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ABSTRACT

A high-power Liquid-Lithium Target (LiLiT) was used for the first time for neutron production via
the thick-target “Li(p,n)”Be reaction and quantitative determination of neutron capture cross sections.
Bombarded with a 1-2 mA proton beam at 1.92 MeV from the Soreq Applied Research Accelerator
Facility (SARAF), the setup yields a 30-keV quasi-Maxwellian neutron spectrum with an intensity of
3-5 x 10'9 n/s, more than one order of magnitude larger than present near-threshold ’Li(p,n) neutron
sources. The setup was used here to determine the 30-keV Maxwellian averaged cross section (MACS)
of 4Zr and %Zr as 28.0 + 0.6 mb and 12.4 + 0.5 mb respectively, based on activation measurements.
The precision of the cross section determinations results both from the high neutron yield and from
detailed simulations of the entire experimental setup. We plan to extend our experimental studies
to low-abundance and radioactive targets. In addition, we show here that the setup yields intense
high-energy (17.6 and 14.6 MeV) prompt capture y rays from the ’Li(p,y)®Be reaction with yields
of ~3 x10% ys~! mA~! and ~ 4 x 108 ys~'mA~!, respectively, evidenced by the %°Zr(y,n)%zr

photonuclear reaction.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The availability of high-intensity (mA range) linear accelera-
tors [1,2] and the recent commissioning of the high-power (kW
range) Liquid-Lithium Target (LiLiT [3,4]) pave the way to a new
generation of experimental investigations in nuclear physics and
astrophysics. The 7Li(p,n)’Be reaction just above the ’Li(p,n)
threshold (E, = 1.880 MeV) has been traditionally used to produce
neutrons in the epithermal energy regime; the thick-target angle-
integrated neutron yield is known to have an energy distribution
similar to that of a flux of Maxwellian neutrons v - dnyp/dE,;
Enexp(—En/kT) at kT ~ 25 keV [5]. It has been used in particu-
lar for the study of s-process nucleosynthesis (see [6] for a review)
but the neutron yield (< 10° n/s) was so far limited by the beam
power dissipation in a solid Li (or Li-compound) target. An increase
in available neutron intensity and flux is considered an impor-
tant goal [7] in order to extend experimental investigations to
low-abundance and radioactive targets. We report here on first ac-
tivation measurements of neutron capture cross sections by activa-
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tion and their extrapolation to Maxwellian-Averaged Cross Sections
(MACS) in stable Zr isotopes using the high-intensity (1-2 mA)
continuous-wave proton beam from the superconducting linear ac-
celerator SARAF [2] and the Liquid-Lithium Target (LiLiT [3,4]). The
neutron yield of ~3-5 x 10'% n/s is 30-50 times larger than in
existing facilities based on the near-threshold ’Li(p, n) reaction for
neutron production. Preliminary results of these experiments were
reported recently [8,9]. The choice of a "Zr target for these first
experiments was motivated by the importance of the Zr isotopes
along the path of s-process nucleosynthesis [6]. Notably, Zr iso-
topic anomalies (relative to Solar abundances) detected in presolar
grains are attributed to materials synthesized by the s-process at
various stages of He core and inter-shell burning in Asymptotic
Giant Branch stars, contributing a complex patchwork of nucle-
osynthesis information [10,11]. A detailed analysis of these data in
terms of astrophysical models [12,13] emphasizes the importance
of the s-process neutron capture cross sections in this region of
nuclides; several sets of experimental values of the neutron cap-
ture cross sections are available in the literature [14-22]. It was
also shown recently [23] that the ratio of Zr to Nb abundances,
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Fig. 1. Detail diagram of the Liquid-Lithium Target (LiLiT) and activation target as-
sembly. The (1-2 mA, ~10 mm diameter) proton beam (dashed red arrow) im-
pinges on the free-surface lithium film (yellow ellipse). The solid blue arrows show
the inlet and outlet of the external circulating loop (see [3] for details). The acti-
vation target sandwich (Au-Zr-Au) is mounted on a circular holder and positioned
in the outgoing neutron cone (green dotted lines) at a distance of 6-8 mm from
the lithium surface in a vacuum chamber separated from the LiLiT chamber by a
0.5 mm stainless steel wall convex to the beam. The retractable shaft (at left) is
used to load and unload rapidly the target assembly. (For interpretation of the ref-
erences to color in this figure, the reader is referred to the web version of this
article.)

%, in s-process enriched stars (S-stars) can be used to esti-
mate the relevant stellar temperatures. We report here on new
MACS (kT = 30 keV) determinations for the 9497Zr isotopes. In
our experiments, the liquid-lithium target bombarded by a high-
intensity proton beam yields also intense (~7 x 108 y s~'mA~1)
high-energy prompt gamma rays (17.6 and 14.6 MeV) from the
7Li(p, y)®Be capture reaction, evidenced by activation through the
907r(y,n)8Zr photonuclear reaction.

The Liquid-Lithium Target (LiLiT) consists of a film of liquid
lithium (~200°C), 1.5 mm thick and 18 mm wide, forced-flown
at high velocity (~2-5 m/s) onto a concave thin (0.3 mm) stain-
less steel wall by an electromagnetic induction pump (Fig. 1; see
[3] for details of the target design). The (windowless) lithium film,
bombarded by a ~1-2 mA proton beam (E, ~ 1.92 MeV) from the
SARAF accelerator [2] acts as both the neutron-producing target
and the power beam dump for the mA-proton beam (~2-3 kW)
by fast transport of the liquid lithium to a reservoir and heat ex-
changer. With the proton beam focused transversally to an approx-
imate radial Gaussian distribution (o, ~ 2.8 mm) in order to in-
crease the neutron output flux, the power volume density contin-
uously deposited by the beam at the Bragg peak depth (~170 um)
in the liquid lithium is of the order of 1 MW/cm? [3] while main-
taining stable temperature and vacuum conditions with a lithium
flow velocity of ~2.5 m/s. In the experiments described here, we
activated a ™'Zr target positioned in a separate vacuum chamber
behind a thin stainless wall (0.5 mm) of opposite curvature to that
of the liquid-lithium duct (Fig. 1), reducing thus the distance from
the neutron source; the distance of the 25-mm diameter Zr target
can be as small as 6 +£ 1 mm, intercepting a large fraction (>90%)
of the outgoing neutrons. Table 1 lists the activation conditions
in three independent runs and their results. In each activation
run, the Zr target was tightly sandwiched by two Au foils of the
same diameter serving as neutron fluence monitors by off-line y
counting of the 198Au activity. A y autoradiograph of the activated
Au foils [8] allowed us to determine the centering of the neu-
tron beam relative to the target assembly; correction for a slight
misalignment (~2-3.5 mm), observed in the different experiments
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Fig. 2. y-ray spectrum obtained by measuring the Zr sample for 226 348 s, starting
83700 s after end of Exp I (see Table 1) with a shielded HPGe. The photo-peaks
from the decay of the activated Zr isotopes and daughters are labeled in keV.

and due to the difficulty in precise steering of the high-intensity
proton beam, was taken into account in the analysis. The proton
beam energies, measured with concordant results by Rutherford
back scattering off a Au target after the acceleration module and
by a time-of-flight pick-up system, were found to be slightly differ-
ent in the three experiments (see Table 1) due to different tuning
of the linear accelerator. In some of the experiments, the energy
calibration was confirmed by a scan of the narrow 3C(p, y) res-
onance (E,(lab) =1.746 MeV) and the 7Li(p,n) threshold region.
A beam energy spread of ~15 keV, estimated from beam dynamics
calculations, was verified experimentally [9]. The activities of the
Zr targets were measured (Fig. 2) in the same geometry as the Au
monitors with a High-Purity Ge (HPGe) detector and corrected for
decay, line intensity, self-shielding and photopeak efficiency to ex-
tract the number of %97Zr and 98Au products (Supp. mat.). In the
experiments, two different HPGe detectors (respectively shielded
and unshielded) were used.

Characterization of the activation data in terms of a cross sec-
tion requires knowledge of the neutron spectrum seen by the tar-
gets. The integral neutron spectrum seen by a target under the
conditions of the current experiment is however not measurable
and we rely for its shape on detailed simulations using the codes
SimLiT [24] for the thick-target “Li(p, n) neutron yield and GEANT4
[25] for neutron transport (Fig. 3a). The SimLiT-GEANT4 simula-
tions have been carefully benchmarked in a separate experiment
[26] and excellent agreement with experimental time-of-flight and
(differential and integral) energy spectra was obtained [24,26]. We
also measured the neutron time-of-flight spectrum (Fig. 3b) with
the present LiLiT setup using a 1-inch thick 6Li-glass detector posi-
tioned at 0° at a distance of 180 cm downstream of the lithium
target and a chopped proton beam (200 ns width). Despite ex-
tensive scattering of neutrons between source and detector, the
SimLiT-GEANT4 simulation is in good agreement with the mea-
sured spectrum and confirms its reliability. The simulated spec-
trum d;%:‘ is well fitted in the range E, ~ 0-80 keV by a Maxwell-

Boltzmann (MB) flux vt o Eye™ & with kT ~ 30 keV (Fig. 3a),
except for small glitches due to resonances of neutron reactions
in structural materials (Fe, Al, Ni and Cr) having a negligible con-
tribution to the integral yield. The AZ(n, y) cross sections directly
determined in the experiment (Table 1), averaged over the neutron
spectrum, are obtained from the expression

Nactexp (A+ 1) ni(Au) f(Au)
Nact,,, (Au)  ne(A)  f(A)

(1)

Oexp(A) = opnpr(AU)



420 M. Tessler et al. / Physics Letters B 751 (2015) 418-422

Table 1

Experimental parameters (Ep: proton mean energy and AE,: energy spread (1o0), Az: distance lithium surface-activation target and accumulated proton charge during the
activations), experimental cross sections (multiplied by %) and MACS (30 keV) values determined in this work for +%Zr (see text and Supp. mat.). The final value of the
MACS is obtained by an unweighted average of the three experiments and the uncertainty is determined based on the individual uncertainties taking into consideration their

systematic component.

Exp Ep £ AEp (keV) Az (mm) Charge (mAh) Isotope f—;aexp (mb) CENDF MACSg (mb)
97zr 29.940.8 0.98 4 0.03 28.740.8
! 1908 £15 8 u %7r 13.6£0.7 1.22+0.08 12.6+0.8
9M7r 28.240.8 0.96 4 0.03 27.940.8
It 1917415 6 u %6zr 13.4+0.5 1.18 £ 0.04 12.1+0.5
947zr 24.540.7 0.93 4 0.03 27.340.7
i 1942:£15 6 15 %6zr 123403 1.20 +0.06 12.4+0.6
Unweighted 947r 28.0+0.6
Average %6zr 12.4+0.5
s+ (@) for the decay of activated nuclei during the activation time and
410”7 .a o 7 variations in the neutron rate (see Supp. mat.). In (1), we use as
L 2 * SImLIT+GEANT4 reference a 19 Au(n, y) cross section
o . __ fit: E-exp(-E/KT)
€ 3x10° [ . KT = 31.6 keV = . dne;
s . J oenpF(En; Au) g dEn
2 ~ ] OENDF (AU) = p : (2)
= Sim dE
S 8| | f dE, n
w 2x10
g | i In (2), ognpr(En; Au) is taken from the ENDF/B-VIL1 (USA, 2011)
5 \ E - 1917 keV [27] library for '¥7Au. The latter library (denoted henceforth ENDF)
1x10 £ S‘;read= 15 keV 7 was extensively validated for 197Au [28,29] and especially in the
P g neutron energy range relevant to our measurements [26,30] and
0' L L L - ‘ serves here for neutron fluence normalization.
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Fig. 3. (a) Simulated neutron spectrum (dr;li“,'.") impinging on the Zr target (Exp. II)
(dots) and fit (solid line) of a Maxwell-Boltzmann flux (see text). (b) Neutron time-
of-flight spectrum (black) measured with a 200 ns-wide chopped proton beam and
a 1”-thick ®Li-glass detector at a distance of 180 cm from the liquid-lithium tar-
get. The separated group at the right-end of the experimental spectrum results from
prompt 478-keV y rays from 7Li(p, p’). The spectrum obtained from a simulation of
the entire experimental system using the SimLiT-GEANT4 codes is shown in red and
reproduces closely the main neutron group. The neutron group around channel 550,
observed in both the experimental and simulated spectrum is due to the n + °6Fe
resonance at E, = 26 keV (see (a)) and extensive neutron interactions in the stain-
less steel flanges between target and detector. The simulated spectrum, calculated in
absolute time-of-flight units (ns), is converted into channels relative to the gamma
peak starting at t = 6 ns; its ordinate (countschannel~! mC~1) is calculated based
on the proton charge accumulated in the measurement with no further normaliza-
tion. Neutrons observed at large time-of-flight values are attributed to scattering off
materials outside the scope of the simulation. (For interpretation of the references
to color in this figure, the reader is referred to the web version of this article.)

where Noct,y, (A + 1) (Nacte,, (Au)) is the number of AT zr (198Au)
activated nuclei determined experimentally, n;(A) (n:(Au)) is the
AZr (Au) target thickness (atom/cm?) and f(A) (f(Au)) accounts

In order to extrapolate the activation results and extract ex-
perimental MACS values we use available neutron cross section
libraries, corrected by our activation data in the measured energy
range, and detailed SimLiT-GEANT4 simulations of the setup. The
MACS of a reaction at the temperature T of an astrophysical site is
defined as

(0v) 2 [0 (En)Ene” HdE,

MACS(kT) = " = :
VI [ Eem it dE,

(3)

where o (E,) is the true energy-dependent reaction cross section.
We determine here an experimental value MACSZZP of the radia-
tive neutron capture (n, y) for the target nucleus AZr (A = 94, 96)
using the expression:

En
i fooo Clib(A)O’ﬁL};(En)Ene_ﬁdEn

MACSSP (A; kT) =
Ve I Ene_%dEn

lib

(4)

In (4), o,ﬁJ(En) is the 4Z(n, y) cross section given by a neutron li-
brary lib and Cj;,(A) a correction factor for the library lib extracted
from our activity measurements by the expression

(Nactexp (A+1) )
Nactexp (Au)
( Nacty, (A+1) ) ’

Nactgyypr (Ru)

Ciip (A) = (5)

In (5), Nacty, (A4 1) and Ngcegype (Au) are the number of activated
A+17r and 198Au nuclei obtained in a single overall SimLiT-GEANT4
simulation of the experimental system (including the Au-Zr target
sandwich), using the neutron library lib for AZr. The final results
for the MACS (30 keV) of 9497r, listed in Table 1, are extracted
using the ENDF library (see Supp. mat. Table 11 for a compar-
ison of MACS values using extrapolation with different neutron
libraries). The values % - Oexp (Which depends on the proton inci-
dent energy via the resulting neutron spectrum) and the MACS (a
property of the nuclide) differ by 4% to 13%, giving a measure of
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Fig. 4. Comparison of MACS (30 keV) from the literature (black dots) [14-22] and
the present work (red squares) for %4Zr (top) and %Zr (bottom). Wyrick et al. and
Toukan et al. values [17,18] obtained by activation using the '97Au(n, y) cross sec-
tion as reference were corrected to the value established in [28,29] as done in
this work. For %6Zr, The open circle value is the value obtained by Tagliente et al.
[21] from a time-of-flight measurement and the full circle is the value obtained by
adding a direct radiative capture (DRC) component. (For interpretation of the ref-
erences to color in this figure, the reader is referred to the web version of this
article.)

the moderate correction involved in the extrapolation to the MACS.
Table 2 (and Supp. mat.) lists the uncertainties in the MACS values
determined in one of our experiments. In order to have a quan-
titative estimate of the uncertainty associated with the use of a
simulated neutron energy spectrum, we use the data of [26] as
follows. The 7Li(p,n) neutron time-of-flight spectra measured in
[26] in the range 0°-80° and those simulated by SimLiT-GEANT4
in the conditions of this experiment were converted to energy
spectra using the same algorithm (see [24,26] for details of algo-
rithm) and the two resulting spectra were then convoluted with
the same energy-dependent '97Au(n, y) ENDF cross section. The
resulting averaged cross sections are 608 mb and 599 mb, respec-
tively and an uncertainty of 1.5% is correspondingly ascribed to
the use of the simulated spectrum for cross section calculation.
An uncertainty component resulting from the proton energy E,
and energy spread AE, was estimated from the change of MACS
values when distributing E, and AE, in their respective range;
we note the insensitivity of the final value to E, and AE,. The
uncertainty associated with the use of the ENDF library for the
extrapolation to the MB spectrum was calculated (see Supp. mat.
for details) based on the quoted ENDF (energy-dependent) uncer-
tainties for Au and 4%7Zr [31]. Fig. 4 illustrates a comparison

Table 2
Random (rand) and systematic (sys) relative uncertainties in the MACS (30 keV) of
94,967 for Exp. Il (see text and Supp. mat.).

Source of Uncertainty (%)
uncertainty 947, 9%7p

rand sys rand sys
Target thickness 04 04
Activated nuclei 1.6 0.6
Photopeak eff. rel. to Au 0.5 0.5
Simulation 1.5 1.5
Ep, AE, and Az 0.4 23
OENDF (AU) 1.0 1.0
OENDF (Z1) 16 2.2
Total random uncertainty 1.6 0.7
Total systematic uncertainty 2.5 3.7
Total uncertainty 3.0 3.8

of our results with existing sets of experimental data for 949%zr

MACS (30 keV) values. For measurements obtained by activation
[17,18], values in Fig. 4 were corrected for sake of consistency to
the ENDF 1°7Au(n, y) cross section used in the present analysis
and established since as reference value [28,29] and for updated
photo-peak intensities used in this work [35,36] (see Table 4 in
Supp. mat.). We stress the lower uncertainties compared to most
experiments, owed to both the higher neutron intensity and cor-
responding better counting statistics and the detailed simulations
of the experimental setup. We observe in general a slightly larger
uncertainty for 96Zr (and also larger correction factors Cj,(96)).
We expect the present results to be significant in s-process cal-
culations in the Zr region and we note especially that the lower
96Z7r(n, )7 Zr MACS value (open circle in Fig. 4) used recently in
the detailed astrophysical model calculations by Lugaro et al. [13]
is inconsistent with our result. This lower value was in fact cor-
rected in [21] by adding a direct-capture component; the corrected
value (full circle in Fig. 4) is consistent with the present work. Al-
though the thermal energy of 30 keV considered so far is widely
adopted as a reference point for s-process nucleosynthesis, the rel-
evant values for its “weak” (“main”) regimes are considered to be
90 keV (8 and 23 keV) [6]. Since Zr lies at the border line be-
tween these regimes, we extrapolate our experimental values for
94,9671 to these temperatures (see Supp. mat. for details of these
extrapolations). From our analysis, the MACS at 8, 23 and 90 keV
for #4Zr (%Zr) are 63.9+3.7 (45.3+£5.5), 32.5+ 1.1 (15.6 +1.1)
and 18.5+2.1 (8.6 +1.7) respectively. The larger uncertainties are
due mainly to the smaller overlap between the experimental neu-
tron spectrum and the respective MB spectra at temperatures far
from 30 keV; they are based here also on the quoted ENDF energy-
dependent uncertainties Aognpr (Supp. mat.). Any future update in
these uncertainties could be applied using the same formalism.
An additional feature of the use of a thick liquid-lithium tar-
get with a high-intensity proton beam is the copious production of
high-energy y rays from the radiative capture ’Li(p, y)®Be reac-
tion. We observe these y rays in our experiments via the photonu-
clear reaction %°Zr(y,n)39Zr (Fig. 2). No other (y,n) reaction on
the ™*Zr target is readily observable by y spectrometry of the ac-
tivated target; we note also that the *6Zr(y, n)®Zr reaction (which
could potentially interfere with the 94Zr(n, )% Zr activation) has
negligible yield compared to that of the (n, ) reaction due to the
low %Zr abundance. The 7Li(p, y)®Be reaction produces princi-
pally 17.6 MeV and 14.6 MeV y rays and their yield was measured
in [32] with a thin Li target. The high-energy y spectrum was
measured (Supp. mat.) with the LiLiT setup in a separate exper-
iment (under neutron threshold) with a 6” x 4” Nal(Tl) detector
positioned behind a 1.5 m thick concrete wall (shielding the over-
whelming 478-keV y-rays from Li(p, p’'y)). Using 2°Zr(y,n)®Zr
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cross section values of 173 mb (85 mb) for E,y = 17.6 (Ey, =
14.6) MeV (in the Giant Dipole Resonance region) measured in
[33] and an averaged branching ratio % ~ 1.3 obtained by inte-
grating the data of Zahnow et al. [32] into a thick-target yield
between 0.1 < E, < 1.9 MeV, the respective measured gamma
yields are 3 x 108 3957 ' mA~! (4 x 108 y; s~  mA~1). These yields
can be compared with the values 1.2 x 108 y5s~'mA™! (1.5 x
108 y; s~ ' mA~1) calculated from the data of [32] and show a con-
siderable additional yield, possibly due in part to additional reso-
nances in $Be for E, > 1.5 MeV, above the range measured in [32].

In conclusion, we have shown that the high-power Liquid-
Lithium Target bombarded by a mA proton beam, in conjunction
with detailed simulations of the experimental system, allows us
precise determination of 30-keV MACS values. In this first ex-
periment, we determined the 30-keV MACS of %*Zr and °6Zr as
28.04+0.6 mb and 12.4 +0.5 mb, respectively. The SARAF-LILiT fa-
cility is being upgraded in several aspects. Since the LiLiT device
is capable of sustaining higher power levels than those used so
far, the primary proton intensity, presently on average of ~1 maA,
is being upgraded to 2 mA. The neutron intensity, intersecting a
small target (6 mm diameter) at a typical distance of 5.5 mm from
the liquid Li surface, is estimated as ~3 x 10'° n/s for a 2-mA pro-
ton beam at 1.93 MeV, considered suitable in view of the energy
spread. It is expected that, with gained experience on operation
and control of the accelerator, the beam limitation will be im-
proved towards a final goal of 4 mA. A pneumatic rabbit is in
construction for the transport (in vacuo) of activation targets with
short half-life products (down to a few seconds). Finally a dedi-
cated target room, designed for the housing of an upgraded LiLiT-II
neutron source, will give more flexibility in the use of the facil-
ity. The system will be particularly useful for neutron activation
measurements of low-abundance isotopes or radioactive targets. As
an example, a measurement of the important 8°Fe(n, y)®'Fe cross
section, as performed in [34], would be possible with a ~100 ng
60Fe radioactive target or correspondingly, improve the statistical
uncertainty with a target of larger mass. We stress also the possi-
bility to use the present setup (above or below neutron threshold)
for the study of photonuclear reactions in the Giant Dipole Res-
onance region with intense yields of ~7 x 108 ¥ s~'mA~! from
prompt ’Li(p, y) capture y rays, as demonstrated here with the
907r(y,n)89Zr photonuclear reaction. The setup is planned to be
used towards investigations of photodissociation and photofission
reactions.

Acknowledgements
We acknowledge gratefully the support of the Pazi Foundation

(Israel) and of the German-Israeli Foundation (GIF Research Grant
No. G-1051-103.7/2009).

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.physletb.2015.10.058.

References

[1] J. Wei, in: Proceedings of IPAC2014, Dresden, Germany, 2014, p. 17 (MOYBAO1),
http://accelconf.web.cern.ch/AccelConf/IPAC2014/papers/moyba01.pdf.

[2] A. Kreisel, et al, in: Proceedings of Linac 2014, Geneva (Switzerland),
2014, p. 770 (WEIOB02) and references therein, http://accelconf.web.cern.ch/
AccelConf/LINAC2014/papers/weiob02.pdf.

[3] S. Halfon, et al., Rev. Sci. Instrum. 84 (2013) 12350.

[4] S. Halfon, et al., Rev. Sci. Instrum. 85 (2014) 056105.

[5] W. Ratynski, F. Kdppeler, Phys. Rev. C 37 (1988) 595.

[6] F. Kdppeler, et al., Rev. Mod. Phys. 83 (2011) 157.

[7] U. Ratzinger, et al., in: Proceedings of IPAC’'10, Kyoto, Japan, 2010, p. 597
(MOPEC059), http://accelconf.web.cern.ch/AccelConf/IPAC10/papers/mopec059.
pdf.

[8] M. Paul, et al, in: Proceedings of the 13th International Symposium on Nu-
clei in the Cosmos, 2014, PoS NIC XIII (2014) 059, http://pos.sissa.it/archive/
conferences/204/059/NIC%20XIII_059.pdf.

[9] G. Feinberg, PhD thesis, submitted to Hebrew University, 2014, unpublished.

[10] G.K. Nicolussi, et al., Science 277 (1997) 1281.

[11] E. Zinner, Annu. Rev. Earth Planet. Sci. 26 (1998) 147.

[12] M. Lugaro, et al., Astrophys. J. 593 (2003) 486.

[13] M. Lugaro, et al., Astrophys. J. 780 (2014) 95.

[14] R.L. Macklin, J.H. Gibbons, Phys. Rev. 159 (1967) 1007.

[15] J.W. Boldeman, et al., Nucl. Phys. A 269 (1976) 31.

[16] A. de L. Musgrove, et al., in: Neutron Physics and Nuclear Data for Reactors and
Other Applied Purposes, OECD, Paris, 1978, p. 449.

[17] J. Wyrick, W. Poenitz, Technical Report No. ANL-83-4, Argonne National Labo-
ratory, 1983, p. 196.

[18] K.A. Toukan, F. Kdppeler, Astrophys. ]. 348 (1990) 357.

[19] G. Tagliente, et al., Phys. Rev. C 84 (2011) 015801.

[20] B. Allen, J. Gibbons, R. Macklin, Adv. Nucl. Phys. 4 (1971) 205.

[21] G. Tagliente, et al., Phys. Rev. C 84 (2011) 055802.

[22] I. Dillmann, et al., in: A. Woehr, A. Aprahamian (Eds.), Capture Gamma-Ray
Spectroscopy and Related Topics, in: AIP Conference Series, vol. 819, American
Institute of Physics, New York, 2005, p. 123, http://www.kadonis.org.

[23] P. Neyskens, et al., Nature 517 (2015) 174.

[24] M. Friedman, et al., Nucl. Instrum. Methods Phys. Res., Sect. A, Accel. Spectrom.
Detect. Assoc. Equip. 698 (2013) 117.

[25] S. Agostinelli, et al., Nucl. Instrum. Methods Phys. Res., Sect. A, Accel. Spectrom.
Detect. Assoc. Equip. 506 (3) (2003) 250.

[26] G. Feinberg, et al., Phys. Rev. C 85 (2012) 055810.

[27] M.B. Chadwick, et al., Nucl. Data Sheets 112 (2011) 2887.

[28] C. Lederer, et al., Phys. Rev. C 83 (2011) 034608.

[29] C. Massimi, et al., Eur. Phys. J. A 50 (2014) 124.

[30] C. Lederer, et al., Phys. Rev. C 85 (2012) 055809.

[31] R.E. MacFarlane, http://t2.lanl.gov/nis/data/endf/covVIL1/, 2011.

[32] D. Zahnow, et al., Z. Phys. Hadrons Nucl. 351 (1995) 229.

[33] S.S. Dietrich, B.L. Berman, At. Data Nucl. Data Tables 38 (1988) 199.

[34] E. Uberseder, et al., Phys. Rev. Lett. 102 (2009) 151101.

[35] H. Xiaolong, Nucl. Data Sheets 110 (2009) 2533.

[36] N. Nica, Nucl. Data Sheets 111 (2010) 525.


http://dx.doi.org/10.1016/j.physletb.2015.10.058
http://accelconf.web.cern.ch/AccelConf/IPAC2014/papers/moyba01.pdf
http://accelconf.web.cern.ch/AccelConf/LINAC2014/papers/weiob02.pdf
http://accelconf.web.cern.ch/AccelConf/LINAC2014/papers/weiob02.pdf
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4C694C695431s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4C694C695432s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib5261745F4B6570s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib735F70726F63s1
http://accelconf.web.cern.ch/AccelConf/IPAC10/papers/mopec059.pdf
http://accelconf.web.cern.ch/AccelConf/IPAC10/papers/mopec059.pdf
http://pos.sissa.it/archive/conferences/204/059/NIC%20XIII_059.pdf
http://pos.sissa.it/archive/conferences/204/059/NIC%20XIII_059.pdf
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib67697461695F746865736973s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4E69636F6C75737369s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib5A696E6E65725F3938s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4C756761726F5F3033s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4C756761726Fs1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4D61636B6C696Es1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib426F6C64656D616Es1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4D757367726F7665s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4D757367726F7665s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib57797269636Bs1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib57797269636Bs1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib546F6B3930s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib5461676C69656E74653934s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib416C6C656Es1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib5461676C69656E74653936s1
http://www.kadonis.org
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib735F74656D70s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib53696D4C6954s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib53696D4C6954s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4745414E5434s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4745414E5434s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4769746169s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib454E4446s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4C656465726572s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib47656C696E61s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib6E657574726F6E5F656E657267696573s1
http://t2.lanl.gov/nis/data/endf/covVII.1/
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib374C695F705F675F31s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib41746C6173s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib36304665s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib446174617368656574313938s1
http://refhub.elsevier.com/S0370-2693(15)00817-5/bib4461746173686565743937s1

	Stellar 30-keV neutron capture in 94,96Zr and the 90Zr(γ,n)89Zr photonuclear reaction with a high-power liquid-lithium target
	Acknowledgements
	Appendix A Supplementary material
	References


