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The cross sections of the ''7Sn(e, ¥)'?' Te and ''7Sn(, p)'?°Sb reactions have been measured in the effective
center of mass energy from 11.5 to 14.6 MeV. Highly enriched self-supporting ''”Sn (90%) foils were bombarded
with an & beam delivered by the Bucharest IFIN-HH tandem accelerator. The induced activity of 12! Te and '2°Sb
was measured with two large-volume high-purity Ge detectors in close geometry to maximize the detector
efficiency. The experimental cross section and astrophysical S factor are compared with statistical model
predictions for different global a-nucleus optical potentials.
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I. INTRODUCTION

The proton-rich nuclei heavier than Fe (the so-called
p- nuclei) are produced by a combination of the (y, n), (y, p)
and (y, o) reactions on existing s or » nuclei at temperatures
around a few GK, characteristic of explosive environments.
To adequately describe the p-process nucleosynthesis, one
needs reliable information on the thousands of reaction
rates involved. In this respect, there is a considerable lack
of experimental data on the relevant cross sections in the
p-process energy range, because most y-induced reactions
are very difficult to measure directly [1]. 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 [2]. Experimental data for charged particle induced
reaction cross sections are scarce above Fe. This is because
for nuclei with Z > 28 the energies of «-capture reactions are
well below the Coulomb barrier, making the cross section
very small and thus difficult to measure. However, some
measurements were performed and the results of «-capture
on 8Cu, °Ge, %Ru, 1%Cd, 128n, and ''¥Sn can be found in
Refs. [3-9].

p-process studies are based mostly on the Hauser-Feshbach
statistical model to predict the reaction rates. Although the
(p, y) measurements generally agree with the statistical model
prediction within a factor of less than 2, («, ) measurements
show considerable underestimation compared to a frequently
used model prediction [10]. Therefore, it is important to inves-
tigate the a-induced reaction cross sections experimentally to
test the reliability of the statistical model prediction.

The stellar abundances of ''3~!'7Sn are underestimated
by s-process calculations [11]. In the case of !''3Sn, it is
estimated that the s- and r-processes can account for only
50% of the abundance [12], and recent p-process calculations
cannot explain the remaining fraction [13,14]. ''%Sn, one
of the few so-called s-only isotopes (nuclides produced
solely by the s-process) is a possible calibration point for
s-process models. However, the s-process calculations slightly
underestimate the stellar abundance of ''°Sn, the difference
being explained by a small contribution from the p-process
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[15]. In this respect, the measurement of the («, y) cross
sections on proton-rich Sn isotopes gives insight into the (y, «)
cross sections and implicitly into the dilemma involving the
p-process contribution to the formation of these nuclei.
Because the level density decreases at closed shells, these
reactions and those involving tin isotopes are also good test
candidates for the statistical model assumptions at energies im-
plied by stellar processes. Furthermore, extended experimental
cross section data on tin isotopes give a higher reliability in
deriving global optical model parametrizations.

The reason for the work presented here is to extend the
experimental database by measuring with high precision the
(a, ) capture cross section on the ''7Sn isotope in the energy
range from 11 to 15 MeV, close to the Gamow peak energy of
8.6 MeV.

In our work, the cross section measurements and the
deduced S factors are compared with results obtained using
the SCAT optical model code [16] combined with the GNASH-
FKK statistical model code [17], and with the results of
the NONSMOKER statistical model code [18] calculated with
standard input parameters.

The details of the experimental procedure and the experi-
mental results are presented and discussed as follows.

II. MEASUREMENTS

A. Experimental method

The characteristic  activity from the reaction
7Sn(a, ¥)!?! Te was measured with a pair of large-volume
Ge detectors in close geometry to maximize the detector
efficiency. In this case the activation technique involves the
bombarding of a target with « particles to produce radioactive
species and the measurement of their specific activities after
the irradiation has stopped. The details of the activation
method and data analysis can be found in our previous
papers [19,20].

During irradiation time, I21Te nuclei are obtained in both
ground (1/2%,19.16 d) and isomeric (11/27, 154 d) states
via o« capture. The number of nuclei populated on isomeric,
Ny, and ground state, N, during irradiation has the following
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dependence:
dNy
dN
d_tG = 06 D()Nr + f, i Ny(t) — 6 NG(t),  (2)

where o) and o are the partial capture cross sections to the
isomeric and ground states, A s and A¢ are the corresponding
decay constants, ®(¢) denotes the o beam flux at the irradiation
time ¢, and f, is the decay branch from the isomeric to the
ground state (89%) [21]. In these relations, we made the
assumption that the number of target nuclei Ny does not
vary significantly during irradiation time, which is valid if
the condition 0 ® « 1 is satisfied.

If previous equations are integrated, we obtain the following
expressions for the total number of nuclei populated on the
isomeric and ground states at the end of the irradiation time 7,:

tq
Ny (t,) = oy Npe / M O(r) dt, 3)
0

1,

Ng(t,) = oG Nype *6' / M d(t)dt + f,Ayoy Npe 0"

0
x / " / L (Y di @)
0 0

It is obvious that in these relations, the terms N7 ®(¢) can

be replaced with
phNa
NTCD(I)—pZP ATeI(t), *)

where p is the isotopic enrichment of the '7Sn target (90%);
ph the target’s specific thickness; N4, the Avogadro number;
Z p, the projectile atomic number; A7, the target mass number;
e, the electron charge; and /(¢), the electrical beam intensity.

If the target is measured after a waiting time ¢,,, during
the measuring time t,,, the following numbers of 2! Te nuclei
will be disintegrated from the isomeric and ground states,
respectively:

N3t tm)
— N}l\/[ e*)\.Mtu'(l _ 67)‘"”'”), (6)
NE(ty, tm)

= Ni e_)nctw(l — e—)n(;tm) + M
‘ )"M - )"G
—AGtw —AGtn —Amtw .
4 l1—e 1—
X |: ( ) e (1—e ):|’ o
AG o

with N 11\4 and N, (’} obtained from Eqgs. (3) and (4).

These numbers can be connected directly with the peak
surface A; of a certain y radiation y;, which has to be emitted
only in the case of isomeric state decay if we are referring to
N2, or of the ground state decay in the case of No, that is,

A = IVfgiNl(lj/Ie.ZG(tw»tm)a ®)

where ¢; represents absolute peak efficiency for y; radiation in
the specified detection geometry, and I,, is the absolute y-ray
intensity of y; radiation.
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TABLE I. Nuclear data used to obtain experimental (¢, ) and
(a, p) cross sections [21].

Nuclear reaction T, (days) E,(keV) I, (%)
"78n(a, )12 Te™ 154 (7) 212.189 81.4 (11)
7Sn(a, y)'?! Tes™ 19.16 (5) 507.591, 17.8 (9),
573.139 80.30 (25)
178n(e, p)'?°Sb™ 5.76 (2) 89.8, 79.5 (16),
197.3, 87.0 (11),
1023.3 99.4 (3)
BTi(a, n)’'Cr 27.7010 (11) 320.10 9.91 (1)

When the !'7Sn isotope is irradiated with « particles, in the
studied energy range, besides the (¢, y) capture reaction, the
"78n(ar, n)'*Te and ''7Sn(a, p)'?°Sb reactions are also taking
place. For the («, n) reaction, we cannot determine the cross
section using this method, because the 120 isotope created
in this way is stable and does not have any isomeric levels.
But for the («, p) reaction, the '2°Sb isotope has an isomeric
level (87) with a half-life of 5.76 d. Both isomeric and ground
states decay through B* and EC processes. Unfortunately,
the ground state has a small half-life in the context of this
experiment (15.89 min) and is decaying mainly (98.3%) to the
120Sn ground state with a very small amount of emitted y rays.
Consequently, it was not possible to obtain the cross section for
the "'7Sn(a, p)'2°Sbe* reaction. In the case of isomeric level
decay, there are some y rays emitted with enough intensity by
the B daughter ('?°Sn), a fact that made it possible to obtain
the cross section for the ''”Sn(«, p)'?’Sb™ reaction. This goal
was achieved using the same procedure mentioned above for
the (o, y) capture reaction on the isomeric level of 2! Te.

The main nuclear data needed to obtain the cross sections
are given in Table 1.

B. Target preparation

Isotopically enriched tin targets having 3.95%''°Sn, 90%
11781, 3.81%"'18Sn, 1.71%"''°Sn, and 0.53% '2°Sn in the form
of self-supporting foils of ~4.5 mg/cm? were used in this
experiment. The highly enriched ''7Sn targets were prepared
via mechanical rolling. The ''"Sn foils were mounted on
circular Al holders with a hole diameter of 12 mm. A stack was
prepared having three !'7Sn targets alternating with aluminum
foils of thickness ~5.5 mg/cm?. A titanium foil of 3 mg/cm?
was placed at the end of the stack. The aluminum foils served
as incident «-beam energy degraders and as catchers for recoil
nuclei from the ''7Sn foils to estimate the recoil fraction. The
titanium foil was used to measure the **Ti(a, n)*'Cr cross
section. The measured cross section was used to verify the
beam current integration by comparing our data with that from
Ref. [22].

Target thickness has a very important role in this experi-
ment, primarily because it appears directly in relations used to
compute the cross section [see Eq. (5)] but also as it defines
the energy (and the energy spread) at which the cross sections
are measured.

For this purpose, besides weighing the targets, we made an
additional « transmission experiment. The « source consisted
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TABLE II. Targets thickness and irradiation energies of each foil.

Target No. Thickness Specific Energy (MeV)
(um) thickness
(mg/cm?) First Second
campaign  campaign

Sn #1 6.4 4.660 14.5+0.1

Al#2 21.15 5.715 132+0.2

Sn #3 6.45 4.697 11.9+£0.2

Al #4 21.30 5.755 10.34+0.2

Sn #5/#1 5.95 4.333 8.8+£0.2 15.1+0.1
Ti #6/#2 6.70 3.028 7.8+£0.2 144+£0.1

of a mixture of ! Am and >**Cm. The energy spectra of
transmitted o particles through the Sn foils were measured
with a totally depleted silicon detector. Target thicknesses
were obtained by performing successive TRIM [23] simulations
until we managed to reproduce the shifted energy spectrum,
considering the direct spectrum as an input for the TRIM
code. Target thicknesses obtained in this experiment were
consistent with the ones obtained by weighing, and the values
are reproduced in Table II.

C. Activations and data analysis

The stack was mounted in a Faraday cup, isolated from
the rest of the beamline, and bombarded with a *He?* beam
from the IFIN-HH tandem accelerator. To get an accurate
measurement, a ring was placed at the Faraday cup entrance
having a —300 V bias voltage designated to suppress secondary
electrons.

The energy of the incident o particles covered a range
between 8.7 and 15 MeV. These energies are particularly
interesting because the Gamow peak of the ''”Sn(a, y)'?' Te
reaction at 7o = 3 GK is estimated to be at 8.6 MeV with
a width of 3.4 MeV. For «-induced reactions on ''7Sn, the
activation technique is suitable to determine the cross section,
because the reaction products are radioactive with convenient
half-lives (19.16 d for '>'Te2%, 154 d for '?!Te™, and 5.76 d
for '29Sb™) as given in Table 1.

We performed two experiments. In the first experiment,
a stack of three ''7Sn foils interspaced by two aluminum
foils ended with a Ti foil were irradiated with a 15 MeV
“He?* beam. The incident beam energies and straggling on the
successive target foils were determined based on the energy
loss in the aluminum and !'”Sn foils using dE/dx values
obtained using the TRIM code. Figure 1 illustrates energy
spectra of « particles inside of ''7Sn and *¥Ti foils simulated
with TRIM code. As we can see in this figure, the o beam
energy spectrum within the fifth foil is centered on a value of
8.76 MeV. At this energy situated significantly below Coulomb
barrier (~17.8 MeV), we were not able to observe any of the y
lines specified in Table I. We performed a second experiment
in which a stack consisting of a ''7Sn foil followed by a Ti one
was irradiated with a 15.6 MeV *He?* beam. In Table II, mean
values and widths of & energy spectra within all irradiated foils
are given, too.

PHYSICAL REVIEW C 78, 035803 (2008)

400 | Foil #1 ""sn - (@) +Foil #3 ""sn (b)4
” [ I-st campaign [ I-st campaign ]
5 %0¢ ¥ ]
S : , .
5 200 F I 1
o r Depth 0.0 - 6.4 um r Depth 27.5 - 34.0 um
[S [ E =14.5%0.1 MeV LE =11.940.2 MeV ]
= [ 5 [ S ]
=z 100 T ]
0 : P T S S I [ 1 : PEIRI R P
136 140 144 148 M2 116 120
400 [-Foil #5 ''"Sn (c) FFoil #6 “Ti (d)]
[ I-st campaign 1l-st campaign 1
7)) L 1 4
5 300 . + ]
G [ Depth 55.3 - 61.25 um T Depth 61.25 - 67.95 um
§ 2000E -88+02MeV , TE, =7.8+0.2MeV ]
E ool } |
= 100 | 1
O : P P | |
8.08 . 7.27 6 8.0
400 [Foil #1 ""Sn (e)+ Foil #2 “Ti (f)1
[ll-nd campaign 1 ll-nd campaign 1
2 300 T ]
2 r Depth 0.0 - 5.95 um { Depth 5.95 um - 12.65
o [E =15.1+0.1 MeV TE =14.4+0.1 MeV
5 200 I ]
o L
€ [ 1 ]
= 100r T ]
ol L T vy L
140 144 148 152 136 140 144
E, (MeV) E, (MeV)

FIG. 1. Energy spectra of « particles inside of '’ Sn and *3Ti foils
simulated with the TRIM code.

Another important parameter needed to perform the cal-
culations is the beam intensity and its time dependence. The
beam current was acquired in real time using an ORTEC 439
digital current integrator in steps of one second, small enough
to perform the integration. The typical current was between 20
and 25 nA as can be seen in Fig. 2.

We also determined the *3Ti(a, n)>! Cr cross section using
the 320 keV y line emitted by 'V, which resulted from EC
decay of >'Cr, and for validation purposes we compared our
results with experimental data points obtained by Morton [22]
at the same energies.

All measurements have been performed with a specially
designed low-background setup—both detectors were sur-
rounded with Pb walls clothed with Cu and Al plates on the
inside. For the dead-time correction, we used a pulse generator
with a fixed frequency of the output signal (20 Hz). Efficiency
calibration of HPGe detectors was done using calibrated point
sources of 92Eu, '33Ba, >*! Am, °°Co, and '3’Cs, placed in the
same geometry as the targets. We also took into account the
summing effects due to the close geometry. This was achieved
using the Monte-Carlo simulation code GESPECOR [24]. The
calibration curves for both detectors used in the experiment
are presented in Fig. 3.
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FIG. 2. Time dependence of beam intensity monitored in the
second campaign.

Figure 4 presents some partial y-ray spectra obtained in
our experiment including irradiation, waiting, and counting
times. Using these spectra, we obtained ''"Sn(a, y)'?! Te™,
7Sn(ar, y)!?!Tet*, and '"Sn(a, p)'?°Sb™ cross sections
which are reproduced in Table III.

III. COMPARISON BETWEEN EXPERIMENTAL DATA
AND THEORY

A. Optical model calculations

Optical model (OM) calculations were done using the SCAT2
code [16]. As already known, the optical model can predict
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FIG. 3. Absolute peak efficiency for both detectors used in our
experiment.
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TABLE III. Measured cross sections in present experiment.

EL® Cross section (mb)

MeV

( ) 117SI1(0[, J/)IZITem “7SI1(0l, ]/)IZlTeg's‘ 11751’1(0{, p)IZOSbm
15.1£0.1 4.6+0.6 83+1.0 0.012+£0.002
14.5+£0.1 32+04 6.3£0.8 0.005 £ 0.001
11.9+£0.2 0.09 +£0.01 0.27 +£0.03

the following quantities: total cross section, direct elastic
cross section, compound cross section, and the transmission
coefficients for statistical model calculations. As outlined in
Ref. [25], the OM parametrization does not reproduce the o
elastic scattering cross section below the Coulomb barrier.
We should mention that because the reaction is induced by a
charged particle, when we enumerate the above cross sections
we refer only to their nuclear part, neglecting the Coulomb
part.

In this respect, we used three phenomenological global
optical potentials developed for incident o particles:
McFadden and Satchler [26], Huizenga [27], and Avrigeanu
[25]. Usually, to validate the proper OM parameters for
the target and the energy range of the incident particle, a
comparison of the experimental data with the total cross
section and integrated or differential elastic cross section (at
higher energies where the compound elastic contribution to the
elastic cross section becomes negligible) provided by the OM
is made. In our case, the lack of experimental data made this
procedure impossible. However, we tested these potentials on
the available experimental data on neighboring isotopes, and
we concluded that all three OM potentials give a rather good
prediction of the existing experimental data, so we rejected
none.

For the statistic model calculation we considered the
following channels:

o+ ”7Sn,
n-+ 120Te,
p + 120Sb.

a+“7Sn—> lleeNC—>

Therefore, we need also the transmission coefficients for
neutrons and protons from direct reaction on '*Te and '2°Sb.
For this purpose were used the global optical potential of
Koning and Delaroche [28], well known for its accuracy
provided for a large range of energy and mass of nuclei.
However, because the neutron emission plays a dominant
role against all the rest of the opened channels, we tested
the accuracy of the neutron transmission coefficients for the
n 4 '?2Te reaction for which experimental data exists in the
EXFOR database, and we obtained a good agreement of total
cross section with experimental data.

B. Statistical model evaluation

The statistical model and preequilibrium calculation were
made using the GNASH-FKK code [17].

The first step consisted of selecting the proper number of
low-lying discrete levels taken into account for the compound
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nucleus ('?! Te) and for the three residual nuclei (''7Sn, 'Te,
and '?°Sb). For this purpose we used the RIPL database [29].

This data library contains also levels for which the decay
mode is unknown. Usually, to fulfill the sum rule over the cross
section (the sum over all calculated cross sections should be
equal to the total cross section provided by the OM), it is
usual to impose 100% decay of these levels on the ground
state. However, in our case, the fact was taken into account
that two of the nuclei (2!Te and '?°Sb) have isomeric states.
For this reason, each level with an unknown decay mode was
individually analyzed to establish if the most favorable decay
is to the ground state or to the isomeric state. This plays a
major role in providing an accurate ratio between the cross
section population of ground and isomeric states.

Another important ingredient in the estimation of the
compound cross sections are the level density parameters. In
this case the Gilbert and Cameron formula [30] was used.
Usually the level density parameter a is obtained through a
fitting procedure of the experimental neutron s-wave resonance
spacing Dy. In the case of residual nuclei, due to the lack

0
T T T T T T T T T T T
480 490 500 510 520 530 540 550 560 570 580 590 600

E, (keV)

of Dy experimental data, the Gilbert-Cameron systematic
was used for the level density parameter a. The rest of the
level density parameters were derived by imposing that the
calculated cumulative number of levels should reproduce
the experimental low-lying levels. The related level density
parameters are summarized in Table IV.

For estimating the y transmission coefficients, the
Kopecky-Uhl giant resonance parametrization [31] of the
y-ray strength function was used.

TABLE IV. Level density parameters used in statistical model
calculations.

Nucleus a T E, Ey No. of discrete
MeV™h) (MeV) (MeV) (MeV) levels
121Te 18.358 0.610 5968 —0.924 37
120Te 18.0 0.590  6.604 0.561 6
120Sp 16.0 0.600 3.744 —1.287 36
1178n 16.893 0.542  4.316 0.202 23

035803-5



I. CATA-DANIL et al.

Due to the lack of experimental information regarding the
neutron s-wave resonance spacing Dy and average radiative
capture width (I'y) due to the s-wave neutron interaction,
we used in the first run the default values of the GNASH-
FKK code, which correspond to the interpolation table of
Kopecky. The calculated radiative capture cross sections
underestimate our experimental data for the ''’Sn(e, )2 Te”
and '7Sn(a, y)'?! Te#* reactions. Subsequently, we adjusted
the value for the normalization constant 27 (I'y)/(Dys) to
provide an accurate description of the ''"Sn(a, y)'2! Te2
experimental cross section with the calculation, using the
McFadden potential. The fact that the adjustment of the nor-
malization constant 277 (') /( Doy ) reproduced simultaneously
also the ''"Sn(e, y)'?' Te™ and ' Sn(x, p)'?°Sb™ validates the
level density parameters and at the same time the size of the
adjustment. This does not mean necessarily that this potential
could provide more accurate results than other ones.

C. Discussion

In Fig. 5 we compare the experimental cross sec-
tion for the ''"Sn(a, )'?'Te” and ''"Sn(w, y)'?!Te®™, and
7Sn(ar, p)'?°Sb™ reactions with the calculated ones provided
by the McFadden potential using the above-mentioned ad-
justment of the normalization constant 27 (I'y)/(Dys). The
figure shows a general agreement within error bars between
the calculated and experimental data. It is worth mentioning
that the lowest experimental energy point is overestimated by
a factor of ~4.

Cross section (mb)

o) 117Sn(oc,p)1203bm

10—t
89 10 11 12 13 14 15 16 17 18
E, (MeV)

FIG. 5. Cross sections evaluated with the McFadden optical

model potential compared with experimental points in linear and
logarithmic scales.
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FIG. 6. Comparison between experimental data points and evalu-
ations performed with GNASH (McFadden potential) and NONSMOKER
codes.

The good agreement at high energies validates the level
density parameters used; therefore the disagreement at low
energies can be attributed to the transmission coefficients, thus
highlighting the limitations of OM parametrizations below the
Coulomb barrier.

Moreover, in Fig. 6 we plot also the calculated values
with the NONSMOKER code [18], which is usually used
in astrophysical studies. One major inconvenience of these
tabulated NONSMOKER values is that we had no information
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FIG. 7. Experimental astrophysical S factors for studied reactions
compared with theoretical evaluations.
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TABLE V. Experimental S factor values for all studied reactions.

Eg™ (MeV)

S factor (x 10?! keV-b)

117SI’1(0[, J/)IZITem

117SH(Ol, V)IZITeg.s. 11781’1((1, p)IZOSbm

14.63 £0.09 844+ 173
14.03£0.10 1645 £+ 360
11.5+£0.2 9333 +£4049

1533 £304
3259 +689
28349 +£12079

23406
2.6+0.9

about the parameters used in the calculation. Another one
is, for this particular case, that the tabulated NONSMOKER
values report only a total cross section for '’Sn(a, y)'?! Te
and "'7Sn(a, p)'?°Sb and no information about the population
of ground and isomeric states. Nevertheless, the calculated
NONSMOKER («, ) cross section underestimates both the
experimental values and the GNASH-FKK calculation.

It is difficult to trust a certain evaluation as long as
there is only our set of experimental values and no others
for validation. Furthermore, no trustworthy experimental
data of different parameters needed for a reliable evalua-
tion exist. However, if we refer only to the higher energy
points, the fact that the evaluation reproduces simultaneously
the '"Sn(a, y)'?!Te and '7Sn(a, p)'?°Sb gives credibility
to the choice of level density parameters and accordingly to
the normalization constant 277 (I ) /( Do, ). An improper choice
of these parameters would increase one cross section and de-
crease the other one, hence making impossible the agreement
with both experimental points. With this choice of parameters,
the disagreement in the cross section of the ''7Sn(«, y)'?! Te
at 11.85 MeV can only be attributed to the transmission
coefficients calculated with the OM. These limitations of
the OM parameters below the Coulomb barrier are typical
for the global OM parametrizations available, as outlined in
Ref. [25].

We obtained an evaluation of cross sections, based on
credible model parameters, that describe our experimental
points measured for both the («, ) process and the («, p)
process, giving consistency and reliability to the parameter set
used in the evaluation process. However, future experiments
providing information about the cross section of all open
processes in this energy range are needed for a reliable
evaluation. In addition, experimental information regarding
physical quantities such as neutron s-wave resonance spacing
and their average radiative capture width would be essential for
establishing a trustworthy validation of the set of parameters
used in this mass region.

Finally, from these experimental cross sections we derived
the related astrophysical S factors for the three studied
reactions. They are presented in Table V and are compared in
Fig. 7 with theoretical calculations with SCAT2 and GANSH-FKK
using all three sets of OM parameters for the « particle
mentioned before.
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