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Dipole strength in **La below the neutron-separation energy
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The y-ray strength function is an important input quantity for the determination of the photoreaction rate and the
neutron capture rate for astrophysics as well as for nuclear technologies. To test model predictions, the photoab-
sorption cross section of '**La up to the neutron-separation energy was measured using bremsstrahlung produced
at the electron accelerator ELBE of Forschungszentrum Dresden-Rossendorf with an electron beam of 11.5 MeV
kinetic energy. The experimental data were analyzed by applying Monte Carlo simulations of y-ray cascades to
obtain the intensities of the ground-state transitions and their branching ratios. We found a significant enhancement
of electric dipole strength in the energy range from 6 to 10 MeV that may be related with a pygmy dipole
resonance. The present data are combined with photoneutron cross sections for '*°La and compared with results of
calculations on the basis of a quasiparticle-random-phase approximation using an instantaneous-shape sampling.
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I. INTRODUCTION

The photodisintegration reaction plays an important role
in astrophysics. In nature, there exist 35 neutron-deficient
nuclides heavier than iron that cannot be produced via slow or
rapid neutron capture and are referred to as p-process nuclei
[1]. Inthe p process, the origin of heavy nuclei with A < 1001is
considered to take place in white dwarf stars of binary systems
or in the explosive proton-burning phase on the surface of
neutron stars (rp process). In contrast, the production of nuclei
with A > 100 is believed to take place in the O-Ne layers
of massive stars. A possible reprocessing of the p-process
matter may take place during their presupernova burning
phases in type II supernovae or in the explosion of type la
supernovae. The typical p-process temperature T is 1.7 x 10°
K < T <3.3x10° K. At this temperature, the tail of the
Planck distribution can induce photodisintegration reactions.
In the photon bath, nuclei are thermally populated, whereas
naturally, they exist in the ground state. In the statistical model,
the calculation of the stellar reaction rate, which is the sum
of the photodisintegration rates from all states weighted by
the Boltzmann factor, requires the transmission coefficients
of photons and any particles and the nuclear level densities
(NLD). The transmission coefficient for electric dipole (E1)
y rays from excited nuclei is directly related to the E'1
y-ray strength function (GSF) [2]. In recent experiments, an
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enhancement of E'1 strength around §,, has been found [3—10].
Such an enhanced strength causes the stellar reaction rate
to increase significantly [11]. Therefore experimental cross
sections for both the photon-scattering reaction below S,
and the photoneutron reaction above S, become important
quantities to determine the GSF.

The abundance of the rare odd-odd p-nucleus '*3La is
generally underestimated in p-process calculations. Theoreti-
cal studies show that exploding sub-Chandrasekhar-mass CO
white dwarfs and SNe-II are significant production sites for
the nuclide '*3La [1,12]. The problem of the underproduction
of 38La is discussed in Refs. [1,13]. On the other hand, the
v process from !*¥Ba via the weak charge-current reaction
138Ba(v, €)!38La was proposed as the cosmic origin of '33La,
and an attempt was made to explain the underproduction of
1381 a [1,13-15]. However, the photon-induced reaction rates
remain a crucial parameter for the thermonuclear production
of 8La and '¥La.

The nuclide '*La with a closed neutron shell at N = 82
is also of special importance for the understanding of nuclear
structure. Dipole excitations at energies below 4 MeV were
investigated in photon-scattering experiments at the former
Stuttgart Dynamitron [16]. The dipole strength distribution
at higher energy up to S, is of particular interest because
enhanced strength on the low-energy tail of the giant dipole
resonance (GDR), often denoted as the “pygmy dipole res-
onance” (PDR), was found to be especially pronounced in
neighboring N = 82 isotones [3,4] as well as in nuclides with
N =501[6,8,9] and in 2®Pb with N = 126 [17,18].

Recently, photodisintegration cross sections for '*La were
measured by using quasi-monochromatic y-ray beams from
laser Compton back scattering at the National Institute
of Advanced Industrial Science and Technology in Japan.
Although the experimental data for '*°La(y,n)'*La strongly
constrained the stellar reaction rate on the ground-state target
nucleus, the influence of the y-ray strength close to the
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neutron-separation energy on the stellar reaction rate remains
an open question [19].

These circumstances motivated new measurements of
photoabsorption cross sections of '**La up to S, = 8.8 MeV,
which we present in the following. In Sec. II, we describe
the experimental procedure and the data analysis. In Sec. 111,
the experimental results are compared with results of cal-
culations on the basis of the quasiparticle random-phase
approximation, including instantaneous-shape sampling [20],
taking into account shape fluctuations in soft nuclei.

II. EXPERIMENTAL PROCEDURES

A. The photon-scattering experiment

The photon-scattering experiment on '3°La was performed
using the bremsstrahlung facility [21] at the superconducting
electron accelerator ELBE of the Forschungszentrum Dresden-
Rossendorf (FZD). Bremsstrahlung was produced by hitting
a 4 pum niobium radiator with an electron beam of 11.5 MeV
kinetic energy and an average current of 520 nA. The
bremsstrahlung beam was formed by an Al collimator with
a conical drill hole of 8 mm diameter at the entrance and
24 mm at the outlet and a length of 2.6 m. A cylindrical
Al absorber of 100 mm length was placed between the
radiator and the collimator entrance to reduce the intensity
of the low-energy part of the bremsstrahlung spectrum. The
collimated photon beam impinged onto the target with a flux
of several 10 MeV~! s~! in a spot of 38 mm diameter. The
target was made of 3790 mg of natural La. It was sandwiched
with 337.9 mg of !'B enriched to 99.5% for the determination
of the photon flux. Both materials were shaped to disks of
20 mm diameter to enable an irradiation with a constant flux
density over the target area.

The scattered photons were measured with four high-purity
germanium (HPGe) detectors of 100% efficiency relative to
a Nal detector of 7.6 cm in length and 7.6 cm in diameter.
All HPGe detectors were surrounded by escape-suppression
shields made of bismuth germanate (BGO) scintillation detec-
tors. To prevent y rays scattered from surrounding materials
from hitting the detectors, lead collimators of 10 cm thickness
were placed in front of the detectors, and the BGO detectors
were encased in cylindrically shaped lead layers of 2 cm
thickness. Two HPGe detectors were placed vertically at 90°
relative to the photon-beam direction at a distance of 28 cm
from the target, resulting in opening angles of 16°. The other
two HPGe detectors were placed horizontally at 127° to the
beam at a distance of 32 cm from the target with opening
angles of 14°. To reduce the intensities of scattered low-energy
photons, absorbers of 13 mm Pb plus 3 mm Cu were placed in
front of the detectors at 90° and 8 mm Pb plus 3 mm Cu were
used for the detectors at 127°. Spectra of scattered photons
were measured for 115 hours. Part of a spectrum, including
events measured with the two detectors at 127° relative to the
beam, are shown in Fig. 1.

B. Energy-integrated scattering cross sections

In photon-scattering experiments, the energy-integrated
scattering cross section Ij(E,) of an excited state at the
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FIG. 1. Spectrum of photons scattered from '*°La, measured at
127° relative to the incident beam and corrected for room background
and detector response, in comparison with the simulated spectrum
of the atomic background multiplied with efficiency and measuring
time. The prominent peaks at 4.443, 5.018, 7.280, and 8.912 MeV
are transitions in !'B.

energy E, can be deduced from the measured intensity of the
respective transition to the ground state (elastic scattering). It
can be determined relative to the known integrated scattering
cross sections I;(E®) of states in ''B [22,23]:
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Here 1,(E,, 0) and I,(E®, 6) denote the measured inten-
sities of a considered ground-state transition at £, and of a
ground-state transition in 'B at E f, respectively, observed at
an angle 6 to the beam. W(E, , 6) and W(EVB, 0) describe the
angular correlations of these transitions. The quantities Ny
and Ny are the numbers of nuclei in the '*La and ''B targets,
respectively. The quantities @, (E,) and @, (E ;3) represent the
photon fluxes at the energy of the considered level and at the
energy of a level in ''B, respectively.

The integrated scattering cross section is related to the
partial width of the ground-state transition I'y according to

whe\? T2 2J 41
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where o, is the elastic scattering cross section; E,, J;, and
I' denote energy, spin, and total width of the excited level,
respectively; and Jy is the spin of the ground state.

The determination of the level widths is hampered by
three experimental difficulties. First, a considered level can
be fed by transitions from higher lying states. The measured
intensity of the ground-state transition is in this case higher
than the one resulting from a direct excitation only. As a
consequence, the integrated cross section deduced from this
intensity contains a part originating from feeding in addition

2
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to the true integrated scattering cross section: Iy = Iy + .
Second, a considered level can deexcite not only to the
ground state but also to low-lying excited states (inelastic
scattering). In this case, not all observed y transitions are
ground-state transitions. To deduce the partial width of a
ground-state transition I'g and the integrated absorption cross
section, one has to know the branching ratio by = I'y/T". If
this branching ratio cannot be determined, only the quantity
1"5 /' can be deduced [cf. Eq. (2)]. Third, we cannot
distinguish between dipole and quadrupole radiation, which
have almost equal and nearly isotropic angular distributions
when starting from the ground-state spin Jy = 7/2. Hence the
spins of the levels cannot be deduced, and the spin factor g
[cf. Eq. (2)] cannot be calculated. Transitions observed in
the present experiment and assigned to levels in '3°La are
listed in Table I with the deduced integrated scattering cross
sections and the quantities gI'2/ T'. Levels are given only for
the energy range above about 5.5 MeV, where contributions
from feeding to the integrated scattering cross sections become
negligible [6,8,9].

C. Determination of the photoabsorption cross section

To determine the dipole-strength distribution, the experi-
mental spectrum has to be corrected for detector response,
for absolute efficiency, and for absolute photon flux. Be-
sides, background radiation and radiation caused by atomic
processes induced by the impinging photons in the '*La
target have to be taken into account. In a first step, spectra
of the room background adjusted to the intensities of the
1460.5 keV transition (decay of °K) and 2614.9 ke V transition
(decay of 2%8Tl) in the in-beam spectrum were subtracted. To
correct the in-beam spectrum for detector response, spectra
of monoenergetic y rays were calculated in steps of 10 keV
by using the program package GEANT4 [24]. Starting from
the high-energy end of the in-beam spectrum, the simulated
spectra were subtracted sequentially. The reliability of the
simulation was tested by comparing simulated spectra with
measured ones, as described in Refs. [6,7].

The absolute efficiencies of the HPGe detectors were
determined experimentally using 22Na, 90Co, %Zn, 13¥Ba,
137Cs, and **%Ra calibration sources. For further analysis, an
efficiency curve calculated with GEANT4 and scaled to the
absolute experimental values was used. Recent measurements
of the detector efficiency using various (p,y) reactions at the
FZD Tandetron accelerator have proven that the GEANT4 sim-
ulations reproduce the experimental efficiencies within their
uncertainties up to about 9 MeV [25]. The absolute photon flux
was determined using the known integrated scattering cross
sections of levels in ' B. For interpolation, the photon flux was
calculated using a code [26] based on the approximation given
in Ref. [27] and including a screening correction according
to Ref. [28]. This flux was corrected for absorption in the Al
absorber placed behind the radiator and was then adjusted to
the experimental values, as shown in Fig. 2.

To deduce the correct dipole-strength distribution, inelastic
transitions have to be sorted out and the ground-state
transitions have to be corrected for their branching ratios by.
We have used statistical methods to estimate the intensities
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FIG. 2. Absolute photon flux at the target deduced from inten-
sities of four known transitions in ''B (circles) using the detector
efficiency calculated with GEANT4.

of branching transitions to low-lying excited levels and
the branching ratios of the ground-state transitions. This
method has also been applied in our earlier photon-scattering
experiments at ELBE [6-10].

By using simulations, we corrected the spectrum, including
events of the two detectors at 127°. At first, a spectrum of
the ambient background adjusted to the intensities of the
transitions from the decay of “°K and 2°*TlI in the in-beam
spectrum was subtracted. To correct the spectrum for the
detector response, spectra of monoenergetic y rays were
calculated in steps of 10 keV using the simulation code
GEANT4. Starting from the high-energy end of the experimental
spectrum, the simulated spectra were subtracted sequentially.
After this correction, the peaks of the transitions in 1B were
subtracted. The background produced by atomic processes in
the '3°La target was obtained from a GEANT4 simulation using
the absolute photon flux deduced from the intensities of the
transitions in "B (cf. Fig. 2). The corresponding background
spectrum multiplied with the efficiency curve and with the
measuring time is also displayed in Fig. 1.

As can be seen in Fig. 1, the continuum in the spectrum
of photons scattered from '3°La is clearly higher than the
background caused by atomic scattering processes. This
continuum may be formed by a large number of nonresolvable
transitions with small intensities, which are a consequence
of the increasing nuclear level density at high energy and
of Porter-Thomas fluctuations of the partial widths [29] in
connection with the finite detector resolution. The relevant
intensity of the photons resonantly scattered from '*La is
obtained from a subtraction of the atomic background from
the response-corrected experimental spectrum. The remaining
intensity distribution includes the intensity contained in
the resolved peaks as well as the intensity of the “nuclear”
continuum. The scattering cross sections o, derived from
this intensity distribution for energy bins of 100 keV are shown
in Fig. 3. These values are compared with those deduced from
the resolved transitions given in Table I. The two curves have
similar structures caused by the prominent peaks. However,
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TABLE L. Levels above 5 MeV assigned to '*°La.

E,(keV)* I,(eVb)® ¢T3/ T(meV)e
5380.6(6) 20(6) 151(47)
5389.8(12) 13(8) 95(58)
5406.8(13) 16(11) 120(86)
5423.1(7) 25(8) 192(63)
5545.4(7) 7(3) 55(25)
5552.7(9) 53) 40(26)
5572.0(11) 19(10) 153(79)
5582.1(10) 17(8) 138(61)
5594.8(7) 25(7) 206(57)
5620.4(8) 13(5) 110(40)
5658.8(7) 19(5) 158(41)
5688.1(5) 10(4) 88(30)
5708.6(7) 24(11) 207(89)
5716.5(6) 35(15) 296(126)
5723.0(3) 48(24) 409(209)
5811.3(8) 15(10) 131(90)
5830.9(9) 10(5) 90(41)
5848.9(6) 15(5) 133(41)
5940.2(8) 29(9) 264(79)
5984(2) 7(4) 62(37)
6015.5(8) 19(5) 181(45)
6047.1(14) 11(4) 101(41)
6077.9(11) 33(9) 314(89)
6097.8(12) 34(8) 326(76)
6112.0(15) 26(7) 257(67)
6131.1(9) 37(8) 361(78)
6150.8(10) 34(8) 331(82)
6178(3) 13(5) 125(47)
6194.1(9) 46(8) 456(82)
6214.2(5) 82(10) 828(105)
6233.2(8) 48(8) 486(84)
6249(2) 23(7) 232(71)
6260(2) 27(8) 271(79)
6269.5(12) 58(11) 595(109)
6301.1(6) 41(6) 424(65)
6326.1(6) 47(7) 495(72)
6354.8(5) 76(10) 795(101)
6366.5(10) 35(7) 365(72)
6383.5(5) 54(14) 568(143)
6402.6(9) 81(33) 869(347)
6435(2) 19(8) 201(82)
6441.9(11) 53(11) 567(115)
6450.9(4) 89(12) 961(131)
6465.3(7) 33(7) 354(81)
6483.8(16) 35(20) 381(213)
6491.3(8) 52(22) 574(245)
6501.4(6) 49(18) 542(201)
6526.7(6) 33(5) 370(61)
6539.6(5) 49(7) 542(73)
6549.6(8) 28(5) 315(59)
6619.4(6) 12(4) 132(46)
6651.3(7) 52(12) 594(142)
6674.8(8) 26(9) 303(108)
6713.0(6) 44(8) 516(93)
6723.8(15) 15(5) 182(60)
6755.8(7) 65(15) 769(173)
6767.6(18) 28(8) 328(101)
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TABLE 1. (Continued.)

E,(keV)* I,(eVb)P ¢T3/ T(meV)e
6875.4(8) 59(23) 729(286)
6889.9(8) 59(17) 732(211)
6901.1(10) 45(13) 563(161)
6926.3(8) 72(40) 895(495)
6969.0(6) 28(7) 355(95)
6983.4(7) 23(6) 292(71)
7019.7(10) 15(4) 188(58)
7036.1(9) 17(4) 216(55)
7052.4(7) 21(5) 270(63)
7154.0(11) 10(3) 136(39)
7158(3) 8(3) 103(35)
7272.8(15) 8(7) 116(90)
7320.0(8) 14(5) 191(68)
7327.2(8) 14(4) 194(61)
7370.0(8) 18(4) 250(56)
7400.0(7) 22(4) 315(62)
7414.0(7) 24(5) 338(70)
7444.9(12) 18(6) 267(85)
7451.1(9) 25(7) 357(98)
7462.8(7) 23(6) 337(89)
7472.009) 20(7) 293(97)
7506.7(7) 30(6) 442(89)
7552.7(8) 16(6) 240(94)
7562.1(4) 15(5) 224(78)
7570.2(11) 12(4) 173(60)
7579.8(6) 21(5) 313(73)
7591.6(11) 12(4) 176(54)
7599.1(7) 18(4) 264(61)
7636.2(5) 9(3) 131(41)
7661.3(18) 8(5) 128(83)
7667(3) 25(5) 376(75)
7678.6(16) 16(2) 238(38)
7684.7(9) 27(3) 416(45)
7692.4(12) 212) 325(38)
7699(3) 9(2) 134(32)
7765.1(13) 6(5) 100(71)
7789.4(13) 6(4) 95(62)
7905.2(6) 23(6) 374(94)
7912.5(7) 23(3) 367(41)
7922.2(9) 17(5) 277(85)
7961(3) 5(3) 78(51)
7972.3(7) 21(5) 351(78)
8551.5(6) 7(3) 127(53)
8595.7(5) 10(2) 186(46)

4Excitation energy. The uncertainty in parentheses is
given in units of the last digit. This value was deduced
from the y-ray energy measured at 127° by including
a recoil and Dopppler-shift correction.
"Energy-integrated scattering cross section deduced
from intensities measured at 127°.

Partial width of the ground-state transition Iy multi-
plied with the branching ratio I'y/ I" and the statistical
factor g = (2J +1)/2Jo + 1).

the curve including also the continuum part of the spectrum
contains altogether a strength that is by a factor of about 5
greater than the strength of the resolved peaks only.
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FIG. 3. Scattering cross sections in '¥La, derived as o,, =
> A I,/ A, not corrected for branching and averaged over energy bins
of A =100 keV, as derived from the difference of the experimental
spectrum and the atomic background shown in Fig. 1 (“peaks +
cont.,” triangles) and from the resolved peaks only (“peaks,” circles).

The full intensity distribution (resolved peaks and con-
tinuum) contains ground-state transitions and, in addition,
branching transitions to lower lying excited states (inelastic
transitions) as well as transitions from those states to the
ground state (cascade transitions). The different types of
transitions cannot be unambiguously distinguished. However,
for the determination of the photoabsorption cross section
and the partial widths I'y, the intensities of the ground-state
transitions are needed. Therefore contributions of inelastic and
cascade transitions have to be subtracted from the spectra.
We corrected the intensity distributions by simulating y-ray
cascades [30] from the levels in the whole energy range
analogously to the strategy of the Monte Carlo code DICEBOX
[31]. In these simulations, 1000 level schemes (nuclear
realizations) starting from the 7/27% ground state and including
states with J = 3/2,5/2,7/2,9/2, and 11/2 were created. We
apply the statistical methods also for the low-energy part of the
level scheme instead of using experimentally known low-lying
levels in '*°La because this would require the knowledge of
the partial decay widths of all transitions populating these
fixed levels. Fluctuations of the nearest-neighbor spacings
were taken into account according to the Wigner distribution
(see, e.g., Ref. [32]). The partial widths of the transitions to
low-lying levels were assigned using a priori known strength
functions for E1, M1, and E?2 transitions. Fluctuations of the
partial widths were treated by applying the Porter-Thomas
distribution [29].

Level densities were calculated using the back-shifted
Fermi-gas (BSFG) model with the parameters a =
13.02(32)MeV~! and E; = —0.45(5) MeV adjusted to ex-
perimental level densities [33]. In the individual nuclear
realizations, the values of a and E; were varied within their
uncertainties. The resulting mean values of the level densities
of all nuclear realizations for J/ = 7/2 and J = 9/2 states in
139La are plotted in Fig. 4. We assumed equal level densities
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FIG. 4. Level density for J = 7/2 and J = 9/2 states in '*’La,
including both parities as a function of the excitation energy,
calculated according to the BSFG model with the parameters given
in Ref. [33].

for states with positive and negative parities of the same
spin. This assumption has recently been justified by the good
agreement of level densities predicted by the BSFG model
with experimental level densities of 1% states in the energy
range from 5 to 10 MeV obtained from the *°Zr(*He,t)°’Nb
reaction [34] and with experimental level densities of 2% and
2~ states in “°Zr studied in the *°Zr(e, ¢’) and *°Zr(p, p’)
reactions [35].

For the E1, M1, and E2 photon strength functions, we
used Lorentzian parametrizations [36]. The parameters of the
Lorentzian for the E'1 strength were determined from a fit to
(y,n) data taken from Ref. [37] and scaled with a factor of 0.85
following the suggestion in Ref. [38]. The obtained parameters
are energy of the maximum Ey = 15.24 MeV, width I =
4.47 MeV, and cross section at the maximum ooy = 286 mb.
Note that these values of oy and I" are consistent with the
Thomas-Reiche-Kuhn sum rule [39], resulting in 7 /200" =
60NZ/A MeV mb. The parameters for the M1 and E2
strengths were taken from global parametrizations of M 1 spin-
flip resonances and E2 isoscalar resonances, respectively [40].

Spectra of y-ray cascades were generated for groups
of levels in 100 keV bins in each of the 1000 nuclear
realizations. For illustration, the intensity distributions of
transitions depopulating levels in a 100 keV bin around the
highest used energy of 9 MeV as resulting from 10 individual
nuclear realizations are shown in Fig. 5. Because, in the nuclear
realizations, the levels were created randomly starting from the
ground state instead of starting with the lowest excited states
in the accessible spin range, lying at 166 and 1219 keV, the
distribution of the branching transitions continues to the energy
bin of the ground-state transitions.

These spectra resemble qualitatively the ones measured
in an experiment on °Zr using monoenergetic photons
[41]. Starting from the high-energy end of the experimental
spectrum, which contains ground-state transitions only, the
simulated intensities of the ground-state transitions were
normalized to the experimental ones in the considered bin,
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FIG. 5. Simulated intensity distributions depopulating levels in
a 100 keV bin around 9 MeV. The squares depict the intensities
obtained from 10 individual nuclear realizations.

and the intensity distribution of the branching transitions was
subtracted from the experimental spectrum. Applying this
procedure step by step for each energy bin, moving toward
the low-energy end of the spectrum, we obtain the intensity
distribution of the ground-state transitions. Simultaneously, the
branching ratios b§' of the ground-state transitions are deduced
for each energy bin A. In an individual nuclear realization, the
branching ratio b4’ is calculated as the ratio of the sum of the
intensities of the ground-state transitions from all levels in A
to the total intensity of all transitions depopulating those levels
to any low-lying levels, including the ground state [6—10].

By dividing the summed intensities in a bin of the experi-
mental intensity distribution of the ground-state transitions by
the corresponding branching ratio, we obtain the absorption
cross section forabinas o> = 0., /b . Finally, the absorption
cross sections of each bin were obtained by averaging over the
values ayA of the 1000 nuclear realizations. For the uncertainty
of the absorption cross section, a 1o deviation from the mean
has been taken.

To get an impression of the branching ratios, the individual
values of 10 nuclear realizations are shown in Fig. 6. The mean
branching ratio decreases from about 60% for states at 2 MeV
to about 10% at the neutron-separation energy of 8.8 MeV.

The photoabsorption cross section for '3°La obtained from
the present data and the analysis just described is shown
in Fig. 7, together with cross sections deduced from (y,n)
experiments [19,37]. The (y, p) cross section calculated with
the code TALYS [42] is negligibly small and outside the
range of Fig. 7. The total photoabsorption cross section has
been deduced by combining the present (y,y’) data and the
(y,n) data of Ref. [37]. In Fig. 8, this total cross section is
compared with a Lorentz curve with the parameters given
earlier. The extension of the GDR to energies below the particle
threshold by a Lorentz curve was suggested in Ref. [43].
As can be seen in Fig. 8, the experimental cross section
includes considerable enhanced strength with respect to the
approximation of the GDR by a Lorentz curve in the energy
range from about 6 to 10 MeV, which may indicate a PDR.

PHYSICAL REVIEW C 82, 024314 (2010)

100

w0l - 199 o 7
60 ]
Q
e
S 40 |

20 1

'iﬂﬂ.“.
0 1 1 1 1 1 1

FIG. 6. Branching ratios of ground-state transitions as obtained
from the simulations of y-ray cascades for '°La. The squares
represent the values of 10 individual nuclear realizations.

Note that this enhanced strength shows two peaks at about 6.5
and 9 MeV, respectively. In the following, we will compare
the dipole strength in '*°La with the results of calculations in
the framework of a quasiparticle-random-phase approximation
with instantaneous shape sampling (ISS-QRPA).

III. ISS-QRPA CALCULATIONS

The QRPA [39,44] is an appropriate method to describe the
photoexcitation spectrum of both the vibrational states with
individual levels below the neutron-separation energy and the
hugely excited part of the continuous level structure at higher
energies, known as the GDR. This approach was extensively
used to interpret our measured low-energy dipole strength
distributions in mass A = 90 — 100 nuclides with spherical
as well as deformed equilibrium shapes [7,9,10,45]. In this

139La
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FIG. 7. (Color online) Uncorrected (black circles) and corrected
(red circles) photoabsorption cross sections deduced from the present
experiment in comparison with (y,n) data from Ref. [19] (blue
triangles) and Ref. [37] (green squares).
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FIG. 8. (Color online) Total photoabsorption cross section of
1391a obtained by combining the present (y,y’) data and the (y,n)
data of Ref. [37]. The data were averaged over 0.5 MeV bins to
reduce statistical fluctuations. The black dashed line represents a
Lorentz distribution with the parameters given in the text. The solid
lines are results of the ISS-QRPA calculations discussed in Sec. III.
The ISS-QRPA solutions were folded with Lorentzians of 0.1 MeV
width (magenta line) and of an energy-dependent width according to
I = ¢ E?> MeV with @ = 0.014 MeV~! (blue line).

work, we apply a recent extension of the standard QRPA called
ISS, which accounts for possible shape fluctuations in the
ground state that may change the dipole strength distributions.
As described in Ref. [20], a series of QRPA calculations
is performed that sample instantaneous quadrupole shapes
of the collective motion in the nuclear ground state. The
total absorption cross section is found by superimposing
all these samples according to their probabilities, which are
calculated using the interacting-boson approximation (IBA).
The parameters of the IBA were derived from the ratios
E@NH/EQ]), EQ2)/EQ2]), and E(07)/E(2]) in the even-
even neighbors '*¥Ba and '“°Ce, and the boson charge was
deduced from the B(E2,2]{ — 07) values in those nuclides.
Like the usual QRPA approach, the ISS-QRPA is based on a
Hamiltonian composed of a mean-field Hamiltonian /yr and
a residual interaction V. given by the following expression:

QRPA _ 1 .
Hg " = hmr — 5 E E Kin&1uLi—p
=01 p=— 1,41

1
_EZ Z KgﬂquQg—u' €)

t=0,1 u=-3,43

The term hyp is a quasiparticle Hamiltonian that consists of
a Woods-Saxon mean field and a monopole pairing potential
[46]. In this part, the instantaneous shape of the sample
is defined by a deformed Woods-Saxon potential implying
the shape parameters § and y. The residual interaction Ve
in the Hamiltonian in Eq. (3) comprises isoscalar (r = 0)
and isovector (tf = 1) parts of the dipole-dipole (A = 1) and
octupole-octupole (A = 3) interaction, where the multipole
operators are defined as Qf , = [P Y, " 4+ (=D [r*Y;,]"
The constants K)tjl of the repulsive isovector interaction are
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FIG. 9. (Color online) Probability distribution of instantaneous
shapes in the 8-y plane.

adjusted such that they reproduce the energy of the maximum
of the GDR in accordance with the experimental value. To
remove the effects of the spurious center-of-mass motion, the
suppression method described in Ref. [47] has been applied.
This method allows us also to calculate the transition strengths
without assuming any effective charge for the neutrons and
using directly the bare proton charge e, in the transition
operator, that is,

zZ
M(E1), = ex Y [rYi,l;. )

i=I

Instantaneous shapes obtained for '3°La are shown in Fig. 9.
These shapes are distributed over a range of the quadrupole
deformation from about 8 = 0.05 to about 8 = 0.20, with
a maximum around 8 = 0.07, while the triaxial deformation
is rather indefinite, taking values between about y = 0° and
y = 60°. This probability distribution corresponds to a soft
spherical nucleus that carries out large shape fluctuations.

The E 1 photoabsorption cross sections for '3°La calculated
in ISS-QRPA are shown in Fig. 8. For comparison with
the experimental values, the cross sections of the calculated
ISS-QRPA states were folded with Lorentzians. Using a fixed
width of 0.1 MeV for the Lorentzians, the calculated curve
has substantial fluctuations, and its maximum is much too
high and too narrow compared with the experimental GDR
peak region around 15.2 MeV. Taking into account collisional
damping by applying a Lorentzian with an energy-dependent
widthT = a E? MeV, witha = 0.014 MeV~!, as suggested in
Ref. [20], the calculated curve gets more smooth. Moreover,
the calculated curve has two maxima at about 9 MeV and
11.5MeV, respectively, which are relicts of the underlying
particle-hole spectrum. These two maxima may have the same
origin as the experimental ones observed at about 6.5 and 9
MeV, respectively, but do not reproduce the right energies.

IV. CONCLUSION

The dipole-strength distribution in '**La up to the neutron-
separation energy has been studied in photon-scattering ex-
periments at the ELBE accelerator using an electron kinetic
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energy of 11.5 MeV. The intensity distribution obtained
from the measured spectra after a correction for detector
response and a subtraction of atomic background in the target
contains a quasicontinuum in addition to resolved peaks. To
obtain information about the intensities of inelastic transitions
to low-lying levels, we have applied statistical methods.
By means of simulations of y-ray cascades, intensities of
branching transitions could be estimated and subtracted from
the experimental intensity distribution, and the intensities
of the remaining ground-state transitions could be corrected
on average for their branching ratios. The photoabsorption
cross section obtained in this way from the present (y,y’)
experiment connects continuously to (y,n) data and gives
new information about the extension of the dipole-strength
distribution toward energies around and below the threshold
of the (y,n) reaction. In comparison with a straightforward
approximation of the GDR by a Lorentz curve, we observe

PHYSICAL REVIEW C 82, 024314 (2010)

enhanced E1 strength in the energy range from 6 to 10 MeV,
with two peaks at about 6.5 and 9 MeV, respectively. ISS-
QRPA calculations predict also two resonance-like structures
in the E'1 strength, however, at a too-high energy of about 9
and 11.5 MeV, respectively.
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