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1. Introduction

Neutron-induced reactions remain at the forefront of experimental investigations for the
understanding of stellar nucleosynthesis and chemical evolution of the Galaxy. We report on
recent experiments performed with the mA-proton beam at 1.92 MeV (2-3 kW) from the Soreq
Applied Research Accelerator Facility (SARAF) and the Liquid-Lithium Target (LiLiT), yielding
high-intensity (3-5x10'° n/s) quasi-Maxwellian neutrons at ~30 keV [1,2], close to the thermal
conditions of the stellar slow (s-) neutron capture process. First experiments were dedicated to
benchmark the experimental system by measuring the Maxwellian Averaged Cross Section
(MACS) of several targets. The MACS of **Zr and *°Zr, important isotopes for understanding the
S-process evolution, were determined as 28.0 + 0.6 mb and 12.4 + 0.5 mb respectively [3], based
on activation measurements and detailed analysis, in good agreement with previous
measurements, with lower uncertainties. Interestingly, it was realized [3] that, in addition to the
neutron field mentioned above, the SARAF-LiLiT setup yields high-energy (17.6 and 14.6 MeV)
y-rays due to the "Li(p,y) proton capture with considerable intensities (~3 x10% and ~4 x10® y s
mA ™', respectively) and produces (y,n) activation products. The latter reactions can be studied
separately with a proton beam at an energy below the "Li(p,n) neutron threshold.
Using o—, B—, y—spectrometry and atom-counting techniques (accelerator mass spectrometry,
atom-trap trace analysis), we are extending our experimental studies of neutron capture reactions
(Table 1) to several targets of astrophysical interest: (i) ****Ar(n,y) reactions investigated for the
first time with 30-keV neutrons; (ii) isotopes of Ga, Se and Kr, important for the weak s-process;
(iii) isotopes of Xe and Ce, important for the main s-process; (iv) **Pb and 2*’Bi, at the end of the
s-process path. The high neutron intensity enables MACS measurements of low-abundance or
radioactive targets; (n,y) reactions on s-process branching points '“’Pm, '”'Tm are investigated.

Table 1: (n,y) and (y,n) reactions under investigation at SARAF-LiLiT

Hebrew U, SARAF and

Reaction Detection tech. collaborations below Ref./status
94967 r(n,y) Y spec. - [3]
NZr(y,n) Y spec. - [3]
23Na,*>3Cl(n,y) vy spec., AMS  ANU,Goethe U,Rossendorf prelim, [4]
3638 Ar(n,y) AMS,LLC ANL, Goethe U, U Bern ~ prelim,this conf.
6% 71Ga(n,y) Y spec. - in progress
74,78,80,82Ge (n,y) Y spec. - in progress
78,80, 84, 86K r(n,y) v, ATTALLLC  ANL, Goethe U, U Bern  prelim,this conf.
80,82, 86K r(y,n) v, ATTA ANL, Goethe U in progress
2Zr(n,y) AMS ANL, ANU in progress
124,126,132, 139K e(n,y) Y spec. Goethe U in progress
136, 138,140, 142Ce(n,y) Y spec. - prelim,this conf.
47Pm(n,y) Y spec. ILL, PSL, U Seville prelim,this conf.
M Tm(n,y) Y spec. ILL, PSI, U Seville prelim,this conf.
208Pb(n,y) B, v spec. U Seville in preparation
209Bi(n,y) a, B, y spec. JRC, Geel in preparation
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We describe and give here preliminary results of the **Ar(n,y)*’Ar experiments at stellar energies,
where reaction products are counted by accelerator mass spectrometry (AMS) [5], and of ™Kr
neutron activation, where *'Kr and %*¢Kr are counted by atom-trap trap analysis (ATTA) [6]. The
"!Ce(n,y) reactions were revisited and 30-keV neutron activation of radioactive targets '’Pm and
""'Tm were performed; preliminary results are presented.

2. 36.38Ar(n,y) reactions

Argon in the Solar System has two major isotopes *°Ar (84.59%), **Ar (15.38%) and the
trace isotope “’Ar (0.02%). This contrasts with the terrestrial (and rocky planets) abundances in
reverse order *°Ar (0.34%), **Ar (0.063%) and “°Ar (99.60 %), due to radiogenic *’Ar from “K
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Figure 1: (top left) Ti sphere for irradiation of the 33 Ar gas targets at SARAF-LiLiT; (right) spectra of
energy loss vs. focal plane position in the Enge gas-filled magnetic spectrograph. The 3Ar group is
separated from beam contaminants and counted; (bottom left) preliminary results of experimental and
theoretical or evaluated *#Ar(n,y)**Ar cross sections. The thermal cross section measured in this work is in
good agreement with a previous measurement; the 30-keV cross section is measured for the first time.

decay. The two abundant Ar isotopes, *°Ar and **Ar, are calculated to be produced in massive
stars by oxygen burning, both hydrostatic and explosive, while primordial “°’Ar (0.02%) is
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produced by the weak s-process during He-, C- and Ne-burning [7]. A number of other neutron-
rich isotopes in the vicinity of Ar are not efficiently produced by charged-particle reactions and
their origin is still a matter of debate [8]. Prominent examples of these include **S and ****Ca. A
promising solution is that they are produced by the weak S-process in massive stars, known to
produce most of the s-nuclei between Fe and Sr during core He- and shell C-burning [8]. The s-
process flow through **Ar, **Ar and the branching point at *’Ar affects the production of s-process
nuclei in the Ar region, including the important cosmo/geo-chronometers “’K and *'Ca.

Isotopically enriched (99.9%) **Ar gas, encapsulated in a small sphere (Fig. 1) made of
titanium (diameter= 10mm, shell thickness 0.2 mm [9]), was irradiated at SARAF-LiLiT when.
A thermal-neutron activation was also performed at the Soreq NRC reactor with a sphere filled
with mixed *Ar+™Ar(11 at%) gas for internal normalization of the thermal-neutron fluence via
the **Ar(n,y)"' Ar(109 min) reaction (o= 0.66 b [10]). In both cases, an external Au neutron
monitor was placed onto the Ar sphere. The neutron-capture reaction cross section o of **Ar is
determined from the isotopic ratio r = *°Ar/**Ar, measured by AMS [11], using the relation
o=r /$t, where ¢t is the neutron fluence during the activation determined by an appropriate
monitor (see [12]). Detection of **Ar (269 y) was performed at the ATLAS facility (Argonne
National Laboratory). Positive ***?Ar®" ions produced in the Electron Cyclotron Resonance ion
source are accelerated through ATLAS to 6 MeV/u. The *?Ar® beam is then analyzed and counted
in the Enge gas-filled magnetic spectrometer to separate contaminant ions *K®, ¥S™ (Fig. 1).
Stable *Ar®" charge is alternatively measured with a suppressed Faraday cup to extract the iso-
topic ratio r. Preliminary results for the **Ar(n,y) cross sections are shown in Fig.1. Irradiations
of *Ar at thermal and 30-keV neutron energy were performed in a similar way and analysis by
AMS and low- level counting (LLC) are under way.
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3. 78.80.848Kr(n,y) and 8-828Kr(y,n) reactions

The abundance of natural Kr isotopes, situated in the table of nuclides near the end of the so-
called “weak” s-process [13], is considered an important test for our understanding of the s-pro-
cess evolution. The importance of the **Kr branching point in the vicinity of the neutron-magic
nuclide **Kr has been stressed [14]. We performed neutron activations of "Kr gas samples with
a setup similar to that described above. Short-lived ""7*%™%Kr products were counted by y-
spectrometry while long-lived *'Kr(2.3x10° y) and *Kr(10.8 y) are detected by LLC and by
atom-trap trace analysis (ATTA) [6] where individual atoms trapped in a magneto-optical trap are
counted via repeated decay and excitation of their atomic transition (Fig. 2). A separate activation
was performed with a proton beam incident on LiLiT below the neutron threshold to measure the
78808286 r(y,n) cross sections. The results are being analyzed to extract MACS values.

4. 136,138,140.142Ce(n,y) and "°Ce(y,n)'**Ce reactions

The disentanglement of the different heavy-nuclide synthesis modes (s-, r- and p-
processes) requires reliable and precise stellar neutron-capture cross sections. Such is the case
for the Ce isotopes, studied in [15]. In particular, '*’Ce is found to be one of the most important
nuclides in the network of s-process reactions, affecting the abundances of a large number of
isotopes [16]. First results of '3 138140 192Ce(n v) cross sections measured at SARAF-LiLiT
were presented [17]. We correct here one of these cross section measured values, namely
138Ce(n,y)'*Ce for which the *°Ce activation product was observed to have a significant
contribution from the '*°Ce(y,n)'*Ce due, in part, to the relatively small and large natural
abundances of '**Ce and '*°Ce, respectively. In order to measure the (y,n) cross section, we
irradiated a metallic "'Ce target (25 mm diameter, 640 um thickness), prepared similarly as in
[17] with y-rays generated by the LiLiT setup when bombarded by an intense (~1-1.5 mA)
proton beam at an energy of 1.81 MeV (below the 'Li(p,n) threshold). Figure 3 shows y-spectra
for the Ce target activated above and below neutron threshold. Quantitative subtraction of the
1¥Ce production by (y,n) from that of (n,y) allowed us to extract the (n,y) cross section, although
with increased uncertainty. Table 2 lists preliminary results of the '*¢13%140.192Ce(n,y) MACS,
superseding those presented in [17].

Table 2: Preliminary neutron-capture MACS (30 keV) for 36:138.140.192Ce

MACS-30 keV MACS-30 keV

Target this work KADONIS [18]
(mb) (mb)
136Ce — ¥7mCe in progress 328 +21
136Ce _y 1378C¢ in progress 282+1.6
8Ce— Ce 175.8£9.0 179+£5
40Ce— "ICe 10.9+£0.3 11.0+04
Ce— "Ce 26.2+0.5 28+ 1
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Figure 3: y-spectra measured with a "'Ce sample activated by (left) 30-keV neutrons from LiLiT with a
proton beam of 1.92 MeV; (right) 17.6, 14.6 MeV y-rays from LiLiT with a proton beam of 1.81 MeV
(under the "Li(p,n) neutron threshold of 1.880 MeV).

5. 7Pm(n,y) and ""Tm(n,y) reactions
Branching-point nuclides play an important role in the evolution of the stellar s-process
along and near the valley of stability: these are B-unstable nuclides whose stellar life time is long
in comparison (or at least comparable) with the mean time for neutron capture and the
competition between decay and neutron capture determines the S-process path. This mean time,
determined by the MACS and the neutron density of the stellar site, is generally much less known
experimentally for unstable nuclides than for stable nuclides, much due to the difficulty of
producing the adequate targets necessary for cross section measurement. We report here on
recent measurements performed on '*’Pm and '"'Tm, two important branching points of the main
s-process. The element Pm has no stable isotopes and the two main nuclides responsible for the
continuity of the s-process evolution are '“’Pm(2.62 y) and “Pm(53.1 h). The '""Tm(1.92 y)
nuclide operates as a branching point, removed by two neutrons from the valley of stability.
“7Pm and '"'Tm targets were prepared for experiments at nTOF [19] and subsequently
shipped to SARAF for activation at LiLiT. The isotopes '“’Pm, '”'Tm were produced by neutron
irradiation at the high flux reactor at Institut Laue-Langevin (Grenoble) of pellets of '**Nd,O;
(98.2 mg) enriched to 98.8% and '"’Er,0; (238 mg) enriched to 98.1%, respectively. The pellets
were encapsulated into high purity quartz ampules, then irradiated at ILL for a period of 54 days
with an average neutron flux of 8.2x10'* n/cm?%s. After a cooling period of approximately 1.5
years, the samples were shipped to PSI where they underwent chemical processing. Pm and Tm
extracted from the pellets were chemically purified prior to making them suitable targets. The
material was then electroplated onto 5 um thick aluminum backings resulting into two high qual-
ity targets of 22 mm diameter with a total of 3.5 mg of '"'Tm (140 GBq) and 72 pg of "“/Pm (2.5
GBq) [20]. For handling and shipping, the radioactive targets were sealed in air-tight Al containers
(Fig. 4), used also for the neutron irradiation at SARAF-LiLiT. We present below preliminary
results of the 30-keV neutron activation of the '"'Tm, "Y’Pm targets, performed in Spring 2016.
An Au foil affixed onto the Al container was used to monitor the neutron fluence; irradiation of
an Au foil of the same size as the '”'Tm target mounted in a dummy Al container was performed

“igg nat ] [ 3 nat 1
293.3 keV Ce+n’ | “'ce Ce+vy
ce ] 3| 1659keV

6000
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Fig. 4: (left) Target mount as prepared at PSI [20] for '“/Pm and '"'Tm. The material is deposited on a Al
backing (22 mm diameter) and sealed by Mylar foils mounted on a plastic ring; (right) for shipping and
irradiating at SARAF, each target was sealed in an Al container made of two parts. The Al thickness seen
by incident neutrons is 1 mm.

to benchmark a detailed simulation of the irradiation setup. The activation of the '"'Tm (Au
dummy) target lasted ~8 hours (~0.8 hours) at an average proton beam intensity of ~1.1 mA (~0.4
mA). After irradiation, the '"'Tm target was positioned at a distance of 92 mm from a shielded
Ge detector, using three Pb plates (2 mm thick each) and one Cu (2 mm) used as absorbers. The
plates significantly absorb background photons and the low-energy 67-keV y’s from '”'Tm decay
while the higher-energy v’s (1094 (6%), 1387 (5.6%), 1466 (4.5%), 1529 (5.1%) and 1608 (4.1%))
from '"*Tm decay are transmitted more efficiently (see Fig. 5 left).
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Figure 5: (left) y spectrum (integrated over the whole timed series, see text) for the activated '"'Tm target
at SARAF-LiLiT; (right) Same for activated '¥’Pm target. The ground state and isomeric state population
are observed. Identified activation background lines are indicated (red).

Counting of the '”Tm decay lines were made as a timed series of 10800 sec long counting
periods between 13.3 and 145 hours after end of activation. The decay curves measured for the
four y lines listed above are consistent with the half-life of '*Tm (63.6 h). The photopeak effi-
ciency calibration of the Ge detector with the absorber and shielding configuration described
above was determined empirically by placing a calibrated '**Eu point source in the dummy Al
holder in conditions (target holder, distance and absorber setup) identical to those of the '"'Tm
target. Summing and target size effects are taken into consideration by a detailed simulation. The
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preliminary value we extract for the "' Tm(n,y)'”*Tm cross section (averaged over the experi-
mental neutron spectrum) is 170(18) mb, corresponding to a MACS (30 keV) value of 198(22)
mb, significantly lower than the previous experimental value MACS (25 keV)=350(30) mb [21].

The '¥"Pm target was activated in similar conditions as '"'Tm and owing to a lower activity
was counted at a distance of 52 mm from the Ge detector with one 2-mm Pb and one 2-mm Cu
absorber. A y spectrum is illustrated in Fig. 5 (right), showing lines of the ground state '**Pm
(1465 keV) and isomeric "*™Pm (1014 keV) decays.
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