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D. Filipescu,"”* V. Avrigeanu,' T. Glodariu,! C. Mihai,' D. Bucurescu,' M. Ivascu,' I. Cita-Danil,' L. Stroe,! O. Sima,?
G. Cita-Danil,? D. Deleanu,' D. G. Ghitd,! N. Mirginean,' R. Mirginean,! A. Negret,! S. Pascu,' T. Sava,'
G. Suliman,! and N. V. Zamfir'
"“Horia Hulubei” National Institute for Physics and Nuclear Engineering, P.O. Box MG-6, 077125 Bucharest-Magurele, Romania
2 Nuclear Physics Department, University of Bucharest, Bucharest, Romania
3 Physics Department, University Politehnica of Bucharest, Bucharest, Romania
(Received 23 December 2010; published 20 June 2011)

The cross sections of the >Sn(a,y)"°Te, '3Sn(a,n)!'8Te, and ''®Sn(a,n)'"*Te reactions (both on ground
and isomeric states) have been measured at effective center-of-mass energies from 9.3 to 14.8 MeV. During
a first experiment, enriched self-supporting ''>Sn (51.2%) + !'®Sn (24.4%) foils were bombarded with an «
beam delivered by the Bucharest IFIN-HH Tandem Accelerator. In a second experiment, a highly enriched '16Sn
target was irradiated in order to disentangle the experimental cross section contributions due to ''>Sn(e,y)!"*Te
and '"3Sn(a,n)!"¥Te reactions obtained in the first measurement. The beam-induced activity was measured with
two large volume HPGe detectors in close geometry. The experimental results were compared with theoretical
predictions obtained in the framework of the statistical model.
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I. INTRODUCTION

Reactions induced by « particles play a significant role
in the study of nuclear structure, nuclear reactions, and
astrophysics. Reaction rate estimates within the framework
of the Hauser-Feshbach (HF) statistical model must be further
tested in order to validate the existing a-nucleus optical model
potentials, especially at low energies, far below the Coulomb
barrier. In addition, «-particle induced reactions are quite im-
portant to estimate significant effects for nuclear engineering
design of fusion test facilities and accelerator-driven systems
(ADS). Also, at low incident energies, a-induced reactions are
important for nuclear astrophysics estimates.

The proton-rich nuclei heavier than Fe (the so-called p-
process nuclei) are produced by a combination of (y ,n), (y,p),
and (y,u) reactions on existing s or r nuclei at temperatures
around a few GK, specific for explosive environments. In
order to completely describe the p process a large reaction
database involving thousands of reaction rates is necessary.
The main problems encountered in the description of the p
process of stellar nucleosynthesis were discussed by Arnould
and Goriely [1]. In most of the cases the astrophysical rates
were calculated by means of the HF model and the large
discrepancies between experimental data and theoretical HF
predictions observed in the case of «-capture reactions were
interpreted as a result of the use of inappropriate «-potential
models [2]. In the case of (y,«) rates at astrophysical tempera-
tures, determined via direct measurements or via inverse («,))
measurements, the o-nucleus optical potential is required in
order to calculate the transmission probability of the « particle
through the Coulomb barrier of the nucleus and, therefore,
has a large impact on the calculated rates. Several potential
parameters may have significant energy dependence across the
Coulomb barrier. Therefore it is important to have as many data
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as possible within this energy range. Recently, Rauscher [3]
highlighted the astrophysical energy windows and the related
experimental cross section measurements needed for further
theoretical improvements of reaction rates (see Table I of [3]).
Furthermore, there is a considerable lack of experimental data
on the relevant cross sections in the p-process energy range,
due to the fact that the direct measurement of most y induced
reactions is very difficult [4]. To overcome this difficulty, the
charged particle induced reaction cross sections are measured
and their inverse photodisintegration reaction cross sections
are calculated using the detailed balance theorem [5]. Unfor-
tunately the experimental data for charged particle induced
reaction cross sections are also scarce for nuclei with Z > 28
because the energies of a-capture reactions relevant for nuclear
astrophysics are well below the Coulomb barrier. This implies
very small values for the cross sections and consequently are
more difficult to measure. The (p,y) measurements generally
agree with the statistical model prediction within a factor of 2.
For the («,y ) case, one of the main problems for the calculation
of reaction rates is the determination of the optical «-nucleus
potentials at low energies (see Refs. [6—10] and references
therein). The experimental studies indicate deviations of up to
one order of magnitude of the HF predictions for a-capture and
their inverse photodisintegration processes [2]. Therefore, it is
important to investigate the «-induced reaction cross sections
experimentally in order to test the reliability of the statistical
model predictions.

Our experimental inquiry was also triggered by the fact
that the stellar abundance of ''3Sn is underestimated by the
s-process calculations [11]. More precisely, it is estimated
that the s and r processes can account only for 50% of ''Sn
abundance [12] while recent p-process calculations cannot
explain the remaining fraction [13,14]. In this respect, the
measurement of the («,y) cross sections of this proton rich Sn
isotope gives insights on the (y ,«) cross sections and implicitly
on the dilemma involving the p-process contribution to the
formation of proton rich Sn isotopes. Because the level density
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decreases at closed shells, the reactions on Sn isotopes are also
good test candidates for the statistical model assumptions in
the stellar process energy range.

Finally, extended experimental cross section data on Sn
isotopes give a higher reliability in using global optical model
parametrizations. Up to now experimental «-induced cross
section are available on '?Sn [15,16] and ''"Sn [17]. This
work presents cross section measurements for the (v, y),
(o,n) reactions on 'Sn and (a,n) on ''°Sn, at incident
beam energies between 9.6 and 15.3 MeV. It continues the
work presented in [17] and will be extended with future
measurements of «-induced cross sections at energies relevant
for nuclear astrophysics for other Sn isotopes.

II. EXPERIMENT

Two target stack activation experiments were performed
using *He?* beams delivered by the Bucharest FN Tandem ac-
celerator. Enriched tin self-supporting foils of ~3.725 mg/cm?
having 51.2% ''3Sn and 24.4% ''®Sn isotopic abundances were
used in the first experiment. Due to the fact that the target was
not mono-isotopic, ''°Te in both ground and isomeric states
was created through two different reactions, with contributions
depending on the cross sections and abundances. In order
to disentangle the experimental cross section contributions
due to the '"Sn(x,y)'""Te and ''°Sn(x,n)''°Te reactions,
highly enriched ''%Sn targets (isotopic abundance >99%) were
irradiated in a second experiment.

A. Target preparation

In the first experiment, the targets were mounted together in
a stack having five tin layers alternating with aluminum foils
(the first three of 10 wm thickness, and the last two of 2 um).
The aluminum foils served as «-beam energy degraders and
also as catchers for recoil nuclei from the Sn foils used for
estimating the recoil fraction. The stack was irradiated with
a 15.6 MeV “He’" beam, such as to cover an energy range
between 9.6 and 15.3 MeV, close to the Gamow peak energy
of 8.6 MeV for the '°Sn(x,y)'°Te reaction.

During the second experiment, two ''°Sn targets were
mounted together with 10 um Al spacers and a titanium foil of
6.7 um placed at the end. The ''°Sn stack was irradiated two
times at 15.6 MeV and 12.5 MeV incident energy respectively,
with a 25 d cooling down time between irradiations. The
o beam incident energies were adequately chosen such as
to ensure mean irradiation energies inside the ''°Sn foils as
close as possible to those from the first experiment. Remanent
activity corrections were performed for the second irradiation.

In both experiments, the stacks were mounted into a Faraday
cup, isolated from the rest of the beam line. A guard ring
was placed at the Faraday cup entrance having a —300 V
bias voltage in order to suppress the escape of the secondary
electrons. The beam intensity was recorded in real time, in
steps of one second, using an ORTEC 439 digital current
integrator. The time dependence of the beam current recorded
in the first experiment is presented in Fig. 1. In order to
check the accuracy of the absolute values given by the current
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FIG. 1. Time dependence of beam intensity monitored in the first
experiment.

integrator, the **Ti(a,n)>'Cr cross section was also measured
in the second experiment using the 320 keV y ray emitted by
31V, which resulted from EC decay of 3!Cr. The comparison
between our results and the experimental data points of Morton
et al. [18] and Baglin et al. [19] revealed a very good
agreement.

The target thickness has an important role in this type of
experiment, primarily because it occurs in the relations used
for computing the cross section, but also because it defines the
energy (and the energy spread) at which the cross sections
are measured. For the purpose of determining the target
thickness, besides weighing the targets, we made an additional
o transmission measurement. The « source consisted of a
mixture of **' Am and >**Cm. The energy spectra of the «
particles transmitted through the Sn foils were measured with
a totally depleted silicon detector. Target thicknesses were
obtained by performing successive TRIM [20] simulations until
we reproduced the attenuated energy spectrum, by considering
the direct spectrum as input for the TRIM code.

B. Irradiations

The beam energies and straggling on the successive target
foils were determined using the TRIM code. First, the simulated
distributions of minimum, maximum, and medium energy of «
particles in each foil were obtained. These distributions were
then fitted with Gaussian functions to extract the mean values.
Although the mean energy tends to be slightly different from
the value obtained by averaging the minimum and maximum
values, these two results are in agreement, considering the
width of the Gaussian distribution. Finally, we adopted the
mean value of the medium energy as the foil irradiation
energy, while the minimum and maximum « particle energy
distributions were used to obtain the energy range for each foil.

The characteristic o induced activity was measured with
a pair of large volume (~55% relative efficiency) HPGe
detectors in close geometry to maximize the detection
efficiency. The detectors were mounted in a low background
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FIG. 2. Absolute peak efficiency for both detectors used in our
experiment.

setup shielded with Pb walls and Cu and Al plates on the
inside. A pulse generator with a fixed frequency for the output
signal (20 Hz) was used for the dead-time correction. For the
same purpose, we took into account the “°K rate, as well as the
dead-time indication of the data acquisition system. All three
methods produced consistent results.

The efficiency calibration of HPGe detectors was done us-
ing calibrated point sources of '>?Eu, '**Ba, *! Am, and '¥7Cs
placed in the same geometry as the targets. Due to the close
detection geometry the summing corrections were performed
using the Monte Carlo simulation code GESPECOR [21]. The
corrected calibration curves for each detector are presented in
Fig. 2.

The activation technique involves bombarding a target with
« particles to produce radioactive species and measurement of
their specific activities after the irradiation has stopped. Details
of the activation method and data analysis can be found in our
previous papers [17,22,23].

C. y-ray counting and analysis

During irradiation, ''*Te nuclei are obtained in both ground
(J™=1/2"%, Ty, =16.05 d) and isomeric (J™ =11/2",
Ty, = 4.7 d) states. The number Ny of nuclei populated in
the isomeric state during irradiation has the following time
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TABLE [. Irradiation energies in each foil obtained from
TRIM [20] calculations.

1% experiment 2" experiment

51.2%'Sn and

24.4%'1%Sn 1168n

Foil Energy Foil Energy
# (MeV) # (MeV)
1 15.282 (318) 18t 15.258 (342)
2 13.842 (332) irradiation 2 13.751 (342)
3 12.298 (358)
4 10.610 (390) 2nd 12.108 (392)
5 9.596 (415) irradiation 2 10.321 (411)
dependence:

dNy

= om @) Ny — Ay Nu(2), (1)

where o), is the partial capture cross sections to the isomeric
state, Ay is the corresponding decay constant, and ®(¢) denotes
the o beam flux at the irradiation time ¢. In this equation, we
made the assumption that the number of target nuclei N does
not vary significantly during the irradiation time, which is valid
if the condition o0 @ « 1 is satisfied.

By integrating the previous equation the total number of
nuclei populated on the isomeric state at the end of the
irradiation time ¢, can be obtained as

la
Ny(t)) = oy ph & p e e / eWM dt, (2
AT 0 VA p€
where p is the isotopic enrichment of the target, ph is the
target’s specific thickness, N, is the Avogadro number, Z,
is the projectile atomic number, Ay is the target mean mass
number, e is the electron charge, and /(¢) is the electrical beam
intensity.
If the target is measured after a waiting time t,,, over the
measuring time t,,, the following number of ''°Te nuclei will
decay from the isomeric state:

iyt tn) = Njy €720 (1 — e7H) 3)

with Nziw obtained from Eq. (3).

TABLE II. Nuclear data used to obtain experimental («,y) and
(a,n) cross sections [39].

Nuclear reaction E, JT Ty E, I,
(keV) (d (keV) (%)
"58n(a,y)PTe™  260.96 11/27 4.70(4) 153.59 66.2(3)
16Sn(a,n)! 1 Te™ 270.53  28.0(5)
1212.73  66.2(3)
158n(ar,y) 19 Tet ™ 0.0 1/2% 0.669(2) 644.01 84.0(5)
16Sn(or,n)' 19 Tet 699.85 10.1(6)
"158n(ar,n)! "8 Te 0.0 0t 6.00(2) 122933  2.5(3)

064609-3



D. FILIPESCU et al.

2400

PHYSICAL REVIEW C 83, 064609 (2011)

‘ 1240
t=19.77h

1000}t =125.07 h 1160

goojt =19.30 h 180

240F *
t =119.60 h

100/t =532 h

24

©

g

3 80¢

2

§ ’tw:26.43h Sn#t4 15
®) 6*‘[”1223.85}1 10

1.5

1.0

1212.73 1
= £

1180 1200 1220

4g =043 3 sn#s 5 1240
. © <
t =25.80h £ -2 3
4.0; m
3.2 %W
140 150 160 400 500 600 700 800
E (keV)

FIG. 3. Relevant parts of the HPGe y-ray spectra measured in the first experiment. The transitions of interest for the determination of the
cross section of the (a,y) and (a,n) reactions on ''>Sn (Table II) are marked with their energy. The order numbers of the targets in the stack,
the activation (t,), waiting (,,), and measuring (t,,) times are also indicated.

This number can be directly connected with the peak area
A; of a y radiation y;, which is emitted only in the case of
isomeric state decay

A = ]y,. & N;\l/[i?G(tw, Im), “4)

where &; represents the absolute peak efficiency for the y;
radiation in the specified detection geometry, and /,, is the
absolute y-ray intensity of the y; radiation.

The ground state of !'°Te is produced only by activation,
because the isomeric state does not decay to the ground state,
so the number of nuclei populating the ground state will be
described by an expression similar with Eq. (3). Besides the
population of ground and isomeric states of '"Te through
(or,y) and (a,n) reactions on 'Sn and ''°Sn, respectively, the
18Te nucleus is also created through the 1158n(e,n) reaction,
and thus we could measure the cross section of this process
using the same technique.

III. RESULTS AND DISCUSSION

A. Measured cross sections

The values of the irradiation energies obtained as explained
in the previous section, together with the associated ranges,
are given in Table I. For all these energies, except the lowest

one, both the '"3Sn(a,y) and ''®Sn(a,n) channels were open
and contributed together to the total production of ' Te.

In the first experiment (target 51.2% ''>Sn/24.4% ''°Sn),
for the last tin foil, irradiated at 9.6 MeV, only the 115Sn(oz,y)
channel was opened, therefore we were able to measure one
unaffected y capture cross section for !'>Sn. For the other four
mixed tin targets the ''3Sn(a,y) contribution was determined
by analyzing the results of both experiments. The main nuclear
data needed to obtain the cross sections are given in Table II.

Figure 3 displays some cuts from the y-ray spectra
obtained in the first experiment, indicating also the irradiation,
waiting and counting times. Using these spectra, we obtained
population cross sections of *Te&*, 19Te™, and '3 Te for the
target mentioned above (51.2% ''>Sn and 24.4% '1°Sn). These
values, and the ''°Sn(x,n)'"°Te cross sections from the second
experiment are given in Table III. It is worth mentioning that in
the case of the first experiment, the following relations must be
used for the population cross sections of the levels of interest:

apop(]l9Tei) — ps o['Sn(a, y)1°Te']
+p6 o [119Sn(a, n)1OTe']
opop( ¥ Te) = ps o[ Sn(a, n)''*Te],

&)

where ps and pg are the percentages of ''Sn and ''°Sn in the
targets, respectively.
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TABLE III. Measured cross sections in present experiments (values are given in mb).

EL® Opop( 1 Tet ™) Ist experiment Gpop( 13 Te)
(MeV) Gop(1Te™)

15.282 £ 0.318 47.46 £ 4.65 14.75 &+ 1.30 73.69 £ 11.16
13.842 4+ 0.332 16.15 £ 1.47 3.90 +£0.34 23.48 £3.55
12.298 4+ 0.358 2.16 £ 0.19 0.47 £ 0.04 3.22+0.49
10.610 4 0.390 0.071 £ 0.006 0.013 £ 0.001 0.11 £ 0.02
9.596 £ 0.415 2.17x1073 £2.24x 1074 8.53x107* £ 1.46x107*

15.258 £ 0.342
13.751 £ 0.342
12.108 &+ 0.392
10.321 £ 0.411

15.282 £ 0.318
13.842 £ 0.332
12.298 + 0.358
10.610 + 0.390
9.596 £ 0.415

o [l 16Sn(a,n)“9Teg‘s']

149.19 + 14.43
54.77 £ 5.30
3.62 £0.35

0.054 £ 0.005

o [1 15 Sn(Ol,)/)leeg‘s']

21.60 + 15.96
5.45+5.40
2.49 £ 0.55
0.113 £ 0.015
4.24x107% + 4.38x107*

2nd experiment

o [M°Sn(a,n) 1 Te™]

58.48 £5.53
15.64 £ 1.48
0.85 +£0.28?

0.005 + 0.055*

Resulting experimental values

o [l ISSH(O{,)/)I 19Tem]

o['Sn(a,n)"¥Te]

0.93 £5.18° 143.93 + 21.79
0.16 + 1.38° 45.86 £ 6.94
0.52 +0.22 6.29 +0.95

0.023 £ 0.029 0.214 £ 0.035

1.67x107% £+ 2.85x107*

*Errors including remanent activity corrections.
PErrors due to dominant (a,n) channel at these energies.

In order to crosscheck the consistency of the population
cross section ratios for the ground and isomeric states we
made use of data from a previous experiment [24]. In this
experiment, the Doppler shift attenuation method line shape
analysis was used to measure lifetimes of excited statesin !'3Te
obtained by ''Sn(x, n)!'3Te reaction. The same !'3:116Sn
target as in the present experiment was irradiated with o
particles of 15.3 MeV energy. The y rays emitted following the
reaction were detected in an array of seven HPGe detectors,
while neutrons were detected with a one liter NE223 liquid
scintillator detector. Using neutron gated spectra we were able
to measure the relative intensities of the intense y rays assigned
to positive and negative parity bands (Table IV) in "°Te.
These additional experimental values were used to validate the
choice of the high positive spin values for ''°Te, introduced in
the statistical model (SM) calculations in order to describe the
data above ~20 MeV. The details are given in the following
section.

B. Comparison with model predictions

Recent studies of improved reaction rates for astro-
physics [25-27] pointed out that an adequate description of
the a+nucleus channel is still regarded as a current challenge
in nuclear astrophysics. Statistical model predictions are
overestimating the «-particle induced reaction cross sections
below the Coulomb barrier by factors of 2-3 if the well-known

optical potential by McFadden and Satchler [28] is used.
Therefore, in order to avoid possible compensation effects
associated with the remaining parameters needed in SM
calculations [29], we have used a consistent set of local SM
parameters [30-33] established or validated on the basis of
independent experimental information for, e.g., neutron total
cross sections, y-ray strength functions based on neutron-
capture data, and low-lying level and resonance data.

The Koning and Delaroche [34] local neutron optical
model potential (OMP) parameter set for the isotope *8Te
was adopted together with the use of Fermi-energy global
values for each Te isotope. The global OMP of the same
authors [34] was also considered for the calculation of the
proton transmission coefficients on the Sb residual nuclei. A
recent extension of the «-particle OMP [30] to all available

TABLE IV. The relative intensities of the strong y rays assigned
to positive and negative parity bands in ''°Te.

E, E; Jr E; JE Intensity

(keV) (keV) (keV) (arb. units)
25747  257.484  3/2°F 0.0 1/2+ 45505 (316)
320.39  320.506  5/2% 0.0 1/2% 16398 (274)
206.99  467.960 9/2~ 260.96 11/2- 14809 (272)
240.13 501.10 7/2- 260.96 1172~ 9878 (248)
193.15 661.27 7/2° 467.96 9/2~ 1342 (242)
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a-particle induced reaction cross sections on nuclei within the
mass number range 45<A<197 below the Coulomb barrier
provided a potential that describes also the «-particle elastic
scattering at low energies [33]. This OMP (Table I of Ref. [33])
was used in the present SM calculations without any further
tuning of the energy dependence of the real and/or imaginary
potential depths [27]. Moreover, a systematic analysis of
the neutron capture data for all stable isotopes of Sn and
Te [35], for energies up to 3 MeV, was carried out. This was
done in order to adopt a suitable normalization of the y-ray
strength functions fg(s,) given by the giant dipole resonance
model with an energy-dependent Breit-Wigner (EDBW) line
shape [36,37].

An updated version of the code STAPRE-H95 [38] was used to
perform the calculations. The back-shifted Fermi gas (BSFG)
formula was used for the nuclear level density at excitation
energies below the neutron-separation energy, with the param-
eters a and A obtained by a fit of the recent experimental
low-lying discrete levels [39] and s-wave nucleon resonance
spacings Dy [40]. The smooth-curve method was adopted [41]
for nuclei without resonance data, to provide a values of the
even-even, odd-odd, and odd-mass nuclei that were next kept
fixed during the fit of low-lying discrete levels. The parameters
used in the calculations are given in Table V together with the
fitted data.

Consistent model calculations should reproduce the avail-
able data for all reaction channels and isotopes of an element.
For this reason, our analysis included the earlier measured
cross sections for the («, n) and («, 2n) reactions on legy
for incident energies <30 MeV [42]. On the other hand, at
the energies above 20-25 MeV the model calculations should
consider the pre-equilibrium emission (PE) in addition to
equilibrium decay of the remaining compound nucleus. A
generalized geometry-dependent hybrid (GDH) model [43,
44] for PE processes which includes angular-momentum

PHYSICAL REVIEW C 83, 064609 (2011)

conservation [45], and «-particle emission based on an o-
particle preformation probability ¢ = 0.2 [46] was imple-
mented in the STAPRE-H95 version of the original STAPRE-
H95 code [47]. The same OMPs and nuclear level density
parameters have been used in the framework of the OM, GDH,
and HF models, for calculation of the intranuclear transition
rates and single-particle level (s.p.l.) densities at the Fermi
level [43,48,49].

The results of SM calculations using the above mentioned
OMP parameters are shown in Fig. 4 for the (o, xn) total
reaction cross sections of both target nuclei ''>Sn and !'¢Sn.
The figure also shows the SM results corresponding to the
frequently used [25-27] OMPs of McFadden and Satchler [28]
and Rauscher [50], with the remaining model parameters
unchanged. The recent OMP [33] describes well the newly
measured data, which cover six orders of magnitude. The
previous potential Ref. [50] fails to describe the overall trend
of the experimental data.

Once a rather suitable understanding of the «-particle OMP
was obtained, we proceeded to analyze the measured (o, n)
reaction cross sections to both the ground (g.s.) and the
long-lived isomeric state of the residual nucleus ''"Te. The
SM results are shown in Fig. 5(a) and 5(b). The experimental
cross sections given in Table III are well described, with the
exception of the !°Te g.s. activation through the (o, y) reaction
on '"Sn. Actually, even in the latter case there is an agreement
within two standard deviations for the two values measured at
the highest incident energies while those at lower energies
are overestimated. Larger differences between experiment and
model predictions are expected, in fact, at energies above
20 MeV [42], where PE effects on the calculated cross sections
may be important. Results of PE + SM calculations are shown
in Fig. 5(c) and 5(d), corresponding to a PE fraction of ~20%
from the total reaction cross section at the incident energy of
30 MeV. One can see, first, that the cross sections no longer

0.50 i 0.62 i 0.75 i 0.87
100k 115 118
= Sn(a,n) Te
10;‘
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o] E K4
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FIG. 4. (Color online) Comparison of measured (this work and Ref. [42]) and calculated («,n) and («,2n) reaction cross sections for the
target nuclei (a) ''>Sn and (b) ''°Sn, using the a-particle OMPs of Refs. [28] (dash-dotted curves), [50] (dotted), and [33] (solid).
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FIG. 5. (Color online) Comparison of measured (this work and Ref. [42]) and calculated (,y ), («,n) and («,2n) reaction total (solid curves)
and partial cross sections to the ground (dashed curves) and isomeric (dash-dot curves) states of the residual nuclei, for the target nuclei (a,c,e)
1580 and (b,d,f) ''°Sn, using the a-particle OMPs of Ref. [33] within calculations based on the (a,b) statistical model (SM), (c,d) SM and PE
model considering a 7/27" spin for the excitation energies of levels at 906, 957, and 1093 keV, and (e,f) the same levels assumed as 11/27,

13/27%, and 15/27", respectively.

continue to decrease at the higher energies, and second, that
the cross section for the g.s. and isomeric states increases by
a factor between 2 and 10. Thus, inclusion of the PE brings
the isomeric state cross sections into quite good agreement
with the experimental data while those for the g.s. still remain
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underpredicted by a factor of ~2. No change of the PE + SM
parameters proved able to reduce the disagreement for the g.s.
cross sections. On the other hand, the agreement at incident
energies below 15 MeV confirmed the input parameters used,
the above mention disagreement being more likely related to
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TABLE V. Low-lying level number N, up to excitation energy E, [39] used in the reaction cross-section SM calculations, and the levels

and s-wave neutron-resonance spacings Dy

in the energy range A E above the separation energy S, for the target-nucleus g.s. spin Iy, fitted to

obtain the BSFG level-density parameter a and g.s. shift A (for a spin cutoff factor calculated with a variable moment of inertia between 50%
and 75% of the rigid-body value, from g.s. to S, and reduced radius ry = 1.25 fm).

Nucleus Ny E,; Fitted level and resonance data a A
(MeV) Ny Ey S+ 45 Iy D;* MeV~1) (MeV)
MeV) (MeV) (keV)
1145n 17 2.860 17 2.86 13.85 1.34
11580 23 2.084 23 2.08 7.546 0 0.286(106) 13.75 0.40
1165p 26 3.105 26 3.11 13.45 1.33
175h 17 1.536 17 1.54 14.10 0.05
1188p 6 0.166 6 0.17 14.00 —1.35
1198p 26 1.821 26 1.82 14.00 0.10
17Te 8 0.681 8 0.68 13.80 —0.55
18T 24 2.422 24 242 14.00 0.75
19T 34 1.093 32 1.00 14.70 —0.70
120Te 20 2.461 20 2.46 14.00 0.87

spin assignments of low-lying levels. Thus, it is obvious that
the probability distributions of the population of entry states in
the (¢, n) reaction around 15 and 30 MeV, are quite different.
While the spins corresponding to the related maximum are ~ 17
(see Fig. 5 of Ref. [51]) in the former case, they are well above
107 in the latter. As a consequence, higher-spin discrete levels
are populated with increased probability for incident energies
above ~20 MeV. The known low-lying level scheme of the
residual nucleus '°Te, has a number of N; = 34 levels up to
the excitation energy E; = 1093 keV (Table V) [52], including
negative-parity levels up to spin 15/2 that finally decay to the
isomeric state, and positive-parity levels only up to spin 9/2
finally feeding the g.s. In order to have levels with similar spins

- 1 r 1 T ' ' 1 r rT °
- g+m 116 119 i
1000§———g [1/2+] Sn(a’n) Te§
- m[11/2-] i ]
= 1005' _________
E S
< I A P
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o T S .
= 1E
> :
20 —-—258keV (3/2+ ->1/2+) '~
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01k [15 NARRLEE 207 keV (9/2- ->11/2-) e
AE]E O -ee--240 keV (7/2- ->11/2-) 3
phy S Gtk @92y
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FIG. 6. (Color online) Comparison of measured (this work) and
calculated excitation functions of the 258, 321, 207, 240, and 193 keV
y rays assigned to positive and negative parity bands in '""Te. A
normalization to the calculated value of the 257 keV y-ray intensity
at the incident energy of 15.3 MeV has been used for the relative
intensities given in Table I'V.

for both parities, one should enlarge the number of discrete
levels taken into account up to an excitation energy of about
3.4 MeV [52] but this is difficult to handle in the input of the
SM code. In order to simulate the influence of positive parity
levels of higher spin, we proceeded as follows. The levels with
excitation energies of 906, 957, and 1093 keV, with no original
spin assignment [52], were considered first as having a spin
of 7/27" in the calculations shown in Fig. 5(a) and 5(d). As
levels with spin-parity values of 11/2%, 13/2%, and 15/27
exist at excitation energies just a few hundreds of keV higher,
we assumed, in a second calculation, the above mentioned spin
values for the levels at 906, 957, and 1093 keV respectively,
and also considered that the decays for these levels finally
populate the 1/2% g.s. The calculations performed with these
two assumptions are shown in Fig. 5(e) and 5(f). An obvious
improvement of both shape and absolute value of the («, n)
cross sections for both the g.s. and isomeric state is obtained
over the whole energy range. Nevertheless, the above spin and
parity assignments should be considered only as a tentative
way to describe more realistically the ''°Te continuum decay to
the low-lying levels. With this observation, the final agreement
of the calculated and measured cross sections for the ground
and isomeric states of !'Te over more than six orders of
magnitude confirm the accuracy and consistency of the SM
+ PE calculation.

Finally, the comparison between experimental values of
relative y-ray intensities of the intense y rays assigned to
positive and negative parity bands of ''"Te (Table IV) and
the results of SM+PE calculations are shown in Fig. 6. The
good agreement emphasizes even more the need to explicitly
consider higher spin values for the discrete levels in the positive
parity band of ""Te, as already discussed within the above
section.

IV. SUMMARY AND CONCLUSIONS

In a first experiment, the characteristic activity of both
ground and isomeric states of ''Te was measured using an
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enriched target of tin, with 51.2% ''“Sn and 24.4% ''%Sn
isotopic abundances. Due to the fact that the target was
not mono-isotopic, 'Te in both ground and isomeric states
was created through different reactions, with contributions
depending of the cross sections and abundances. One data
point was measured at an energy where only the ''3Sn(a,y)
channel contributed to the production of ''°Te. The other four
points were measured at energies where both '°Sn(x,y) and
116Sn(r,n) channels are open and thus contributed together
to the production of '""Te. To disentangle the different con-
tributions, highly enriched ''%Sn targets (isotopic abundance
> 99%) were irradiated in a different experiment, at incident
energies adequately chosen such as to ensure mean irradiation
energies inside the ''°Sn foils as close as possible to the ones
from the first experiment.

The results of pre-equilibrium and statistical-model
calculations using a recent a-particle optical potential [33] are
found to describe well the newly measured data, without any
further tuning of, e.g., energy dependence of the real and/or
imaginary parts.

Moreover, an obvious improvement of both shape and
absolute value of (&, n) cross sections for both the g.s. and
isomeric state over the whole energy range was obtained
only after the assumption of spin values (11/2%, 13/2%,
and 15/2%) for some of the levels with no current spin

PHYSICAL REVIEW C 83, 064609 (2011)

assignments [52] situated in the upper part of the discrete level
scheme considered in the calculations. This artifice should be
considered only as a way to illustrate the need for a better
description of the """Te continuum decay to the low-lying
levels. The final agreement of the calculated and measured
cross sections for the ground and isomeric states of ''°Te over
more than six orders of magnitude confirms the accuracy and
consistency of the model calculations.

The theoretical evaluation still slightly underestimates
the experimental cross sections. Therefore, one could make
use of the present new experimental results to bring a
valuable contribution to the determination of astrophysical
rates. These results should also be of value in solving the puzzle
concerning the origin of this rare tin isotope. Further mea-
surements with a highly enriched ''>Sn target are deemed as
very useful.
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