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The y-ray strength functions and nuclear level densities of '*8La and '3°La have been measured below
the neutron separation energies. These new data were used to calculate astrophysical Maxwellian-
averaged (n, y) cross-sections to investigate the production and destruction of the p-nucleus '3%La in
the photodisintegration process. The results confirm the underproduction of 38La in the p-process with
respect to the observed abundances and strongly support the v-process through v, capture on '8Ba as

the main contributor to the synthesis of 138La in Type Il supernovae.
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1. Introduction

The major mechanisms to explain the synthesis of nuclei heav-
ier than iron in the universe are: (a) the slow neutron-capture
process (s-process), which occurs during the hydrostatic stellar
burning phases of low-mass stars during their asymptotic giant
branch phase [1] or of massive stars during core He-burning;
(b) the rapid neutron-capture process (r-process) taking place in
extremely high-neutron density environments [2]. The astrophysi-
cal sources and the specific conditions in which the r-process takes
place are among the most longstanding mysteries of nuclear as-
trophysics. While the light r-process elements up to the first (or
possibly second) abundance peak might be produced in neutrino-
driven outflows of core-collapse supernovae [3-5], the decompres-
sion of cold neutronized matter from the violent collision of binary
neutron stars or a neutron star with companion black holes have
also been suggested as alternative sites [2,6-8].

Neutron capture processes can generally explain isotopic abun-
dances with the notable exception of 35 p-nuclei which are sta-
ble or very long-lived systems with half-lives on the order of
Gyr. Their production through the s- or r-processes is prohib-
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ited and they are instead synthesized in the p-process through
photodisintegration reactions, i.e. (y,n), (y,p) or (y,a), originat-
ing from seed nuclei which are created by the s- or r-processes
[9] instead. The p-process can explain the observed solar abun-
dances of most p-nuclei, with a few exceptions, one of them being
13813 [9-14]. 138143 is shielded from beta decay contributions by
the stable isobars 138Ce and '3¥Ba, and photoreactions appear to
be inefficient to produce '38La significantly. The most promising
theory brought forward for the synthesis of 138La suggests that
neutrinos from the proto-neutron star, created following the core-
collapse, have enough intensity and energy to interact with matter
through neutrino-induced reactions [13,15]. In particular the 138Ba
Ve-capture has been calculated to be the largest contributor in the
production of 138La [10].

However, it was also clearly pointed out that nuclear physics
properties, such as the nuclear level density (NLD) and y-ray
strength function (y SF), which are important ingredients in reac-
tion rate calculations, are the main sources of uncertainty to eval-
uate the efficiency of the standard p-process mechanism [10]. The
production of 38La through 13°La(y, n)'38La and its destruction by
138La(y,n)137La are exclusively based on theoretical predictions.
The NLD and ySF have never been measured for '33La below the
particle separation energy (S;), which is the primary energy re-
gion of importance in the synthesis of 138La. Data for 13°La are
only available for excitation energies above 6 MeV [16]. Nuclear
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physics parameters and their uncertainties need to be carefully
measured in order to use them in model calculations to unam-
biguously exclude the standard p-process as the main contributor,
and to confidently discuss the importance of neutrino interactions
in the production of 138La.

In this Letter, we report the measurements of the ySF and
NLD in '38La and 13°La below S,. These experimental results are
subsequently used in reaction rate calculations to determine their
impact on the observed abundances. The implications for the p-
and ve-processes in the synthesis of 3La will be addressed.

2. Experimental results

The seven-day experiment was conducted at the Oslo Cyclotron
Laboratory with a 3He beam of 38 MeV impinging on a 2.5 mg/cm?
thick 13°La (99.9%) target. The beam intensity was kept in the
range ~0.4-0.7 pnA. Excited states in 13La and '3°La nuclei were
populated in the 13°La(®He, “He) and '3°La(3He, 3He’) reactions,
respectively. Particles and y-rays were measured in coincidence
using the CACTUS (265" x 5” Nal detectors) and SiRi (64 AE-E
telescopes with 130 pm thick AE and 1550 pm thick E detec-
tors) arrays [17,18]. CACTUS is mounted on a spherical frame such
that the target is located at the center with a distance of 22 cm
from each Nal detector. The SiRi array was placed downstream,
50 mm from the target and covers a mean scattering angular range
of 40-54°. During the analysis only the range 40-52° was used.
The total efficiency and resolution of the CACTUS array are 14.1%
and 7% FWHM for a 1332 keV transition, respectively. The parti-
cle telescopes have a resolution of ~260 keV for the 3He elastic
peak. A 10.5 um thick Al foil covers the front side of the particle
telescopes to suppress §-electrons.

The Nal detectors were calibrated with the 780.9 keV and
2759.1 keV y-ray transitions in 2’Si which were produced in the
28si(3He, #He)?’Si reaction. The excitation energy, E, of the 138La
and '3°La nuclei were obtained from the measured total energy of
the “He and 3He particles, corrected for kinematic effects, energy
losses, and different Q -values. The particle-y coincidence window
was set to ~50 ns by gating on the prompt time peak.

The Oslo Method [19,20] was used to extract the ¥ SF and NLD
simultaneously. The Ex vs. E;, matrices were constructed individu-
ally for 138La and '*°La and have been unfolded with the CACTUS
response matrix and the iterative technique discussed in [21]. The
first generation matrices, P(Ex, E,), were extracted (see Fig. 1)
using the first generation method [22]. This iterative subtraction
procedure reveals the distribution of the primary y-rays for each
initial excitation energy bin. The diagonal valley without data in
Fig. 1(b) corresponds to the 1043 keV energy difference between
the first- and second-excited states of 139La. In the same figure two
vertical regions corresponding to E, ~ 1 and 1.7 MeV are visible
which are characterized by lower statistics due to over-subtraction
of discrete and strong y-ray transitions during the generation of
P(Ex, Ey).

The NLD and y SF are obtained from P(Ey, E, ) for both La nu-
clei under study. Assuming that the residual nucleus reaches a
compound-like state before y emission [23], and the Brink Hy-
pothesis [24] is valid, P(Ex, E,) can be factorized as [19],

P(Ex, Ey) o< P(EP)T(Ey), (1)

where ;f(Ey) and p(Ey) are the y-ray transmission coefficient
and level density at Ey = Ex — E,, respectively. Values for ’~T(Ey)
and p(Es) were extracted by fitting theoretical first-generation
matrices, Py(Ex, Ey), to the experimental first-generation matri-
ces P(Ey, E,) individually for '3¥La and *9La. A x? minimization
between Py, (Ex, Ey) and P(Ey, Ey) using an iterative procedure
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Fig. 1. (Color online.) The first-generation matrices, P(Ey, E,), for 138La (a) and
139La (b). The neutron separation energies, Sy, are indicated by horizontal lines.

Table 1

Parameters used for the normalization of p(Ex) and f(E,) in 138139La,

Isotope o Dy (eV) p(Sn) (10° MeV™1) (') (Sp)) (meV)
13814 6.9+0.70 20.0+44> 71+19° 71.0+13.6°
13914 554+0.6° 31.84+7.0° 2940.6° 95.0 +18.2¢

@ Calculated with the HFB + Combinatorial model [25].
b Estimated values (see text for details).
¢ Average value from Refs. [28,29].

[19] determines the best fit, which was performed in the energy
regions of E, > 1 MeV and 3.5 MeV < E, < 7.1 MeV for '*8La, and
E, > 1.7 MeV and 3.5 MeV < E, < 8.5 MeV for 13La, to exclude
the non-statistical excitation energy regions.

Following extraction of 7 (Ey) and O(Ey), infinitely many solu-
tions of P(Ex, E,) can be found of the form,

p(Ef) = p(Es)Ae*ts )
T(Ey) =T (E,)Be*tr (3)

where « is the common slope for p(Ey) and 7(E,) and A and
B are normalization parameters. Determination of o and A is
accomplished by normalizing p(Ef) to the level density at the
neutron separation energy, o(Sy), and at low excitation energies
to the density of known discrete states. For 139La, p(S;) =2.9+
0.6 x 10° MeV~!, was used for normalization and was calculated
from the experimental average neutron resonance level spacing, Do
(see Table 1), using the Hartree-Fock-Bogoliubov (HFB) plus com-
binatorial model [25]. This value is in excellent agreement with
p(Sp) =2.5+0.6 x 10° MeV~! from the back shifted Fermi gas
approach [26]. The absolute normalization parameter B is calcu-
lated using [20]:

Sn

1 D
Ty (Sn, JT £ > mT)) = ﬁ /dEyT(Ey)/O(Sn —Ey)
0

1
1
x D gSn—EyJrko+)  (4)
J=—1

where Jr, rr are the spin and parity of the target nucleus in the
(n, y) reactions and g(Sp — Ey, JT = % + J) is the spin distribu-
tion [20,27] which is normalized to ), g(Ex, J) ~ 1. For '*la
(T'y (Sn, JT, 7)), and Dg are available experimental values, and
averaged from Refs. [28,29]. Their respective uncertainties were
obtained with appropriate error propagation. However, for 138La
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Fig. 2. (Color online.) Comparison of f(E,) with photoneutron cross-section data.
“Res1”, “Res2”, and “Res3” indicate the fits to individual resonance structures for
13914, while f(E,) for 138La is included for comparison.

there are neither Do nor (I'y(Sy, Jr,7r)) experimental values
available in the literature. Therefore, the value of (I'y (S, 71, 7T))
was estimated from a spline fit as implemented in the TALYS reac-
tion code [30], while p(Sp) was estimated by normalizing o(E f)
and 7 (E,) of *8La with the requirement of having the same slope
as p(Ef) and T(E,) in *9La. It is expected that p(Ef) and T (E,)
of neighboring isotopes have the same slope [26,31,32]. The result-
ing value for p(Sy,) is then used to calculate D for '38La with [20],

202

(Sn) = ,
piom Do(J71 + Del-Ur+1?/202] +e(*]%/202)]T

(5)

where o is the spin cut-off parameter at S,. Furthermore, the esti-
mation of (I', (S)) for 138La with the TALYS code does not provide
uncertainty, A(T", (Sy)), and this value was computed by assuming
the same percentage uncertainty as for the neighboring isotope,
13913, The estimated uncertainty is further supported by the (y, n)
data and the similarity to the '3°La ySF. This approach has been
used for some Mo isotopes [33], and is also used to calculate ADg.
The parameters which were used for the normalization of p(E )
and 7(E,) are summarized in Table 1.

With the assumption, strongly supported by experimental data
[34,35], that statistical decay is dominated by dipole transitions,
the ySF, f(Ey) can be calculated from 7 (E,) using

T(Ey)

f(Ey) = ﬁ (6)

Fig. 2 shows f(E,) for *9La together with data extracted from
the 139La(y, n) and ®9La(y, x) cross-sections [36,37]. The f(E,)
for 138La has also been included for comparison. For 13°La the giant
electric dipole resonance (GEDR) at E,, ~ 15.6 MeV was fitted with
an enhanced generalized Lorentzian function, fE¢L0 [34] and a
constant nuclear temperature of Ty =0.1 MeV which was consid-
ered as a free parameter. The excess strengths at E, ~ 11.4 (“Res3”
in Fig. 2) and 9.9 MeV (“Res2” in Fig. 2) were fitted with the stan-
dard Lorentzian function, fSI° [34]. In addition, an enhancement
in the strength of *%La at E, ~ 6.4 MeV is observed. In Fig. 2
this resonance is described using the fSI0 and labeled as “Res1”.
The total '*La fitting function is given by f(E,) = fESLO(Ey, Ty =
0.1 MeV) + fSL9(Ey) + f9(E,) + folS (Ey). The Lorentzian pa-
rameters used in this fit are listed in Table 2. For the GEDR the

Table 2

Lorentzian parameters used in the fit to the experimental data, where Eg, 09, and
o are the centroid energies, cross sections, and widths of the resonance peaks,
respectively.

Resonance Eo (MeV) oo (mb) o (MeV)
Res1 6.4 2.9 1.3
Res2 9.9 15 1.6
Res3 114 15 1.4
GEDR 15.6% 336 5.6%

2 Modified from Ref. [28] (see text for details).

parameters were somewhat increased from Ref. [28] to obtain the
best fit to the experimental data, while for other resonances they
were directly determined from the fit to the data.

3. Discussion

Overall, the present data exhibit very good agreement with the
extrapolated tail of the GEDR data of Refs. [36,37]. The resonance
at E, = 6.4 MeV is consistent with previous measurements [16]
where its origin has been discussed to be an E1 pygmy reso-
nance. Moreover, the measured f(E,) exhibits a plateau behavior
between 2 and 4 MeV for both La isotopes and a pronounced en-
hancement for E, < 1.7 MeV for 38La. Data for '*9La could not
be extracted below 1.7 MeV due to the exclusion of this region as
discussed in Section 2. This low-energy enhancement has been ob-
served in previous studies of light- to medium-mass nuclei using
the Oslo Method (#44°Sc [38], 2021V [39], 444546Tj [40-42], 96°7Fe
[35], 93-98Mo [43]) with the possible transitional region reported
in 105106Cq [26]. The existence of the low-energy enhancement
has been independently confirmed using a different experimental
setup and extraction technique for 9>Mo [44]. The unexpected ap-
pearance of the enhancement in '38La suggests that this feature is
not confined to specific mass regions but may be found across the
nuclear chart.

No conclusive theoretical interpretation exists which can ex-
plain these observations although different models have suggested
that the low-energy enhancement may be due to: 1) transitions
within the single-particle continuum producing E1 radiation [45],
and 2) a reorientation of the spins of high-j neutron and proton
orbits producing M1 transitions [46]. It is intriguing to note that
13813 is located within a predicted region of magnetic rotation
[47], consistent with the theoretical approach 2).

To estimate the 13713813 radiative neutron capture cross sec-
tions and the corresponding reverse photoneutron emission rates
of astrophysical interest, statistical model calculations were carried
out using the TALYS code [30,48]. Some of the principal ingre-
dients of these calculations are the ySF and the NLD. As far as
the strength function is concerned, the new experimental results,
which provide a direct measurement of the ySF up to the neutron
threshold, are now considered and entered directly in the TALYS
calculation of the electromagnetic transmission coefficient. For in-
cident neutron energies, typically below 1 MeV, it is found that
the energy window giving rise to the dominant contribution to the
neutron capture cross section corresponds to photon energies of
about 3 to 7 MeV, i.e. energies at which the ySFs have now been
determined experimentally (Fig. 2). In such conditions, and conse-
quently for energies of astrophysical relevance, the extra low-lying
strength found around 6.4 MeV (Fig. 2) is expected to affect the
cross section predictions.

The uncertainties of the ySFs were modified with the up-
per error bars obtained by replacing Dy by D¢ — ADg and
(T (Sn, J1, 7)) by (Ty (S, J1,701)) + A(Ty (S, J7,707)) during
the normalization of y SF. The lower error bars of the ySFs were
obtained by replacing Do by Do + ADg and (I'y, (Sn, J1, 7)) by
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Fig. 3. (Color online.) Upper panel: 37La(n, y)'*8La cross section as a function
of neutron energy. The red solid lines are obtained with the present measured
ySF, while the dashed blue lines are derived from theoretical models of ySF
and NLD without any constraints on experimental values. Lower panel: Same for
138La(n, y)'3La (solid line) cross sections. See text for more details.

(Ty(Sn, JT.71)) — A(Ty(Sn, J7.7r)). For '38La the uncertain-

ties in ySF are fgi% at E, =7.2 MeV, gradually decreasing to

t15% at E, = 1.0 MeV, while for '*°La the ranges are T50% at
E, = 8.6 MeV, decreasing to £15% at E,, = 1.7 MeV. NLDs also
play an important role in the calculation of the radiative capture
cross section. The NLDs calculated with the HFB plus combinatorial
model [25] and normalized to the experimental cumulative num-
ber of low-lying states as well as the s-wave resonance spacing
(with their corresponding error bars) at S, (see Table 1), is in gen-
eral agreement with the experimental extracted values of p(Ey)
(to be published elsewhere), and is used in the present calcula-
tion.

The final neutron capture cross sections, o (E), including the
uncertainties affecting the ySF and the NLD (Table 1), are given
in Fig. 3. Despite the remaining uncertainties affecting both the
experimental ¥ SF and theoretical NLD (Table 1), the radiative neu-
tron cross sections are significantly better constrained when com-
pared to the predictions based on theoretical ingredients only. We
show in Fig. 3 the cross sections obtained with the TALYS code
considering theoretical SF and NLD models only. More specif-
ically, we include 6 different NLD models, namely back-shifted

Fermi gas models [49], the Generalized Superfluid model [50]
and mean field plus statistical [51] or combinatorial models [25,
52], and 6 different y SF prescriptions of both the Lorentzian-type
[53-55] and mean field plus Quasi-Random Phase Approximation
[56-58]. These various ySF and NLD models allow us to estimate
the model uncertainties affecting the predicted cross section when
no experimental data exist to constrain the y SF. In addition, some
parameter uncertainties have been considered to allow for possi-
ble variations of the various parameters entering such models. The
corresponding upper and lower limits resulting from such model
and parameter uncertainties illustrate the present predictive power
of the reaction model and are seen in Fig. 3 to give rise to cross
sections that are significantly less constrained in comparison with
the newly determined cross sections based on the present exper-
iment. It should also be stressed that these theoretical-only cross
sections are obtained with nuclear models that are extrapolated to
13815 and 139La on the basis of existing models tuned on avail-
able experimental data [59] and that the possible existence of a
strong E1 resonance or unknown structures in ySF or NLD that
are not predicted by present models could not be excluded. While
larger uncertainties could have been envisioned if justified by the-
ory or experiments, our new experimental results show that such
unexpected patterns in the ySF can be excluded and furthermore
provide directly the y SF in the energy region of interest. However,
non-negligible uncertainties still affect the NLD predictions, those
dominate the remaining uncertainties on the cross sections.

The astrophysical Maxwellian-averaged cross sections (MACS)
estimated with the newly determined y SF amount to (o) =366 £
126 mb and 11644 mb for 37La(n, y)!38La at the s-process ther-
mal energy of kT =30 keV (i.e. a temperature of T =3.5 x 108 K)
and at the p-process energy of 215 keV (T = 2.5 x 10° K), re-
spectively. For 138La(n, y)!3%La, we obtain (o) = 618 & 174 mb
and 54420 mb at T =3.5 x 108 K and 2.5 x 10° K, respectively.
The '38La(n, y)13%La cross section at T =3.5 x 10® K is about 45%
larger than the compiled theoretical value [60]. At T =2.5x 10° K,
the MACS are close (within less than 15%) to the values of 123 mb
and 62 mb derived in Ref. [10] for 137La and '38La, respectively.
From these derived cross sections, it can already be deduced [10]
that the synthesis of 133La through photodisintegration processes
cannot be efficient enough to reproduce observed abundances.
Moreover, with respect to theoretical only predictions, as described
above, the MACS is better constrained. More specifically, for the
various unconstrained ¥ SF and NLD models considered here, the
137La(n, y)138La cross section at T = 3.5 x 108 K would fall in the
large range of 620 + 370 mb and the '3¥La(n, y)'*°La cross sec-
tion of 465 4 365 mb. Previous theoretical calculations predicted
the 138La(n, )13°La MACS at T =3.5 x 108 K in the range of 194
to 781 mb [61].

To confirm the impact of the new rates on the '38La p-process
production, nucleosynthesis in the O/Ne-rich layers of type II su-
pernovae for a solar metallicity star of 25 Mg was performed, in
absence of neutrino nucleosynthesis (more details can be found in
Refs. [2,10]; note, however, that theoretical rates are determined
here using the TALYS code [30,48]). The resulting overproduction
factors, (F), (with respect to the solar abundances) in the 0.75 Mg,
p-process layers are shown in Fig. 4 where the upper and lower
limits on the 38La abundance are obtained with the newly derived
reaction rates (Fig. 3). For comparison, we also include the 38La
overproduction factors obtained when considering the theoretical-
only MACS obtained without considering the new experimental
constraints. Though the new cross section determination tends to
confirm the largest abundances of 138La obtained with the upper
values of the theoretical-only MACS, 38La remains underproduced
by a factor of about 10 with respect to the neighboring p-nucleus
138Ce. The new determination of the reaction rates with the im-
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Fig. 4. (Color online.) P-nuclide overproduction factors (F) in the 0.75Mg
p-process layers of a 25Mg type Il supernovae as a function of the mass num-
ber A. The maximum and minimum '3La abundances are obtained on the basis
of the upper and lower limits (Fig. 3) of the newly determined reaction rates (red
diamonds) or of the theoretical only rates (blue triangles).

proved ySFs therefore does not give more room for a possible
strong production of 133La and confirms the previous conclusions
that 138La cannot be sufficiently produced by photoreactions dur-
ing the standard p-process. This result, together with theoretical
predictions [10,14] puts the v.-process as the dominant produc-
tion process for 133La on a very strong footing.

4. Summary

The ySF and NLD of '38La and '3°La have been measured with
the Oslo Method. The ¥ SF of 138La exhibits a low-energy enhance-
ment, the first such observation in such a heavy system. Experi-
mental results were used to calculate the neutron capture cross
sections of 116 &= 44 mb for '37La(n, y)'38La and 54 4 20 mb for
13813(n, p)13%La at the p-process energy of 215 keV. Despite these
new cross sections a significant underproduction of 38La in the
p-process still exists. These results support the v.-process as the
primary reaction to synthesize 138La to the observed solar abun-
dance levels.
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