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Photoneutron cross sections were measured for ''8Sn, 11”Sn, 120Sn, 122Sn, and '**Sn near neutron threshold
with quasi-monochromatic laser-Compton scattering y rays. A systematic analysis of the present photoneutron
data and existing neutron-capture data is made using the y-ray strength function on the basis of the HFB +
QRPA model of E'1 strength supplemented with a pygmy dipole resonance, which was deduced from a previous
study on '"®Sn and ''7Sn. Radiative neutron capture cross sections for two radioactive nuclei, '>'Sn and '>3Sn,

are deduced through the y-ray strength function method.
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I. INTRODUCTION

The y-ray strength function (ySF) is a nuclear statistical
quantity that governs electromagnetic processes in radiative
neutron captures and photoneutron emissions. The leading
term of the y SFis the E 1 strength which extends from the peak
region of the giant dipole resonance (GDR) to the tail region
above and below neutron threshold [1,2]. Besides the GDR,
an extra strength known as pygmy resonance (PR) is expected
to emerge at low energy around the neutron threshold. The PR
is interpreted as a new excitation mode related to the dipole
oscillation of a neutron skin against a core nuclei with N = Z
[3] though there may be a different picture like low energy E'1
strength that fails to participate in the GDR excitation. Besides
the physics picture, the degree of collectivity involved in the
excitation of PR is currently controversial [4-7].

The y SF in tin isotopes has been investigated experimen-
tally with the Oslo method using (*He, *He’y), CHe, «'y)
and (a, 'y) reactions for 1%-122Sn [8—10], while PR has been
investigated in the nuclear resonance fluorescence experiment
for 161248 [11] and with the (a, 'y coincidence technique
for !>*Sn [12]. The y-ray detections probe the ySF and
PR below the neutron threshold; the former measurements
with Nal(Tl) detectors probe the ySF and the nuclear level
density in an entangled way, while the latter measurements
with Ge detectors favors to identify strong E1 transitions
rather than weak M1 transitions that are possibly fragmented.
Furthermore, PR in 139132Sn above neutron threshold was
investigated in Coulomb dissociation [13]. A threshold-free
high-resolution inelastic proton scattering experiment was
recently proposed to investigate an E1 strength distribution
in 120Sn [14].

The role of the y-ray strength in nuclear astrophysics
and nuclear engineering was discussed in Refs. [1,2]. Since
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the (y,n) and (n,y) reaction cross section are interconnected
through the y SF in the Hauser-Feshbach model, an indirect
method called the y -ray strength function method was devised
for constraining radiative neutron capture cross sections for
unstable nuclei [2] and applied to 93.967¢ and 197Pd [2,15].

Recently, we measured photoneutron cross sections for
16,1179 near neutron threshold and showed that the Skyrme
Hartree-Fock-Bogoliubov (HFB) plus quasiparticle random-
phase approximation (QRPA) model of E1 strength sup-
plemented with a pygmy dipole resonance reproduce satis-
factorily both (y,n) cross sections for ''®!7Sn and (n,y)
cross sections for '°Sn [1]. We recently extended our
photoneutron cross section measurement to five tin iso-
topes (118 119:121.122,1245) for a systematic study, excluding
three isotopes (!'>!*1158n) with low natural abundances
(0.34-0.97%). Such a systematic measurement allows us to
apply the so-called ySF method. In this application, the
following three steps are depicted in Fig. 1: 1) measurements
of (y,n) cross sections for stable tin isotopes (left arrows); 2)
investigation, extrapolation, and justification of the y SF which
interconnects (y,n) and (n,y) cross sections (right arrows);
and 3) prediction of (n,y) cross sections within the statistical
model calculation for the radioactive '>!Sn and '?Sn with
half-lives of 27 h and 129 d, respectively. Radiative neutron
capture cross sections for '>!Sn and '2*Sn constitute nuclear
inputs of particular interest to the s-process nucleosynthesis.

The present measurement provides photoneutron cross
sections for 22Sn for the first time, for ''Sn near threshold
including previously unexplored energies below 9.0 MeV, and
for '181248n for which the Livermore [16] and Saclay [17]
data show large discrepancies. The new measurements are
described in Sec. II and compared with previous data as well
as theoretical calculations in Sec. III.
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FIG. 1. (Color online) The chart of nuclei depicting an application of the y-ray strength function method to tin isotopes. Photoneutron
cross sections measured in the present experiment are shown by left arrows. Radiative neutron capture cross sections used for constraining the
¥ SF are show by right arrows. Photoneutron cross sections for two radioactive nuclei, '*!'Sn and **Sn, are deduced with the y-ray strength

function method.

II. PHOTONEUTRON CROSS SECTION MEASUREMENTS

The experiment was performed with quasi-monochromatic
laser-Compton scattering (LCS) y rays at the National Institute
of Advanced Industrial Science and Technology (Japan). The
LCS y rays were produced with a high-intensity Nd:YVOy,
Q-switch laser that generate 1064-nm photons at 40 W and
532-nm photons at 24 W with a frequency-doubler module in
the energy range from 6.78 MeV to 13.00 MeV (energies
are quoted as the maximum energies of the LCS y-ray
beams). Enriched materials of !'8Sn (98.50%, 1500 mg metal),
1198n (93.00%, 1023 mg metal), '°Sn (98.80%, 1492 mg
metal), '?2Sn (94.60%, 1200 mg metal powder), and 1248
(97.90%, 1994 mg metal) were pressed/shaped into targets of
8 mm diameter and 2.8-5.0 mm lengths. A high-efficiency
47 neutron detector composed of triple rings of 20 3He
proportional counters altogether embedded in a polyethylene
moderator was used for neutron detection. Neutron events from
major isotopic impurities, ''®Sn (6.4%) and '*°Sn (3.02%)
included in the '"Sn and '>’Sn target materials, respec-
tively, were directly determined and subtracted in the present
measurements. Contributions from impurities included in the
118,120.124Gn materials with the high enrichments were ne-
glected. Measurements below neutron threshold were carried
out for '8Sn at 9.0 MeV, '2°Sn at 9.0 MeV, 22Sn at 8.50 MeV,
and '**Sn at 8.25 MeV. No significant neutron events were
observed. The number of the LCS y rays incident on the
targets was determined from pileup- and single-photon spectra
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FIG. 2. (Color online) '8Sn(y,n)''"’Sn photoneutron cross sec-
tion. The full dots correspond to our new measurements and the other
symbols to the former photodata [16,17] and the evaluated cross
sections [18]. The theoretical cross sections considered in this study
(see text) are also shown.

measured with a 8 in. diameter x 12 in. length Nal(T1) detector.
The LCS y-ray beam was measured with the high-resolution
high-energy photon spectrometer (HHS) [19] at a reduced
laser power to determine the energy distributions of the LCS
y-ray beam by means of the unfolding technique [20,21].
The measurement was repeatedly made typically every hour,
intervening the photoneutron measurements with the full laser
power. The energy spread of the beam was 6%—13% in the
full width at half-maximum. Note, however, that the LCS
y rays in the energy interval between the neutron threshold
and the maximum beam energy are responsible for inducing
photoneutron emissions. The energy interval is smaller than
the energy spread of the beam in measurements immediately
above the neutron threshold. More details of the experimental
procedure are found in Refs. [1,22].

Photoneutron cross sections were deduced at the average
y-ray energies with the x2-fitting method for '18:119:120.122gp
and the Taylor expansion method for '?*Sn [1]. The two data-
reduction methods are known to work consistently in deducing
photoneutron cross sections [1]. The systematic uncertainty for
the cross section is £4.4% which represents a quadratic sum
of uncertainties of the neutron detection efficiency (3.2%) and
the number of incident y rays (3%). The final cross sections are
shown in Figs. 2—-6 and compared with previous measurements
or evaluations. As can be seen, quite some discrepancies are
found close to the neutron threshold, in particular for 11981 and
12281, Note that Varlamov et al. [18] evaluated photoneutron
cross sections for Sn isotopes by analyzing experimental data
taken with bremsstrahlung and quasi-monochromatic photon
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FIG. 3. (Color online) Same as Fig. 2 for the '"Sn(y,n)!'®Sn
photoneutron cross section.
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FIG. 4. (Color online) Same as Fig. 2 for the '*°Sn(y,n)''"Sn
photoneutron cross section.

beams produced in the positron annihilation in flight. The cross
sections are further analyzed below.

III. THEORETICAL INTERPRETATION

Theoretically, as done in our study on the photoemission
of 1161179 [1], the experimental data have been analyzed
on the basis of the TALYS reaction code [23] and different
y-ray strength functions, namely the Lorentzian model [24]
and the Skyrme HFB plus QRPA model [25]. As seen in
Figs. 2-6, cross sections around the neutron threshold are
rather overestimated by the Lorentzian model and underes-
timated by the HFB 4+ QRPA model (note that a shift of about
0.2-0.5 MeV has been applied to the HFB + QRPA strength
to normalize the cross section on the experimentally measured
centroid energy). This underestimation was already observed
for the ''®17Sn(y ,n) reactions and interpreted as a lack of
E1 strength [1], where it was shown that a simple increase
of the E'1 strength through an additional PR could solve the
discrepancies. This is shown in Figs. 2—6 by the HFB + QRPA
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FIG. 5. (Color online) Same as Fig. 2 for the '?>Sn(y,n)'*'Sn
photoneutron cross section.
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FIG. 6. (Color online) Same as Fig. 2 for the '**Sn(y,n)'*Sn
photoneutron cross section.

and PR calculation which on top of the HFB + QRPA E1
strength also includes a E1 PR characterized by a centroid
energy of about 8-8.5 MeV (8.5 MeV for ''8Sn and 8 MeV
for the heavier isotopes), a width of 2 MeV, and peak strength
corresponding to a cross section of 7 mb. The resulting model
is identical to the one applied in Ref. [1] to ''®!17Sn_ In the
present cases, it can be seen in Figs. 2—6, that the agreement
around the neutron threshold is rather satisfactory. Note that
the HFB + QRPA systematically predicts some extra strength
around 11 MeV that is not observed in the photoemission cross
sections measured here. This extra PR strength is partially
due to the effective interaction considered, but also to some
missing effect such as the quasiparticle-phonon coupling.
Such recent calculations have indeed confirmed that this latter
effect can shift the PR to lower excitation energies by about
2MeV [26,27]. However, this energy region is not of particular
relevance in our present study since we essentially focus here
on the tail of the GDR. Figs. 2-6, in addition of Figs. 3 and
5 of Ref. [1] show that all the measured Sn photoemission
cross sections in the vicinity of the neutron threshold can be
consistently explained by the HFB + QRPA model provided
an extra E1 PR is included.

To further confirm the presence of the low-lying PR around
8 MeV, like in our previous study [1], we now consider the
inverse radiative neutron captures for keV neutron energies
which are known experimentally and sensitive to the y strength
below the neutron threshold. Note that we assume here, as clas-
sically done, that the de-excitation electromagnetic strength
is directly related to the photoabsorption strength function,
ie, f(E,) {= f(E,) 1, no T-dependence being introduced
in the present study. A coherent comparison of the neutron
capture data with the Lorentzian and HFB + QRPA (including
a PR) is shown in Figs. 7-9 for ''7=119Sn(n,y)!18-1205p,
where exactly the same E1 strengths as used in Figs. 2—4
have been used. For ''°Sn, see Fig. 4 of Ref. [1]. Although
in cases where the neutron separation energy is rather high
(e.g., Fig. 7), the PR has no major influence, the HFB +
QRPA strength clearly gives reasonable predictions and is
improved when including the PR contribution. In contrast,
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FIG. 7. (Color online) '""Sn(n,y)'"'8Sn cross section obtained
with the HFB 4+ QRPA, HFB + QRPA and PR and Lorentzian E'1
strengths (see Fig. 2) and compared with experimental data [28-31].

the Lorentzian model systematically overestimates the cross
section, so that the Lorentzian model should not be applied to
the calculation of radiative neutron captures, as also concluded
in our previous studies (see, e.g., [1]). Note that the radiative
neutron capture cross section is also relatively sensitive to
the nuclear level density. The model adopted here is the HFB
plus combinatorial model [32]. Experimental data exists to
constrain the level density in ''®~12°Sn around the neutron
binding energy, namely the s-wave resonance spacing [24],
so that the uncertainties affecting the level density predictions
are not found to change the above-mentioned conclusion (the
impact on the radiative neutron capture cross section is in these
cases typically around 30%).

For all these reasons, the present data strongly suggest the
existence of an additional low-lying strength in agreement with
the nuclear resonance fluorescence data [11] and the recent
measurements of the Oslo group [9,10,33]. In the latter case,
the radiative strength function was deduced from the analysis
of the PHe,*He’y) reaction and found to be compatible with
the presence of a PR around 8 MeV with an integrated strength
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FIG. 8. (Color online) Same as Fig. 7 for ''¥Sn(n,))!"Sn.
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FIG. 9. (Color online) Same as Fig. 7 for ''°Sn(n,y)'?°Sn.

corresponding to 1.7% of the classical Thomas-Reiche-Kuhn
sum rule. The HFB + QRPA strength (with and without
the inclusion of the PR) is compared in Fig. 10 with Oslo
experimental data [9,10] as well as the present photoneutron
data and those of Ref. [18] for !'8:119.1228n (note that the
strength function is extracted from the photo cross section
by the approximate relation f,, = o/E, although this relation
is only valid for total photoabsorption cross section). Here
again, the data is clearly in favor of some extra y-ray strength
at energies around 6—8 MeV.

The presence of this extra PR strength is an important the-
oretical issue. Recent models have been developed and could
potentially provide some explanation for this PR. It concerns
the self-consistent variant of the microscopic extended theory
of finite Fermi systems, which, in addition to the QRPA
approach, takes the single-particle continuum and phonon
coupling into account [26,27]. These calculations confirm the
need to take into account more complex configurations than
those included in the standard QRPA, namely the 1plh ®
phonon or two quasiparticles ® phonon configurations. Such
calculations were performed for the 901241321308 jgotopes
on the basis of the SLy4 Skyrme interaction [26,27] and found
an increase of the strength at low energies, typically around
7-9 MeV. In particular, in '?*Sn, the contribution due to the
phonon coupling increases the E1 strength around 8 MeV by
about a factor of 5. Similar results for the Sn isotopes were also
obtained within the relativistic QRPA model [34] which also
predicts systematically an extra E1 strength around 8 MeV.
More work in this direction could shed light on the systematics
of PR energy and strengths.

On the basis of the present analysis, the radiative neutron
capture by the unstable '?'Sn and '>3Sn is now estimated. For
both reactions, the y-ray strength functions of the compound
systems, '22Sn and '?4Sn, respectively, are strongly constrained
around the neutron threshold by our new experiments (see
Figs 5 and 6). The rather satisfactory agreement between our
systematics of neutron captures (see Figs. 7-9) also gives some
confidence on the corresponding predictions for '?!Sn and
12381 neutron captures. However, nuclear level densities are in
these cases not constrained by s-wave spacings at the neutron
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FIG. 10. (Color online) Comparison between the HFB + QRPA
strength (with and without the inclusion of the PR) and the
experimental data of the Oslo group [9,10], from photodata [18]
as well as the present photoemission data, for ''¥Sn (a), ''Sn (b), and
12281 (c).

separation energy, but only by low-lying level schemes. To
estimate the uncertainties associated with unknown nuclear
level densities, we consider the models described in Ref. [35].
Such models affect the cross section predictions at a few tens
of keV energies by typically 30% for 2! Sn(n,y)'??Sn and by a
factor of 2 for '>3Sn(n,))'?*Sn, as shown in Fig. 11. The newly
determined cross sections are also compared in Fig. 11 with
the predictions found in the widely used JENDL, ENDF/B,
and JEFF libraries [36]. Only the ENDF/B estimate of the
1238n neutron capture cross section is found compatible with
our present study.

The present photoneutron cross section measurement alone
cannot distinguish the multipolarity of extra strengths. Pre-
viously the presence of giant M1 resonance was assumed in
zirconium isotopes [2,37], being supported by the inelastic
proton scattering experiment [38], but not by the photon
scattering experiments [39,40]. The multipole decomposition
of extra strengths into E£1 and M1 is an urgent experimental
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FIG. 11. (Color online) *'Sn(#,y)'*?Sn (a) and '**Sn(n,y)'**Sn
(b) cross sections obtained with the HFB + QRPA and PR E1
strengths (see Fig. 5 and 6). The uncertainties are associated with
the use of different nuclear level density models [35]. The dashed,
dotted, and dash-dot curves correspond to the Japanese JENDL-
4.0, American ENDF/B-VII, and European JEFF-3.1 evaluations,
respectively [36], whenever available.

issue. The nuclear resonance fluorescence experiment with
linearly polarized photons may provide useful information
below neutron threshold [41]. Furthermore, there emerge
new experimental activities to address this issue, including
asymmetry measurements of photoneutrons for deuteron [42]
and 2%207Pb [43] and new-generation experiments of inelastic
proton scattering around zero degrees for '2°Sn [14] and
208pp [44], and N = 50 isotones (*3Sr, *°Zr, “>Mo) [45].

IV. CONCLUSION

We have completed a systematic measurement of photoneu-
tron cross sections for stable tin isotopes with A = 116-124
using quasi-monochromatic laser-Compton scattering y-ray
beams. In the context of an application of the y SF method, we
have investigated the y -ray strength function that interconnects
(y,n) and (n,y) cross sections in the statistical reaction
model and reasonably well reproduced the photoneutron and
radiative neutron-capture cross sections for tin isotopes with
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the HFB + QRPA model of E1 strength supplemented with
a pygmy dipole resonance. The PR was parametrized by a
centroid energy of 8.0-8.5 MeV and an integrated strength
about 1% (a width of 2 MeV and a peak cross section of 7 mb)
of the Thomas-Reiche-Khun sum rule. The present ySF and
PR obtained with the y SF method are qualitatively in good
agreement with those obtained with the Oslo method [9,10].
Radiative neutron capture cross sections for '*'Sn and '*3Sn
with the half-lives of 27 h and 129 d, respectively, were
deduced with the ySF method. The associated uncertainty
originating from the nuclear level density is as large as 30%
for 2!Sn and a factor of 2 for 23Sn. Finally, we note a
shortcoming of the HFB + QRPA model of El strength that
slightly overestimates photoneutron cross sections for the tin

PHYSICAL REVIEW C 84, 055805 (2011)

isotopes in the region of 10—12 MeV. This shortcoming of the
y-ray strength function only affects the (y,n) cross sections,
but has no impact on the (n,)y) cross sections.
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