3 JOPSS

JAEA Originated Papers Searching System

H AR A FE B AR U A2 B U
Japan Atomic Energy Agency Institutional Repository

Low-lying electric and magnetic dipole strengths in 207Pb

Title
Shizuma Toshiyuki, Minato Futoshi, Omer M.,
Author(s) . R o .
Hayakawa Takehito, Ogaki Hideaki, Miyamoto Shuji
Citation Physical Review C,103(2), p.024309_1-024309_8

Text Version

Accepted Manuscript

URL https:/jopss.jaea.go.jp/search/servlet/search?5069627
DOI https://doi.org/10.1103/PhysRevC.103.024309
Right ©2021 American Physical Society

@32» Japan Atomic Energy Agency



https://jopss.jaea.go.jp/search/servlet/search?5069627
https://doi.org/10.1103/PhysRevC.103.024309

Low-lying Electric and Magnetic Dipole Strengths in *"Pb

T. Shizuma,' F. Minato,2 M. Omer,>* T. Hayakawa,!> H. Ohgaki,* and S. Miyamoto®
! National Institutes for Quantum and Radiological Science and Technology, Tokai, Ibaraki 319-1106, Japan
2 Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
3 Institute of Laser Engineering, Osaka University, Suita, Osaka 565-0871 Japan
4 Institute of Advanced Energy, Kyoto University, Uji, Kyoto 611-0011, Japan

5 Laboratory of Advanced Science and Technology for Industry, University of Hyogo, Kamigori, Hyogo 678-1205, Japan

*

(Dated: February 12, 2021)

Low-lying dipole transitions in 2°"Pb were measured via nuclear photon scattering using a quasi-
monochromatic, linearly polarized photon beam. The spins and/or parities of the states observed
in 2°”"Pb were determined from the intensity asymmetry of resonantly scattered + rays with respect
to the polarization plane of the incident photon beam. The electric (E'1) and magnetic (M1) dipole
strengths were obtained for excitation energies from 5.49 to 6.75 MeV. The present experimental
results, combined with (v,n) data from the literature, were used to investigate the E1 and M1
photoabsorption cross sections near the neutron separation energy by comparison with predictions
from the particle-vibration coupling with the quasi-particle random phase approximation model

(PVC+QRPA).

PACS numbers: PACS number(s): 21.10.Hw, 23.20.-g, 25.20.Dc, 27.80.4+w

INTRODUCTION

The low-lying electric (F1) and magnetic (M1) dipole
excitations in atomic nuclei have attracted interest dur-
ing the past decades [1, 2]. The observation of such ex-
citations provides valuable information on collective and
single-particle motions.

Nuclei close to the doubly closed-shell nucleus 2°¢Pb
are suitable for investigating the spin-flip M1 mode [3].
In the independent particle model, the M1 excitation
to the lowest two 11 states in 208Pb is expected to
be the 1 particle-1 hole (1p-1h) spin-flip excitation of
(103, 9, 1hg ) and v(Liy)y, 13ty ). The mixing of
these unperturbed states by the residual proton-neutron
interaction causes isoscalar (IS) and isovector (IV) states.
Experimentally, the IS and IV 17 states in 2°8Pb have
been observed at 5.85 MeV and approximately 7.1 — 8.7
MeV, repsectively [4-6]. Since the nucleus 2°7Pb dif-
fers from 2°®Pb by one less neutron, such M1 resonances
could be present. In a previous (¥,n) measurement [7], an
M1 strength concentration was observed just above the
neutron separation energy (S, = 6.737 MeV) in 2°"Pb.
However, detailed information on the M1 strength below
this energy is scarce.

The local accumulation of E'1 strength near the parti-
cle threshold has been observed in both stable and unsta-
ble nuclei over a broad range of nuclei [8-17]. This phe-
nomenon is commonly referred to as the pygmy dipole
resonance (PDR) because the measured E1 strength is
weak relative to that of the giant dipole resonance (GDR)
which is the main part of the E1 strength in nuclei. The
PDR may provide useful information on fundamental nu-
clear properties such as the neutron-skin thickness and
the symmetry energy parameter in the nuclear equation
of state at densities relevant to neutron stars [18, 19]. The

total sum of the measured energy-weighted E1 strength
of the PDR is less than approximately 1% of the Thomas-
Reiche-Kuhn (TRK) sum rule value for stable nuclei and
approximately 5% of that for unstable neutron-rich nu-
clei. For stable lead isotopes, the values of 0.300(52)%
and 0.705(52)% were observed for 2°Pb and 2°Pb [20],
respectively, below the excitation energy of E = 6.75
MeV.

Previously, the low-lying dipole strength distribution
in 2°"Pb was studied by using nuclear resonance fluo-
rescence (NRF) [21-26]. While the spins and parities
of the states at 5490, 5598, and 5611 keV are known
from previous work [26], those of the higher-lying states
remain to be revealed. In this paper, we report the re-
sults of an NRF measurement of 2°"Pb using a quasi-
monochromatic, linearly polarized photon beam gener-
ated by laser Compton scattering (LCS). The experi-
mental results are compared with predictions from the
particle-vibration coupling [27] with the quasi-particle
random phase approximation model [28] (PVC+QRPA)
using Skyrme effective forces.

EXPERIMENTAL PROCEDURE

The present NRF experiment was performed at the
Laboratory of Advanced Science and Technology for In-
dustry (LASTI) at the University of Hyogo. A quasi-
monochromatic, linearly polarized photon beam was gen-
erated by LCS with relativistic electrons circulating in
the NewSUBARU storage ring [29, 30]. A Nd:YVOy4
laser with a 1064-nm wavelength operated at a 20-kHz
frequency was used. The electron energies of 571, 595,
and 620 MeV were selected to produce LCS photons with
maximum energies EX*** of 5.8, 6.3, and 6.8 MeV, respec-
tively. A lead collimator with a 10-cm thickness and a



4-mm aperture was used to form a quasi-monochromatic
photon beam with an energy spread of AE/E =~ 4% at
full width at half maximum (FWHM). The photon flux
was measured during the NRF measurement at each LCS
photon energy by a large volume (8" x12”) NalI(T1) scin-
tillation detector. The average intensity on the target
was 4x10° photons per second. The target consisted of
a metallic cylinder (8 mm in diameter) of 2°7Pb (13.9 g)
enriched to 98.1%. In addition, a 2°®Pb target (6.2 g,
enriched to 98.4%) was used for strength normalization
of NRF ~ rays.

Two high-purity germanium (HPGe) detectors with
efficiencies of 120% and 140% relative to a 3”x3” Nal
scintillation detector were used to measure photons scat-
tered from the target. These detectors were fixed in
the horizontal plane at a scattering angle of § = 90°.
The polarization of the LCS photon beam was varied
into the vertical and horizontal planes to determine the
spins and parities of the excited states discussed later.
The typical energy resolution of the HPGe detectors was
AE,/E, = 0.09% at E, ~ 7 MeV. The y-ray energies
were calibrated using a natural background ~y-ray (2614.5
keV) and the known E1 peaks at 7063 and 7083 keV in
208p}. In addition, we calculated the relative efficiencies
for the HPGe detectors using Electron Gamma Shower
(EGS5) [31]. The calculated efficiency curves were veri-
fied using efficiencies obtained from measurements with
a 152Eu standard source and the known resonances in
208Pb.

Figure 1 shows a typical energy spectrum for an inci-
dent photon beam with ET*** = 5.8 measured by the
HPGe detector. A Monte-Carlo simulation was per-
formed with the EGS5 code to analyze HPGe detector
response. The energy distribution of the incident photon
beam was extracted by unfolding the simulated spectrum
to reproduce the observed energy distribution as shown
in Fig. 1.

RESULTS

Figure 2 presents parts of the photon scattering spec-
tra observed at a polar angle of § = 90° relative to
the incident photon beam with EJ***=5.8, 6.3, and 6.8
MeV. These spectra were obtained at azimuthal angles of
¢ = 0° and 90° relative to the polarization plane formed
by the propagation direction of the electric field vector
of the incident photon beam.

Considering dipole excitations of the JJ = 1/2~
ground state of 2°7Pb, the spins and parities of the ex-
cited states could only be J™ = 1/2% 3/2%. The in-
tensity distribution function of a 1/27 — 3/2% — 1/2~
photon scattering cascade using a polarized photon beam
is given by

W(,¢)=W(0)F g(l — cos?6)cos2¢, (1)
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FIG. 1: Typical energy distribution of the incident photon
beam with EJ'** = 5.8 MeV measured using the HPGe de-
tector (black line). The original LCS photon spectrum (blue
dashed line) was obtained by unfolding the simulated energy
distribution (red line).

where W (6) is the angular correlation function for an
unpolarized photon beam, expressed as %COSQQ + g. A
more general form of Eq. (1) can be found in Ref. [32].

To determine the spins and parities of the observed
states, we used the azimuthal intensity ratio defined by

W(90°,90°)

R= W(90°,0°)

(2)

Under the condition of complete polarization of the in-
coming photon beam, R is expected to be 0.4 for J™ =
3/27 and 2.5 for J© = 3/2%. However, these ratios
slightly deviate from the ideal values because of the fi-
nite solid angle of the HPGe detectors and the spa-
tially extended target. For the present case, the ra-
tios are deduced from the numerical simulation to be
0.42 for J* = 3/27 and 2.4 for J* = 3/2%. For a
1/2= — 1/2% — 1/2~ photon scattering cascade, an
exited J = 1/2 state radiates isotropically, and hence, R
equals unity for J = 1/2%F.

The corresponding measured intensity ratios are given
by R = Nj /N| where N (NV)) represents the intensity
of resonant photons detected in the plane perpendicular
(parallel) to the polarization plane at § = 90°. From the
comparison between measured and calculated azimuthal
intensity ratios, the spins and/or parities of the excited
states were determined as presented in Fig. 3.

In photon scattering measurements, the energy-
integrated scattering cross section I, of a state at the ex-
citation energy F, can be deduced from the measured in-
tensities of the respective transitions to the ground state
[33]. In the present study, this cross section was deter-
mined relative to the known integrated scattering cross
section I,(ERf) of the state at 7332 keV in 2°Pb:
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FIG. 2: Photon scattering spectra observed at a polar angle of
0 = 90° relative to the incident photon beam and azimuthal
angles of ¢ = 0° (top) and 90° (bottom) relative to the po-
larization plane of the LCS photon beam with EJ***=5.8 (a),
6.3 (b), and 6.8 (c) MeV. The transitions to the ground state
in 2°7Pb are labeled with open circles in the upper panels.
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FIG. 3: Measured azimuthal intensity ratios R’ for the dipole
transitions of 2°“Pb. The horizontal lines R’ = 0.42, 1, and
0.24 indicate the calculated ratios for J™ = 3/27, J* = 1/2%,
and J™ = 3/27", respectively.
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Here, I,(E,) and I,(ER) denote the efficiency-
corrected intensities of a ground-state transition at E,
in 2°7Pb and of the 7332-keV transition in 2°8Pb, respec-
tively, obtained using summed spectra of v rays emit-
ted parallel and perpendicular to the polarization plane.
W(6; E,) and W(H;Eﬁef) are the angular distribution
functions for these transitions at § = 90° for an unpolar-
ized photon beam. The quantities ®(E,) and ®., (ERef)
are the photon fluxes at the energy of the considered
level and at the energy of 2°°Pb, respectively. The quan-
tities Ny and N}\D}ef represent the numbers of nuclei in
the 2°7Pb and 20%Pb targets, respectively. The quanti-
ties A(E,) and A\(ER°f) are the correction factors of the
atomic and nuclear self-absorption for the levels at E,
in 207Pb and ER°f in 298Pb. These correction factors
were determined according to Eq. (19) in Ref. [34]. The
present determination of the integrated cross sections rel-
ative to the state in 2°Pb has the advantage that the ef-
ficiencies of the detectors and the photon flux are needed
in relative units only.

The integrated scattering cross section I is related to
the total decay width I'" and the partial decay width T'y
to the ground state according to

whe 2gF2

where g is a spin factor defined as (2J, + 1)/(2Jy + 1)
with Jy and J, being the spins of the ground state and
the excited state.

The experimental results are summarized in Table 1.
We observed 19 dipole states at excitation energies be-
tween 5.49 and 6.75 MeV, of which 7 states (marked with
the superscript ”a” in Table I) were newly found. The
spins and/or parities of 15 states were newly assigned
based on the azimuthal intensity ratios. The assignments
of J® = 3/2% for the 5.490 and 5.612-MeV states and
J = 1/2 for the 5.598-MeV state are consistent with
the results presented in Ref. [26]. The assignment of
J™ = 3/27 for the 5690.6-keV level is also consistent with
(3/2%) in Ref. [36]. A comparison of the gI'3/T" ratios
obtained in the present experiment with those from pre-
vious work [21-23] is also shown in Table I. The present
results are generally in good agreement with those pre-
viously reported.



TABLE I: Excitation energies E,, spins and parities J™, ratios gT'3/T", branching ratios to the ground state T'o/T', and reduced
transition probabilities B(E1)1 and B(M1)1 obtained in the present work. The gT'3/T" values reported in previous work are
listed for comparison.

E, Jre J™(lit.) gl'g/T® To/T B(E1)? B(M1)1 g3 /Tt ghg/re  grg/r
(keV) (eV) %1073 (e*fm?) (u3) (eV) (eV) (eV)
5490.0(3)  3/27 3/2%¢ 13.3(22) 1.07 77(13) 11.57(139)  11.4(19) 12
5597.5(3) 1/2 1/2¢ 11.5(19) 1.0 63(10) 5.7(9) 12.09(141)  9.0(14) 8
5611.6(4)  3/27 3/2t¢ 5.0(9) 1.0 27(5) 5.5(9)
5668.3(4)7 1/2 1.8(4) 1.0 9.4(21) 0.87(17)
5690.6(4)  3/27 (3/21)" 4.3(7) 0.78(7)" 29(6) 1.97(135) 3.0(6)
5715.6(3)  3/2t  1/2,3/2"  8.2(14) 1.0 42(7) 7.77(112) 6.2(12) 3
5726.0(4)* 1/2 2.7(6) 0.72(7) 19(5) 1.7(4)
5736.1(3) 1/2 5.5(10)  0.74(5)7 38(7) 3.4(6) 5.1(11)
5793.1(9)  3/2° 1.6(5) 1.0 0.71(22) 2.4(10)
5879.8(6)*  3/2~ 2.7(7) 1.0 1.1(3)
5998.3(6)* 1/2 1.6(4) 1.0 7.1(18) 0.64(16)
6111.4(7)*  3/2 0.62(14) 1.0 0.23(5)
6166.8(7)* 1/2 0.54(12) 1.0 2.2(5) 0.20(4)
6180.3(3)  3/2%  1/2,3/2®  5.8(11)  0.70(6)’ 34(7) 5.93(119) 3.3(7)
6487.4(7)° 1/2 1.8(5) 1.0 6.3(17) 0.56(15)
6543.1(7) 1/2 2.0(5) 1.0 6.8(17) 0.62(14) 2.3(6)
6721.5(5)" 1/2 1.5(4) 1.0 4.7(13) 0.43(11)
6735.3(5) 1/2 4.0(8) 1.0 12.5(25) 1.13(22) 2.7(7)
6750.1(4) 1/2 9.5(16) 1.0 29(5) 2.7(5) 7.2(14) <10
@This work.

®Taken from Ref. [21].

¢Taken from Ref. [22].

4Taken from Ref. [23]. Uncertainty in excess of 50% quoted.

¢Taken from Ref. [26].

fPossible decay branch to the first excited state was reported in
previous work [21]. However, such a branching transition was not
observed in the present experiment.

9The level likely corresponds to the 5668-keV level reported in
Ref. [35].

hTaken from Ref. [36].

‘Decay branch to the first excited state was observed in the
present NRF experiment.

JDecay branch to the second excited state was observed in the
present NRF experiment.
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The integrated scattering cross sections deduced from =
the present NRF experiments are shown in Fig. 4. The £ 1.5 .
large strengths below 6.8 MeV are carried by two ground- >
state transitions from the 5.490 and 5.612-MeV states. 2 4l i
\VJ

While these states are considered to predominately orig-
inate in the weak coupling of the v3p] /12 neutron hole to 0.5 |

the 298Pb J™ = 1~ core at 5.512 MeV, the correspond-

ing strengths are three times smaller than that of the ? A *% ? . ﬁ
208pPh core indicating a substantial deviation from the 2.5 5 5.5 6 6.5 7
pure weak-coupling picture due to the particle-core cou- Excitation Energy (MeV)

pling [26].
FIG. 4: Integrated scattering cross sections deduced from the
The reduced transition probabilities B( El) 1 and present experiment. Data below 5 MeV are taken from Ref.
B(M1)1 can be extracted from gI'y using the following (36].
relationships:



B(E1)1= 0.955@ [10-3¢2 fm?], (4)
E’V
B(M1)1=0.08662L0 [12,] (5)
E,?; N

where I'y is given in units of meV and E, in units of
MeV.

The deduced E1 and M1 transition probabilities are
listed in Table I. From the present work, the total E1
strength of ¥B(E1) = 0.407(23) e*fm? at excitation en-
ergies from 5 to 6.8 MeV was obtained assuming FE1
nature for the transitions from the J = 1/2 states. If
one assumes M1 strengths for the transitions from the
J = 1/2 states in 2°7Pb comparable to those in 2°Pb
[17] and 2°®Pb [6], then our results on the total E1
strength would change by at most 10%. Therefore, this
assumption does not affect the conclusions on the gross
properties of the E1 strength distribution discussed be-
low. The total E1 strength below 5 MeV is known to
be ©B(E1) = 0.043(5) €*fm? from previous (,7') mea-
surements [21, 22, 24, 25]. By adding this value to the
present result, the total E1 strength below 6.8 MeV is
YB(E1) = 0.45(2) e*fm®. This value corresponds to
0.35(2)% of the energy-weighted TRK sum rule value,
which is comparable to the value of 0.300(52)% for 2°°Pb
and one-half the value of 0.705(52)% for 2°Pb [20].

Three M1 transitions to the ground state from the
J™ = 3/27 states at 5.793, 5.880, and 6.111 MeV were
observed with a total M1 strength of XB(M1) = 2.1(4)
u%. This value is comparable to the M1 strength of
2.0(3) p% [6] for the transition at 5.844 MeV in 29Pb,
which is usually referred to as an IS spin-flip M1 mode
with in-phase proton and neutron motion [3, 37]. At
higher energy (7 < E, < 7.35 MeV), a larger M1
strength, XB(M1) = 9.2(14) u%, is known for 28Pb [6],
which is caused by an IV spin-flip M1 mode with out-of-
phase proton-neutron motion. The neutron separation
energy of 297Pb is, however, lower than the excitation
energy for this M1 mode, so the photon scattering ex-
periment is not sensitive to the observation of an IV M1
excitation.

The photoabsorption cross section o can be obtained
from gI'y by the following equation:

I
/ 0B = (rhe)* S0 (6)
Y

The E1 photoabsorption cross sections (binned in 200
keV steps) deduced from the present (¥,7') experiment
are shown with those obtained from (¥,n) or (v,n) exper-
iments [7, 38] in Figs. 5(a) and 5(b). Note that the data
from Ref. [38] are scaled up by a factor of 1.22 according

to the suggestion in Ref. [40]. Comparing the measured
E1 photoabsorption cross sections with an extrapolation
of the GDR is interesting to judge whether the low-lying
strength is simply a part of the GDR. In Fig. 5(a), two
Lorentzian curves show an extrapolation of the GDR as-
suming a constant width (SLO) and an energy-dependent
width (ELO). From neutron capture reactions and mea-
surements of y-ray strength functions close to the parti-
cle threshold, it is known that the extrapolation of the
Lorentzian curve with the constant width overestimates
the E1 strength in nuclei around closed shells. Hence, the
use of the Lorentzian with the energy-dependent width
was suggested [41, 42]. From the systematic analysis
using the quasi-particle phonon model (QPM), the E1
strengths observed in 204206,208ph helow 6.5 MeV were
concluded to not be attributable to an oscillation of the
excess neutrons with respect to the remaining core [41].
The low-lying E1 strength found in 2°7Pb is consistent
with this picture. In contrast, an E1 strength concen-
tration (corresponding to 0.32% of the energy-weighted
TRK sum rule value) approximately 7.5 MeV above the
neutron separation energy of 2°”Pb was found in the (¥,n)
experiment, indicating the presence of a PDR [7].

The measured E'1 photoabsorption cross sections are
also compared with the PVC+QRPA calculations [27]
based on the nonrelativistic Skyrme energy density func-
tional (EDF) [43-45]. To calculate the excited states of
207Ph, core polarization effects were treated using a PVC
model [46, 47]. We assumed 2°7Pb as a two-body system
consisting of the 2°°Pb core nucleus and one neutron.
Then, we considered the coupling between the core nu-
cleus states and one-neutron quasiparticle states when
calculating the excited states of 2°”Pb. We introduced
two modifications from Refs.[46, 47]: (i) The core nucleus
of 295Pb and neutron quasiparticle states were computed
by the self-consistent Hartree-Fock + BCS model with
Skyrme effective forces (SHF-BCS) [43, 44], and to cal-
culate the excited states of 2°Pb, the QRPA on the basis
of SHF-BCS was used: (ii) In the BCS approximation,
blocking effects [28] were introduced for the 2p; /5 neu-
tron state that was supposed to be occupied by the last
neutron of 207Pb.

Variations arising from Skyrme effective forces were
checked by wusing three different parameter sets,
SkM* [48], SGII [49], and SkP [50]. The calculated E'1
resonances were folded by the Lorentzian function with
a width of I'g; = 0.5 MeV. The predicted photoabsorp-
tion cross sections in the energy region from 5 to 10 MeV
are shown in Fig. 5(a). The PVC+QRPA calculations
are in reasonable agreement with the experimental data
above ~ 6 MeV. A small bump observed around 8 MeV
is reproduced for all three Skyrme forces. In this energy
region, the amplitude of the neutron oscillation of the E'1
resonances is much larger than that of the proton oscil-
lation at the nuclear surface (~ 8 fm). This is consistent
with the interpretation of the presence of a PDR in 2°"Pb
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FIG. 5: E1 photoabsorption cross sections in the energy range
from 5 to 10 MeV (a) and from 5 to 20 MeV (b), obtained from
the present (7,7') experiment (red squares) and from (¥,n)
[7] (blue open circles) and (y,n) [7, 38] (blue filled circles and
green triangles) experiments compared with the PVC+QRPA
calculations using the SkM™ (red line), SGII (green broken
line), and SkP (blue dotted line) forces. Also shown are the
Lorentzian curves with constant width (long broken line) and
an energy-dependent width (green dotted line) from RIPL3
[39).

noted by Kondo, et al. [7].

The calculated photoabsorption cross sections do not
agree with the experimental data around E = 5.5 MeV
as shown in Fig. 5(a). Although several resonances are
predicted by the PVC+QRPA calculations in this energy
region, they are smeared by the relatively large contri-
bution from resonances at high energies. We therefore
depict the predicted E1 strength in a discrete style in
Fig. 6. The calculation with the SkP force shows some
resonances around F = 5.5 MeV. Although the calcu-
lations with the SkM* and SGII forces show resonances
at higher energy than SkP (E = 6.5 — 7.5 MeV), these
resonances are never reproduced without the coupling of
the particle with the core. The main configurations of

the resonant states are vpzp ® 315 and vfs5/, @ 35 for
the SkP force, vps/o ® 35 and v f5,, ® 37 for the SkM*
force, and v f5/o ® 31 5 and vsy /2 ® 07 for the SGII force.
Here, 0], 37, and 3, represent the ground state, the
first 37 state, and the second 3~ state, respectively, in
the 20Pb core. The importance of the coupling with the
low-lying 3~ states of the core nucleus is known from pre-
vious work [51] where excited levels of 2%°Pb and 2°Bi
were described by the PVC model considering 2°®Pb as
a core nucleus.

The FE1 photoabsorption cross section from 5 to 20
MeV including the GDR region is shown in Fig. 5(b).
The PVC+QRPA calculations give a higher peak with a
narrower width than the experimental data. This is be-
cause the present QRPA framework considers only up to
1p-1h excitation of the 2°Pb core. Collisional damping,
i.e., a spreading width, is not properly generated. This
is one of the general aspects of QRPA calculations. To
avoid this shortcoming, a large Lorentzian width (e.g.,
g1 ~ 2 MeV) has been conventionally used to simulate
E'1 photoabsorption cross sections.

Similar to the present results shown in Fig. 5(b), the
previous QRPA calculation for 2°®Pb that includes only
1p-1h excitation does not reproduce the experimental
GDR cross section using a Lorentzian width equal to 0.5
MeV [52]. In contrast, the inclusion of 2 particle-2 hole
(2p-2h) excitation in the shell-model calculation leads to
a strong fragmentation of the strength, in particular in
the GDR region, and gives a better agreement with the
experimental data [52]. Additionally, 1p-1h excitation is
dominant below F = 8 MeV and 2p-2h effects become
important at high energy [52]. This may indicate that a
small (large) Lorentzian width is favorable at low (high)
energy for theoretical models that consider up to 1p-1h
excitation.

Figure 7 shows the M1 photoabsorption cross sections
(binned in 200 keV steps) for the J™ = 3/2~ states de-
duced from the present (7,7') experiment and (¥,n) ex-
perimental data [7]. These data might indicate that two
localized M1 strengths exist around 6 and 7 MeV, similar
to those in 2°Pb [17] and 2°°Pb [6]. In the following, the
experimental data are compared with the PVC+QRPA
predictions.

In the present calculation, the parameters in the time-
odd components of the Skyrme force that influence M1
resonances cannot be uniquely determined from the bulk
properties of nuclei. Therefore, the same parameter sets
of SkM*, SGII, and SkP as used for the F1 strength
calculation were applied. The calculated M1 strengths
were folded by the Lorentzian function with I'p;; = 1
MeV. As shown in Fig. 7, the predicted M1 strengths
show two peaks for all three Skyrme forces. The lower-
energy resonances originate from coherent excitation
of W(hl_ll/Q,héﬂ), V(i1_31/2,i%1/2), and V(gg_/IQ,gé/z) 1p-1h
states in the 296Pb core. In particular, the proton hi1/2 to
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FIG. 6: E1 strength predicted by the PVC+QRPA calcula-
tion using the SkM™ (a), SGII (b), and SkP (c) forces.

hg /o transition dominantly contributes to these M1 res-
onances. In contrast, the higher-energy resonances can
be attributed to coherent excitation of W(h;ll/g, hé/z) and

1/(1'1731/272}1/2) 1p-1h states for the SkM* and SkP forces

and V(i;31/2,i%1/2) and V(g;/é,gém) 1p-1h states for the
SGII force.

The energy difference between the peaks predicted by
the PVC+QRPA calculations is 2.2 to 2.6 MeV which is
approximately twice that deduced from the experimen-
tal data if taking F = 7.24 MeV for the higher-energy
peak. As mentioned above, the present PVC+QRPA
calculations include only 1p-1h excitation. The cou-
pling to 2p-2h states leads to fragmentation of the M1
strength [53, 54]. In addition, the tensor force is impor-
tant for describing the M1 strength distribution [53, 55].
The inclusion of such residual interactions in the present
PVC+QRPA model is a challenge for the future.

SUMMARY

In summary, NRF experiments on 2°“Pb have been
performed using a quasi-monochromatic, linearly polar-
ized photon beam. From the present measurement, the
spins and /or parities of the states observed in 2°7Pb were
determined. The present results, combined with previ-
ous (v,n) data, were used to investigate the E1 and M1
photoabsorption cross sections by comparison with pre-
dictions from the particle-vibration coupling (PVC) with
the quasi-particle random phase approximation (QRPA)
model. The PVC+QRPA calculations reproduce the
gross properties of the dipole strengths observed near

5 T T T - -
Thiswork &
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©
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FIG. 7: M1 photoabsorption cross sections obtained from the
present (7,7') experiment (red squares) and from the (¥,n)
experiment (blue circles) [7] compared with the PVC+QRPA
calculation using the SkM* (red line), SGII (green broken
line), and SkP (blue dotted line) forces.

the neutron separation energy. While the coupling of
a neutron with the low-lying 3~ states of the 2°6Pb core
is important for the E1 strength at low energy, higher
order mixing than 1p-1h is required for describing the
strength distribution at higher energy in the GDR re-
gion. In addition, the present calculations suggest that
the coherent excitations of spin-flip 1p-1h states in the
206pPh core is responsible for the M1 strength near the
neutron separation energy.
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