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Photoneutron cross sections were measured for '*’Ba and '*®Ba at energies below two-neutron threshold
using quasimonochromatic y-ray beams produced in laser Compton scattering at the NewSUBARU synchrotron
radiation facility. The photoneutron data are used to constrain the y-ray strength function on the basis of the
Hartree-Fock-Bogolyubov plus quasiparticle random phase approximation using the Gogny D1M interaction.
Supplementing the experimentally constrained y-ray strength function with the zero-limit £1 and M1 contribu-
tions, which are unique to the deexcitation mode, we discuss radiative neutron capture cross sections relevant to
the s-process nucleosynthesis of barium isotopes in the vicinity of the neutron magic number 82.

DOI: 10.1103/PhysRevC.100.034605

I. INTRODUCTION

The y-ray strength function (ySF) [1,2] is a statistical
quantity employed in the Hauser-Feshbach model of the com-
pound nuclear reaction. The y SF in the deexcitation mode is
a key quantity to determine radiative neutron capture cross
sections that are of direct relevance to the s-process nucle-
osynthesis of elements heavier than iron. The downward y SF
for dipole radiation with a given energy ¢, is defined [3] by
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fxi(ey) = ey3Ty. ()
Here X is either electric (£) or magnetic (M), (I'x1(¢,)) is the
average radiation width, and D, is the average level spacing
for s-wave (£ = 0) or p-wave (£ = 1) neutron resonances.

In contrast, the y SF in the excitation mode for dipole ra-
diation is defined [3] by the average cross section for E1/M 1
photoabsorption {ox(¢,)) to the final states with all possible
spins and parities [2]:

-1

—
le(gy): (OXl(ey)>- 2

v
3(mhc)?

Above neutron separation energy except at energies near
neutron threshold, the total upward y SF can be determined by
substituting {(ox (e, )) with experimental photoneutron cross
sections that dominate photoabsorption cross sections.
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A recent systematic study across the chart of nuclei has for-
mulated the zero-limit behavior of both E1 and M1 strengths
in the analytical form [4], the latter of which (referred to as M 1
up-bend) was experimentally observed [5—7] and theoretically
supported by the shell-model calculation [8—13]. The presence
of the zero-limit strengths, which correspond to y-ray tran-
sitions between high-lying states is unique to the downward
ySF, showing that the Brink hypothesis of the approximate
equality of j‘x_l and f;)l [14,15] is violated.

The radiative neutron capture in the s-process path, which
proceeds along the valley of § stability successively produce
heavier isotopes by adding one neutron at a time until it is
intervened by B8~ decay, which increases the atomic number
of the element by one. When the s-process flow reaches a
magic neutron number, the nuclear binding energy increases
by an amount of the order of 1-2 MeV, leading to a drop of
the neutron separation energy of a compound nucleus, which
is formed by the neutron capture. The drop results in large
level spacing D in Eq. (1), and significantly decreases the
downward ySF and radiative neutron capture cross section
of neutron magic nuclei [16]. As a result, the s-process
nucleosynthesis forms the first, second, and third peaks of
elements around the mass number A = 86-90, 138-142, and
208, corresponding to the magic number 50, 82, and 126,
respectively.

In this paper, we discuss radiative neutron capture cross
sections for barium isotopes including '**Ba with the neutron
magic number 82 in terms of the deexcitation y SF based on
the y-ray strength function method [17,18]. The ySF from
two relatively different nuclear models are studied, namely
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FIG. 1. An excerpt of the chart of nuclei depicting the Ba region
along the s-process path.

the simple modified Lorentzian (SMLO) model [19] and the
Hartree-Fock-Bogolyubov plus quasiparticle random phase
approximation (QRPA) based on the Gogny D1M interaction
(hereafter denoted as D1IM + QRPA) [4,20,21] for both E1
and M1 components is constrained to the present photoneu-
tron cross section measured for '*®Ba and, for the first time,
137Ba. The experimentally constrained y SF is further supple-
mented with the zero-limit E1 and M1 contributions, which
are unique to the deexcitation mode.

Based on the same nuclear ingredients, radiative neutron
capture cross sections are calculated with the TALYS code
[22] for other stable barium isotopes including '*®Ba and
compared with experimental data. The Ba isotopes of the
present research interest along the s-process path are shown
in Fig. 1.

In Sec. II, our experimental procedure is described and
in Sec. III data are analyzed. Our resulting photoneutron
cross sections are discussed in Sec. IV and compared with
D1M + QRPA calculations. Radiative neutron capture cross
sections calculated for stable barium isotopes are compared
with experimental data. Finally, conclusions are drawn in
Sec. V.

II. EXPERIMENTAL PROCEDURE

The photoneutron measurements on *7!3Ba took place
at the NewSUBARU synchrotronic radiation facility. Quasi-
monochromatic pencil-like y-ray beams were produced
through laser Compton scattering (LCS) of 1064 nm photons
from the Nd:YVO, laser in head-on collisions with rela-
tivistic electrons. The electrons were injected from a linear
accelerator into the NewSUBARU storage ring with an initial
energy of 974 MeV, then subsequently decelerated to nominal
energies in the region from 620 and 694 MeV to 849 MeV,
providing LCS y-ray beams corresponding to the neutron
separation energy S, up to 13 MeV for '*’Ba and '*®Ba,
respectively. In total, 22 and 15 individual y beams were
produced for both '*’Ba and '**Ba, respectively.

The '*7-13Ba targets were made form isotopically enriched
barium carbonate (BaCOj3). The material was in pressed to-
gether and enclosed in an Al cylinder with a thin cap. The
targets had areal density of 2.236 g/cm? and 5.642 g/cm?,
for 1*’Ba and '*®Ba, respectively. The presence of the Al cap
made it necessary not to increase the y-ray beam energy above
13 MeV due to S, = 13.056 MeV for 2’ Al. The corresponding
enrichment of the two isotopes were 85.0% and 99.9%. The
main contaminant of the '3’Ba target was '**Ba (~15%). This
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FIG. 2. The simulated energy profiles for the y beams used in the
137.133B3 measurements. The distributions are normalized to unity.

was taken into account by using only the number of '*’Ba
nuclei below S, of '*®Ba, 8611.72 keV, and by considering
the neutron contribution from **Ba above.

The LCS y-ray beam produced at NewSUBARU is well
calibrated in absolute energy [23], energy profile [24-26],
and flux [27,28]. One can find more details of generation
and calibration of the LCS y-ray beam, and detection of
neutrons with a high-efficiency moderation-based detector
[29] in Ref. [18].

The measured photoneutron cross section for an incoming
beam with maximum y energy E.x is given by the convoluted
Cross section,

Ny
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Here, DEm is the normalized, fsfm‘“ DEmdE, =1, energy
distribution of the y-ray beam obtained from a GEANT4 [30]
simulation analysis of experimental response functions of a
LaBr3(Ce) beam-profile monitor. The simulated profiles of the
y beams, D used to investigate 13784 are shown in Fig. 2.
Furthermore, o (E, ) is the true photoneutron cross section as
a function of energy. The quantity N, represents the number
of neutrons detected, N, gives the number of target nuclei per
unit area, N, is the number of y rays incident on target, €,
represents the neutron detection efficiency, and finally & =
(1 — e ™) /(ut) gives a correction factor for self-attenuation
in the target. The factor g represents the fraction of the y flux
above S,,.

We have determined the convoluted cross sections aeE,;l";X
given by Eq. (3) for y beams with maximum energies in the
range S, < Enax < 13 MeV. The convoluted cross sections
aggﬂ* are not connected to a specific E,,, and we choose to plot
them as a function of E, . The convoluted cross sections of
the two Ba isotopes, which are often called monochromatic
cross sections, are shown in Fig. 3. The error bars in Fig. 3
represent the total uncertainty in the quantities comprising
Eq. (3) and consists of ~3.2% from the efficiency of the
neutron detector, ~1% from the pileup method that gives the
number of y rays, and the statistical uncertainty in the number
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FIG. 3. Monochromatic cross sections of *’Ba and '**Ba. The
error bars contain statistical uncertainties from the number of de-
tected neutrons, the uncertainty in the efficiency of the neutron
detector and the uncertainly in the pileup method used to determine
the number of incoming y’s on target.

of detected neutrons. The statistical error ranges between
~13% close to neutron threshold and 4.6% for the highest
maximum y-ray beam energies. Except for the first few data
points close to separation energy, the total error is dominated
by the uncertainty stemming from the pileup method and
from the simulated efficiency of the neutron detector. For
the total uncertainty, we have added these uncorrelated errors
quadratically.

III. DATA ANALYSIS

Now we extract the deconvoluted, E, dependent, pho-
toneutron cross section, o (E), ), from the integral of Eq. (3)
[31]. Each of the measurements characterized by the beam en-
ergy, Enmax, corresponds to folding of o (E, ) with the measured
beam profile, Dfmx. By approximating the integral in Eq. (3)
with a sum for each y-beam profile, we are able to express the
problem as a set of linear equations

of = Do, (@)
where oy is the cross section folded with the beam profile D.

The indexes i and j of the matrix element D; ; corresponds to
Enax and E,,, respectively. The set of equations is given by

o1
o1 Dy Dip - -+ Diu\| o
o) Dy Dy -+ -+ Doy )
on/ Dy Dwa Dymu

oM

Each row of D corresponds to a GEANT4 simulated y-beam
profile belonging to a specific measurement characterized by
Enax. See Fig. 2 for a visual representation of the response
matrix D. It is clear that D is highly asymmetrical.

As mentioned, we have used N = 15 beam energies when
investigating '*’Ba and 18 for '3*Ba, but the beam profiles
above S, is simulated in steps of 10 keV in y-ray energy. As
the system of linear equations in Eq. (5) is underdetermined,
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FIG. 4. Unfolded cross sections of '*71*®Ba in comparison with
the previous measurements for '**Ba [34].

the true o vector cannot be extracted by matrix inversion. In
order to find o, we utilize a folding iteration method. The main
features of this method are as follows:

(1) As a starting point, we choose for the zeroth iteration,
a constant trial function 0. This initial vector is
multiplied with D, and we get the zeroth folded vector
O'fo =Do".

(ii) The next trial input function, o, can be established by
adding the difference of the experimentally measured
spectrum, Oexp, and the folded spectrum, ofo ,t000. In
order to be able to add the folded and the input vector
together, we first perform a piecewise cubic Hermite
interpolating polynomial (pchip) interpolation on the
folded vector so that the two vectors have equal
dimensions. Our new input vector is

o' =0+ (O’exp — afo). (6)

1

(iii) The steps (i) and (ii) are iterated i times giving
o = Do’ 7
ot =o' 4 (Uexp — afi) ®)

until convergence is achieved. This means that af"“ ~
Oexp Within the statistical errors. In order to quantita-
tively check convergence, we calculate the reduced x 2
of afiH and oy, after each iteration. Approximately
four iterations are usually enough for convergence,
which is defined when the reduced x2 value ap-

proaches 1.

We stopped iterating when the x? started to be lower than
unity. In principle, the iteration could continue until the re-
duced y? approaches zero, but that results in large unrealistic
fluctuations in ¢’ due to overfitting to the measured points
Oexp-

We estimate the total uncertainty in the unfolded cross
sections by calculating an upper limit of the monochromatic
cross sections from Fig. 3 by adding and subtracting the errors
to the measured cross-section values. This upper and lower
limit is then unfolded separately, resulting in the unfolded
cross sections shown in Fig. 4.
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TABLE I. The unfolded cross sections ¢ evaluated at the max-
imum y-ray energy and the total (statistical plus systematic) uncer-
tainty Ao.

""Ba E, [MeV] o [mb] Ao [mb]
7.01 3.14 0.33
7.26 6.97 0.44
7.51 6.90 0.47
7.76 8.51 0.40
8.00 12.81 0.62
8.26 13.07 0.72
8.50 17.18 0.80
8.75 18.99 0.87
9.00 21,71 1.08
9.25 27.22 1.30
9.51 32.71 1.60
9.74 25.38 1.16
10.01 29.40 1.40
10.25 39.46 1.89
10.49 42.70 2.06
10.76 42.14 1.95
11.01 49.51 2.37
11.26 59.97 2.79
11.51 61.64 2.88
12.00 88.85 4.11
12.49 111.26 5.10
13.00 148.72 6.84
138Ba E, [MeV] o [mb] Ao [mb]

8.75 11.93 0.27

9.00 18.62 0.62

9.25 25.97 1.00

9.51 29.72 1.21

9.74 31.28 1.39
10.01 35.16 1.63
10.25 39.08 1.82
10.49 40.57 1.90
10.76 45.16 2.15
11.01 51.48 2.47
11.26 61.69 2.93
11.51 66.46 3.20
12.00 90.04 4.35
12.49 114.18 5.52
13.00 151.95 7.36

In Fig. 4, the unfolded cross sections for '*’Ba and '**Ba
are evaluated at the maximum energies of the incoming y
beams. The error bars represent the difference between the
upper and lower limit of the unfolded cross sections. The
unfolded cross sections are tabulated in Table .

IV. DISCUSSION

The present experimental results are now analyzed in
light of the recent systematics of the ySF obtained within
the phenomenological Lorentzian approach with the SMLO
model [19] and within the mean field plus QRPA calculations
with the DIM + QRPA model [4,20,21]. While the SMLO
E1 strength is essentially fitted on available photoabsorption
data, the D1M + QRPA has only globally be renormalized to
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FIG. 5. (a) Comparison of the DIM 4 QRPA (solid lines) and
SMLO (dotted lines) ¥SF for '*'Ba with the measured strength
function extracted from the present NewSUBARU experiment (red
circles). The E1 mode is shown by blue lines and M 1 by green lines.
(b) same for and '**Ba y SF. Previous measurements from nuclear
resonance fluorescence [32] for the E1 (blue squares) and M1 (green
circles) modes, as well as photoneutron data (solid circles) [34] and
its evaluation (open diamonds) [35] are also shown.

reproduce the bulk of experimental data. Such a renormal-
ization includes a broadening of the QRPA strength to take
the neglected damping of collective motions into account as
well as a shift of the strength to lower energies due to the
contribution beyond the one-particle-one-hole excitations and
the interaction between the single-particle and low-lying col-
lective phonon degrees of freedom. Such phenomenological
corrections have been applied to the present Ba isotopes, as
described in Ref. [4]. In addition, in order to reproduce the
present photoneutron cross section in the low-energy tail of
the giant dipole resonance, we find that a global energy shift
of 0.5 MeV of the overall E1 strength is required in the
specific case of *®Ba. Such renormalizations are within the
uncertainties affecting the y SF predictions [4]. The resulting
D1M + QRPA and SMLO y SF for '¥’Ba and '**Ba are shown
in Fig. 5 and compare with the present and previous data. In
the case of '*¥Ba, nuclear resonance fluorescence measure-
ments [32] are also available separately for the £1 and M1
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FIG. 6. (a) Present “"Ba(y, n)'**Ba measured cross sections
compared with the TALYS calculations based on the SMLO (dashed
blue line) and DIM + QRPA (solid red line) ySF. (b) same for
138Ba(y, n)!*’Ba reaction where previous measurements (black cir-
cles) [34] and evaluation (open diamonds) [35] are also shown.

modes. Details on the extraction of the ySF from measured
data can be found in Ref. [33].

Both the D1M 4 QRPA and SMLO models have proven
their capacity to reproduce relatively well all types of ex-
perimental data bearing relevant information on ySF, such
as those extracted from photoabsorption, nuclear resonance
fluorescence, Oslo method, radiative neutron or proton cap-
tures, or inelastic proton experiments as shown in Ref. [33].
We show in Figs. 5 and 6 that this is also the case for
the present Ba photoneutron data in the whole energy range
covered by our experiment. In the '3’Ba(y, n)'**Ba case, the
DI1M + QRPA M1 spin-flip strength at 8.5 MeV is, however,
clearly overestimated, while the SMLO model underestimates
the E'1 strength in the 9—11 MeV region.

Another way of testing our photoneutron data and the
ySF deduced out of those is to consider the reverse radia-
tive neutron capture cross sections. Those are available for
136Ba and '3Ba and therefore are sensitive to the low-energy
¥SF of ¥"Ba and '*®Ba, respectively. We have considered
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FIG. 7. (a) Comparison of the **Ba(n, y)!*’Ba measured cross
sections [38—40] with the TALYS calculations based on the SMLO
(dashed blue line) and D1M + QRPA + Olim (solid red line) y SF.
(b) same for *"Ba(n, y)'*Ba cross section [40-42]. Theoretical
uncertainties correspond to the use of different level density models
[36,37].

both the SMLO and DIM + QRPA E1 and M1 strengths as
described above and applied them to the TALYS calculation
of the (n, y) cross section. It should, however, be stressed
that the photoabsorption strength needs to be complemented
by the zero-limit correction when considering the deexcitation
of the compound nucleus formed by the neutron capture.
Inspired from shell-model studies, this low-energy limit has
been approximated in Ref. [4] for D1M + QRPA (the model
is then referred to as D1M + QRPA + Olim) and in Ref. [19]
for SMLO. The radiative cross sections are also sensitive to
the adopted nuclear level density model. For these reasons,
different prescriptions [36,37] have been considered in the
TALYS calculations.

We compare in Fig. 7 the '*°Ba(n,y)'*’Ba and
37Ba(n, y)'*¥Ba measured cross sections with the TALYS
Hauser-Feshbach calculation based on the D1M + QRPA +
Olim and SMLO ySF and different nuclear level density pre-
scriptions. All nuclear level densities [36,37] are normalized
to the existing s-wave spacing data at the neutron binding
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FIG. 8. Comparison between experimental (black squares) [43]
and theoretical Maxwellian-averaged cross sections at 30 keV pre-
dicted by the TALYS code with DIM + QRPA + Olim (red circles)
or SMLO (blue diamonds) y SF for the radiative neutron capture on
Ba isotopes with A lying between 130 and 138.

energy [3]. As shown in Fig. 7, the calculated cross sections
are in rather good agreement with available experimental data
in the keV region, although DIM + QRPA + Olim tend to
underestimate the '**Ba(n, y)!*’Ba cross section and SMLO
to overestimate the '*’Ba(n, y)'*®*Ba cross section.

To further compare the predictive power of the DIM +
QRPA + O0lim and SMLO models, we compare in Fig. 8
the 30 keV experimental Maxwellian-averaged cross sections
[43] with the TALYS predictions based again on both ySF
models and different prescriptions for the nuclear level den-
sities [36,37]. For the seven stable isotopes of Ba for which
experimental values exist, the agreement is relatively good,
D1M + QRPA + Olim model giving a root-mean-square devi-
ation on the cross section ratio of 1.26 and SMLO of 1.36. The

experimentally unknown Maxwellian-averaged cross sections
for '3'Ba and '**Ba can therefore be estimated within a typical
uncertainty of 30%. We find for '*'Ba a 30 keV Maxwellian-
averaged cross section of 1100 & 300 mb and for **Ba of
500 % 200 mb

V. CONCLUSION

We presented a new experimental determination of the
(y, n) cross section for '3’Ba and '*®Ba performed at the New-
SUBARU synchrotron radiation facility. Our new measure-
ments cover the low-energy tail of the giant dipole resonance
above the neutron threshold and are found for the **Ba case
to be in excellent agreement with previous measurements. In
the 1*"Ba case, photoneutron cross sections were measured for
the first time in this experiment. The new cross sections were
used to constrain the E'1 and M1 strength functions obtained
within the semimicroscopic D1M 4 QRPA and phenomeno-
logical SMLO approaches. We have further confirmed the
relevance of the experimentally constrained DI1M + QRPA
dipole y-ray strength function by analyzing the radiative
neutron capture cross sections for Ba isotopes considering in
addition the zero-limit systematics for both the deexcitation
E'1 and M1 strengths. Finally, the present analysis was used
to estimate the Maxwellian-averaged '*'Ba(n, y)'**Ba and
133Ba(n, y)134Ba cross sections.
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