to fix the
g and �n values (given that �n � �γ in almost all cases), but
also in helping the fit of resonances, especially in the region
above 30 keV where the statistics of present measurement is
poor. Figure 3 shows how transmission data were used for the
discrimination of resonances; in particular, data reported in
the left panel allowed us to identify two resonances around
28 keV not analyzed in Ref. [31], probably they were not well
resolved in the capture data. On the contrary, data reported
in the right panel combined with present capture data showed
that resonance listed in Ref. [31] at 35.3 and 35.7 keV are
probably not physical.

In the resonance analysis here presented, the resonance
energies ER and the radiative widths �γ have been considered
as free parameters. In contrast, the neutron widths �n were
fixed to the values given in [30], which are based on
transmission measurements [31,34]. Similarly, the spin factors
were also fixed to the values given in the JENDL-3.3 evaluation
[35], because the capture data are not sensitive to the resonance
spin.

FIG. 3. Upper panels: Capture yield from present measurement
[fits made with the R-matrix code SAMMY (solid lines) are superim-
posed]. Lower panels: Transmission yield from the measurements,
of Refs. [31,33] [fits calculated with the parameters from Ref. [31]
(solid lines) are superimposed].

For a few resonances it was not possible to obtain an
acceptable fit of the capture yield if the �n values reported in
Ref. [31] were used. For these few cases and for the resonances
observed for the first time only the capture kernels are reported
instead.

The resonance parameters deduced in the analyses of the
background-subtracted capture yield are listed in Table II.

Because of the relatively low cross section of 94Zr, an
important part of the final uncertainty is due to limitations
in counting statistics. In particular, statistical uncertainties
play a relevant role in the analysis of resonances at energies
above 30 keV. Nevertheless, a small sample mass was used
in the present measurements to avoid systematic uncertainties
due to extensive corrections for sample-related effects such
as multiple scattering and self-shielding. Because of the
decreasing signal/background ratio, the statistical uncertainty
grows with neutron energy from ≈4% at 2 keV to ≈8% at
60 keV. Additional sources of uncertainty are due to the energy
dependence of the neutron flux and to the fraction of the neu-
tron beam covered by the sample. For the latter contributions
an uncertainty of 2% was determined by means of the saturated
resonance technique using the 4.9 eV resonance in 197Au. The
systematic uncertainty associated with the PHWT, which is
essentially due the Monte Carlo simulations for determining
the WFs, was determined to be less than 2% as discussed in
Ref. [27].

The present results can be compared with previous measure-
ments [31,34,36–38]. References [36,37] limit their analysis
to the first resonance at ≈2.2 keV; Ref. [34] lists 11 resonances
in the energy range between 2.2 and 14.2 keV and �γ values
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TABLE II. Resonance parameters ER , �n, and �γ and capture
kernels K . Uncertainty given on K accounts only for the statistical
part. New and unobserved resonances are marked by (*) and (×),
respectively.

Ea
R J l �γ ��γ �n K �K

(eV) (meV) (%) (eV) (meV) (%)

2240.54(4) 1/2 0 70.2 1.5 1.27 66.5 1.5
4924.70(7) 1/2 1 175 2.9 0.45 126 3.8
5760.4(6) 1/2 0 54.4 4.4 12.7 54.1 4.4
5817.7(1) 3/2 1 155 2.3 2.66 293 2.2
7071(1) 1/2 0 66.2 5.4 24 66 5.4
7712.3(3) 3/2 1 89.0 4.0 0.8 160 3.8
10135.4(3) 3/2 1 106 3.6 2.3 203 3.4
10562.4(6) 1/2 1 50 7.4 1.7 48.4 7.2
12037.9(5) 1/2 1 127 5.5 3.1 122 5.3
12515.9(7) 3/2 1 118 4.4 10.8 233 4.3
(*) 12809.1(8) (87.5) (56)
(×) ≈13390
14231.7(6) 3/2 1 97 5.7 2.4 187 5.4
15389(1) 1/2 1 142 6.3 8.3 140 6.2
17372(1) 1/2 1 134 7.9 8.35 132 7.8
17903(2) 3/2 1 208 4.8 38.5 415 4.7
19375(16) 1/2 0 104 13 160 104 13
19738(2) 219 55
19855(2) 1/2 0 59 13 6.6 59 13
20236(4) 1/2 1 164 8.5 41 163 8.4
22203(2) 1/2 1 225 7.1 5 215 6.9
22280(4) 1/2 0 62 14 12 62 14
23853(3) 3/2 1 165 6.6 28 327 6.2
24389(3) 1/2 1 200 8.5 28.5 199 8.5
25858(4) 286 4.0
(*) 27836(3) (239) (9.2)
(*) 28155(2) (376) (9.9)
29755(9) 1/2 0 115 13 61 114 13
30884(5) 1/2 1 184 13 26.5 183 13
31612(7) 3/2 1 92 12 36 184 12
32719(1) 3/2 1 150 13 78 299 13
34749(23) 1/2 0 149 3.8 84 149 3.8
(x) ≈35330
(x) ≈35700
36386(3) 306 26
37839(28) 3/2 1 136 30. 46 272 30
38808(1) 229 74
39721(6) 59 60
41563(9) 3/2 1 202 15 69 404 15
43112(1) 3/2 1 308 10 156 614 10
43698(2) 240 15
44408(5) 1/2 0 116 29 5 113 28
(x) ≈45520
46006(20) (99) (27)
47919(2) 3/2 1 65 32 15 129 32
48460(2) 1/2 0 89 24 37 89 24
49463(18) 95 18
(*) 49568(5) (348) (55)
51352(4) 1/2 1 94 9.2 25 90 8.9
52405(14) 1/2 1 234 20 35 233 20
54980(19) 1/2 1 103 37 35 102 37
55536(3) 3/2 1 355 14 18 695 13
56608(3) 112 16
58733(20) 660 12

1The notation 2240.54(4) used for the resonance energies is equivalent
to 2240.54±0.04.

FIG. 4. Ratio between �γ values (top) and capture kernels
(bottom) extracted from the present measurement and the results
reported by Boldeman et al. [31].

were extracted in four cases (resonances at 2.2, 5.8, 7.1,
and 12.5 keV). A comprehensive TOF study was performed
at the Oak Ridge electron linear accelerator with a pair of
fluorocarbon liquid scintillators for the capture and with a
6Li glass scintillator for the transmission measurement [31].
Fluorocarbon (C6F6) liquid scintillators were commonly used
at that time before C6D6 liquid scintillators with a much lower
neutron sensitivity became available. In Ref. [31] resonance
parameters were extracted in a wide energy range, up to
90 keV. It was found that the neutron widths of all analyzed
resonances are much larger than the radiative widths.

Accordingly, the radiative widths �γ listed in Ref. [31] and
those extracted in the present measurement can be directly
compared. In spite of large differences for some of the
resonances, the ratio of the present values and of the results
in Ref. [31] is very close to unity on average, as shown in the
upper panel of Fig. 4.

The corresponding comparison for the capture kernels
shows a very similar trend (bottom panel of Fig. 4). Capture
kernels are related to the resonance area and are defined as

K = g
�n�γ

(�n + �γ )
.

In first approximation the capture kernels are proportional
to �γ because �n � �γ in all observed 94Zr resonances.
Therefore, the average ratio of the K values is also very close
to unity.

IV. MAXWELLIAN-AVERAGED CROSS SECTIONS

For applications in s-process studies the experimental (n, γ )
cross sections have to be folded with the neutron velocity
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TABLE III. MACS values of 94Zr at kT = 30 keV thermal
energy. Uncertainties are given for experimental values only.

MACS (mb) Reference Year

21±4 [40] 1967
26.6±3.0 [31] 1976
33±5 [38] 1978
25±4 [42] 1983
26.1±1.0 [41] 1990
30.0 [35] 2002
29.1 [43] 2006

distribution in the stellar plasma to obtain the Maxwellian-
averaged capture cross sections (MACSs), which are even-
tually used for calculating the corresponding s abundances.
The neutron velocity distribution �(v) is well described by a
Maxwell-Boltzmann form [11], because neutrons are quickly
thermalized in the dense He-burning stellar plasma, where the
s-process takes place.

The folding procedure for obtaining the MACSs requires
the capture cross section σ (En) over a sufficiently wide neutron
energy range, ideally from about 100 eV and up to about
500 keV, in order to cover the full temperature ranges of the
plausible s-process scenarios sketched in Sec. I, including the
highest temperatures reached during shell carbon burning in
massive stars [11,39].

The MACS of 94Zr at a thermal energy of kT = 30 keV,
which have been reported previously on the basis of TOF
data [31,38,40], activation results [41,42], and evaluated cross
sections [35,43], are summarized in Table III. Most values
exhibit sizable uncertainties of 10%–20%, significantly higher
than needed for s-process analyses. The only more accurate
result, that of Ref. [41], was determined by activation in a
quasistellar spectrum for kT = 25 keV, which was truncated
slightly above 100 keV. This MACS agrees within 4% with
the average of all other data.

The MACSs of 94Zr are strongly dependent on the energy
and strength of very few prominent resonances. In particular,
the two resonances at 5.8 and 17.9 keV contribute 30%
and 14% of the total MACSs at thermal energies of 8 and
30 keV, respectively. Although the capture kernels measured
in the present work agree with the results of Ref. [31] on
average, there are important differences for the crucial cases
(Table IV).

MACSs calculated in the present work were extracted by
means of routines included in the SAMMY code [29]. Because
the neutron energy range covered in this work ends at 60 keV,
the present data had to be complemented for calculating the

TABLE IV. Capture kernels K of the most prominent
resonances.

K (meV)

ER (keV) Ref. [31] This work

5.8 330 ± 30 293 ± 6
17.9 610 ± 60 415 ± 20

FIG. 5. (Color online) (a) Relative contribution of the present
results to the MACSs as a function of thermal energy. (b) Ratio
between MACSs based on the present work and those based on
evaluated data from the JENDL-3.3 library [35] in the energy range
below 60 keV. (c) MACSs for the full energy range using the present
results complemented above 60 keV by data of the JENDL-3.3
evaluation (black symbols) or by data of the JENDL-4.0 evaluation
(red symbols). The 30 keV value from Ref. [31] (blue symbol) and the
MACSs from the compilation of Ref. [11] (dashed line) are shown
for comparison (to avoid the overlap of error bars the value from
Ref. [31] was displaced along the abscissa from 30 to 31 keV).

MACSs. To illustrate the impact of the new results, first a
set of MACS calculations was truncated at 30 (resonance
parameters could be determined with uncertainties lower than
10% up to this energy) and 60 keV (Table V). As illustrated
in Fig. 5(a), the contribution of the complementary part is
negligible at low thermal energies and increases with kT to
reach 30% at 30 keV. Compared to an analogously calculated
set using the evaluated data from the JENDL-3.3 library [35],
Fig. 5(b) shows a pronounced kT dependence, which reflects
the differences from the evaluated data [31,35] for the crucial
resonances at low kT . At higher thermal energies the weight
of these resonances in the MACSs is strongly reduced, due
to the increasing contribution of the evaluated cross section
for neutron energies above 60 keV. Compared to the values of
the compilation of Bao et al. [11] and to those obtained from
the results of Ref. [35], the present MACSs are smaller at low
kT, in particular at 8 keV, the temperature where the 13C(α,n)
neutron source is operating in thermally pulsing low-mass
AGB stars [3].

For high thermal energies, the use of evaluated cross
sections above 60 keV introduces an additional uncertainty,
related to differences between various libraries. In particular,
while the cross sections in JENDL-3.3 and ENDF/B-VII.0
are similar, the recently released library JENDL-4.0 [44]
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TABLE V. MACSs (in mb) calculated for upper integration limits of 30 and 60 keV and for the full energy range compared with MACSs
obtained with data from Refs. [11,35].

kT En � 30 keV En � 60 keV Full range

(keV) This Ref. This Ref. This Ref.
work [35] work [35] work [35] Ref. [11]

5 69.8 ± 3.5 77.1 70.2 ± 3.5 77.5 70.3 ± 3.5 77.5 74
8 56.2 ± 2.8 61.2 58.5 ± 2.9 63.3 58.5 ± 2.9 63.3
10 48.2 ± 2.4 52.0 52.0 ± 2.6 55.6 52.3 ± 2.6 55.9 52
15 33.5 ± 1.7 35.5 40.4 ± 2.0 41.7 42.3 ± 2.2 43.5 40
20 24.4 ± 1.2 25.5 32.2 ± 1.6 32.6 36.5 ± 2.0 36.7 33
23 20.5 ± 1.0 21.3 28.4 ± 1.4 28.4 34.0 ± 2.0 34.0
25 18.4 ± 0.9 19.1 26.2 ± 1.3 26.0 32.9 ± 2.0 32.6 29
30 14.3 ± 0.7 14.7 21.6 ± 1.1 21.2 30.5 ± 2.0 30.0 26
40 9.3 ± 0.5 9.5 15.2 ± 0.8 14.8 27.4 ± 2.0 26.8 23
50 5.5 ± 0.3 6.5 11.1 ± 0.6 10.8 25.5 ± 2.0 25.0 22
60 4.5 ± 0.2 4.8 8.6 ± 0.4 8.2 24.3 ± 2.0 23.8 22
80 2.8 ± 0.1 2.8 5.4 ± 0.3 5.2 22.6 ± 2.0 22.3 21
100 1.9 ± 0.1 1.9 3.7 ± 0.2 3.5 21.6 ± 2.0 21.4 21

contains substantially smaller evaluated cross sections. The
effect can be clearly seen in Fig. 5(c), which shows the
MACSs calculated with the n TOF data complemented with
evaluated cross sections from JENDL-3.3 (black symbols)
and from JENDL-4.0 (red symbol). For comparison, the
compilation from Bao et al. [11] is also shown in the figure,
together with the MACS of Ref. [31] (blue symbol). While, as
expected, the choice of the evaluated file has little influence on
low-temperature MACSs, an increasing difference is observed
at higher thermal energy, reflecting the differences in the
evaluated cross sections. In particular, the MACSs calculated
with JENDL-4.0 extrapolation are systematically lower than
the one obtained using JENDL-3.3, with the difference
increasing for increasing thermal energy. Compared with the
compilations of Bao et al., the n TOF results show a good
agreement below 50 keV thermal energy when extrapolated
with JENDL-4.0, while a much better agreement is observed
at higher temperatures when complemented with JENDL-3.3.
It is clear that the differences in the evaluated cross sections
make it difficult at the moment to obtain a clear indication of
the value of the MACSs at high thermal energy. New data at
high energy would be very useful in this respect, since they
would allow a reduction of the uncertainty on the calculated
MACSs, by discriminating between different evaluations.

V. ASTROPHYSICAL IMPLICATIONS

The changes in the MACS values imply that about 10%
more 94Zr is produced in the interpulse period between He
shell flashes in thermally pulsing low-mass AGB stars by the
13C(α, n) neutron source due to the lower MACS at kT =
8 keV. The final abundance is established, however, during
each subsequent He shell flash, when the 22Ne(α, n) source
is activated at about 23 keV, where the MACS is about 10%
higher compared to the data of Ref. [11].

Accordingly, one finds a slightly lower s-process produc-
tion of 94Zr if the calculation of Ref. [4] is repeated with

the present MACSs. The increase of the s abundance at
kT = 8 keV is compensated at kT = 23 keV in spite of the
lower neutron fluence provided by the 22Ne(α, n) source. In
the end, the 8% overabundance obtained by Arlandini et al. [4]
was found to decrease by 2%.

The reason for this problem resides in the approach of
Arlandini et al. to reproduce the s component of the solar
abundance distribution with a particular stellar model. If the
solar s component is, instead, determined within a realistic
treatment of Galactic evolution, including the s-process yields
from AGB stars of different mass and metallicity and account-
ing for their respective lifetimes [45,46], it turned out that the
s-process components of Sr-Y-Zr are about 20%–30% lower
than the values reported in Ref. [4]. Within this difference, the
higher s component of 94Zr implied by the present MACSs is
well consistent with its observed solar abundance.

VI. CONCLUSIONS

The (n, γ ) cross section of 94Zr has been measured with
improved accuracy between 1 eV and 60 keV neutron energy at
the n TOF facility at CERN. The parameters of 50 resonances
(four newly identified) were determined in the neutron energy
range between 2 and 60 keV.

At thermal energies of 8 and 23 keV, typical for the s process
in thermally pulsing low-mass AGB stars, the MACS values
were found to be slightly lower and 10% higher than reported in
current compilations [11,39], respectively. These differences
are relaxing the overabundance problem for 94Zr reported by
Arlandini et al. [4], but are well compatible with the expecta-
tion from a chemical evolution model of the Galaxy [45,46].
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