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Abstract

Dipole and electric quadrupole excitations #34:206.207.248 have been measured up to

6.75 MeV in resonant photon scattering experiments at the superconducting Darmstadt electron

linear accelerator S-DALINAC using two Euroball-Cluster detector module&9%Rb, 14 excited
states have been populated,zﬂ?Pb, the decays of 41 states have been detected. Information about
45 heretofore unknown excited state#MPb could be measured as well as eleven known levels in
207pp, The extracted dipole strength distributions are discussed within phenomenological (“pygmy

resonance”) and microscopic models (quasiparticle-phonon model). A strong fragmentation and a
small shift of the detected E1 strength towards higher energies is observed with the opening of the

neutron shell closure.
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1. Introduction

The selectivity and model-independent analysis make high-resolution’) experi-
ments a valuable tool for the investigation of low-energy dipole modes in nuclei [1]. In
recent years, progress in this field has been largely triggered by systematic studies of the
orbital magnetic dipole scissors mode ([2], for recent experimental examples see, e.g., [3,4]
and for reviews [5-7]). On the other hand, there is the long-standing problem to under-
stand the nature of a concentration of E1 strength observed in many nuclei [8] in the
vicinity of the particle threshold, commonly termed ‘pygmy dipole resonance’ (PDR).

A variety of possible interpretations of the phenomenon has been proposed in—sometimes
conflicting—maodels including hydrodynamical descriptions [9,10], neutron excess surface
density oscillations [11-13], fluid-dynamical approaches [14—16] and local isospin break-
ing in heavy nuclei by clustering [17]. Microscopic random phase approximation (RPA)
calculations in nonrelativistic [18,19] and relativistic [20—-22] frameworks all predict a
strong isoscalar E1 mode well below the giant dipole resonance (GDR) which may cor-
respond to a transverse excitation mode with toroidal current distributions [23,24].

Renewed interest into this problem is partly driven by first experimental observations
(see, e.g., [25,26]) of strong soft E1 modes in exotic, neutron-rich nuclei. It is an obvious
guestion whether these modes are generated by the same mechanism in these nuclei as
close to the valley of stability or whether the structural features change for extreme neutron-
to-proton ratios. While most of the available data on the PDR has been derived from
y-strength functions which only provide global features, it recently has become possible
[27] to study its fine structure in selected cases like Ca isotopes \28},82 isotones
[29-31] and?98Pb [32] with increased sensitivity and largely reduced background. In
the latter case it was possible to conclude on the nature of the PDR from the very good
correspondence of the observed total E1 strength and fine structure to quasiparticle-phonon
model (QPM) calculations including the coupling to complex configurations. It is found to
arise from neutron surface density oscillations against an approximately isospin-saturated
core [32] suggesting a similar mechanism as expected in exotic nuclei.

The present work focuses on the influence of a gradual shell opening on the low-energy
dipole strength distributions by a study of tHf#206204pp(, ') reactions for excitation
energies up to about 6.5 MeV. A considerably improved sensitivity compared to previous
work is achieved foP%Pb and?%®Pb, while no prior information on dipole states was
available foP%“Pb. The energy region investigated allows an in-depth study of the interplay
between one-particle—one-hole (1p—1h) and two-particle—two-hole (2p—2h) contributions
to the wave functions of the populated states. Thus, the experimental results present
an important test of microscopic calculations aiming at a qualitative and quantitative
description of the fine structure of the dipole modes. As demonstrated, e.g., in [32], the
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latter is a prerequisite for an understanding of the underlying physics. Some aspects of the
present results have been discussed in [33,34].

2. Experiment and data analysis

Resonance fluorescence is an established method for the sensitive investigation of
properties of low-multipolarity excitations. We refer to [1,35] and references therein for
a detailed description of the technique.

2.1, Setup

The experiments have been carried out at the superconducting Darmstadt electron
accelerator S-DALINAC [36]. A summary of the setup behind the superconducting injector
linac and the data analysis is given, e.g., in [37]. A 3 mm tantalum disk was used for the
production of the bremsstrahlung in combination with a 0.6 m long Pb collimator. The Pb
target, usually sandwiched with boron disks for flux and energy calibration was located
80 cm downstream from the collimator exit. The appropriate adjustment of the target was
verified using an alignment laser and taking an X-ray picture of the bremsstrahlung beam.
The endpoint energy of the photon beam was checked by deflecting the electron beam
with a bending magnet before and after the experiment and after adjustments involving
the accelerator radio frequency controls. Two Euroball-Cluster detectors [38] with 7 HPGe
crystals each were used for detecting the scattered gamma rays. The centers of the two
detectors were at 132nd 94 with respect to the incoming beam direction.

The detectors were surrounded by about 30 cm of lead in each direction to shield them
against diffuse gamma-ray background in the accelerator hall. The small conical opening
in the shielding towards the target was covered with graded filter absorbers made of Pb
and Cu (up to 3 cm each, depending on the experiment) to reduce low-energy gamma rays.
The Cluster detector placed at°94ith respect to beam was equipped with BGO detectors
behind the germanium crystals (back-catchers) to reduce the numberagk escaping
due to Compton scattering or pair creation.

It is possible to enhance the full-energy peak efficiency of Cluster detectors by adding
back coincident signals from detector crystals within the same module. This leads to three
types of spectra used in the analysis:

e Singles spectra, i.e., spectra with no coincidences in other detector crystals can be
analyzed separately. They are accumulated in multichannel memory modules.

e The so-called “add-back” spectrum contains the sum of signals from crystals in the
same detector module that occur within the coincidence time window.

e In the Cluster module placed under°9dith respect to the beam, two-fold coinci-
dences were sorted separately for the measurement of the linear polarization of the
scattered radiation.

For the determination of the cross section, a full spectrum consisting of the sum of all
singles spectra and the add-back spectrum was used (for each Cluster module separately).
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Table 1
Experimental parameters
208py, 206py, 204pp,

Endpoint energy£g (MeV) 6.75(5) 6.70(5) 6.75(5)
Average electron beam current (LA) 34 27 48
Data acquisition time (h) 131 15 95
Target mass () 2.9555(5) 7.0656(3) 0.2292(3)
Enrichment of main component (%) 99(1) 88.3(8) 66.5(6)
Mass of!1B reference target (g) 0.359(1) 0.1541) 0.154(1%

Average count rates
Central crystal 92 (kBq) 9.6 9.3 7.6
Central crystal 132(kBq) 9.2 84 7.7
Coincidences (kBq) 13 138 118

2 Not used for flux calibration.

The analysis of the singles spectra allowed for a more precise analysis of the angular
distribution of the gamma rays, and the two-fold coincidences from scattering in the
module placed at $4were used for parity determination.

Table 1 shows a summary of the experiments, including the electron beam parameters,
data acquisition time and typical rates, and target composition. Whil@%Rb target
was highly enriched, the main components in the other targets were significantly lower
in abundance. As a consequence it was possible to assign transiti&f£120’Pb by
carefully comparing the intensities observed in the runs with the two different targets with
main component8®/Pb and?°%Pb. An amount of1B was added as a reference material
for the determination of the photon flux in the case of 4 b target. For the other runs,
the prominent transitions frorf’®Pb served as a reference, al@ was only used for
energy calibration.

2.2. Cross sections

2.2.1. Integrated cross section

The interaction cross section; for a resonant photon scattering process from the
ground state (g.s.) via an excited state into a final state with angular momentgan
be described by a Lorentzian

E o hc)z o 1 )
7 )_E(E_x SO E B2 T4

where the photon energy is denoted withthe maximum of the resonance is&t, and

the width of the state i§'. The quantitiedp and/"y denote the partial widths for the decay

into the g.s. and into an arbitrary final state (often also the g.s.), respectively. The statistical
factorg = (2J +1)/(2Jo + 1) with the angular momenta and Jg of the excited state and

the g.s., respectively, takes into account the degeneracy of the magnetic quantum number.
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For particle-bound excitations, the typical detector resolution of several keV is much
larger than the intrinsic line width so that the observed signal corresponds to an energy-
integrated cross section

1f=deaf(E)= %Ffogggx, @)

with ofpaX:= 27 (he/ Ex)2gIo/ . Experimentally, the cross section is determined from
the number of detected evems . This number is proportional to the quantity

Ex+8E
Arx / dE or(E)n(E), 3)
Ex—SE

wheren(E) denotes an attenuation factor for the photon flux containing both nonresonant
and resonant contributions.

2.2.2. elf-absorption effects

The attenuation factor depends on the target geometry. While the nonresonant attenua-
tion can be extracted by measuring simultaneously a well-known material sandwiched or
mixed with the target, the resonant self-absorption effects need to be corrected numeri-
cally, especially for thick targets and strong excitations. In this case, the photon flux in the
vicinity of excitations gets attenuated due to the resonant photon interaction cross section

abs - and nonresonant contributionggr as a function of the target thickness. The func-

tion ¥ denotes the line shape which depends on the photon etiesgy " x /2 + Ey, the
room temperature, and the properties of the target material. The detected signal therefore
amounts to

1- —d(o
Ay o(/dx expl maX(U abe W (x) + knNR)]
’ Oaps ¥ (X) + KNR
with target thicknesd. (For a detailed discussion, see, e.g., [35].) This equation has to be

solved numerically both for reference and the target material. In the present analysis, we
have expanded the exponential function into a power series (see also [39]) up to 5th order

Z > & k+ 1). Hl(l;)(aa"%??kj eite f dhe L (5)

k=0 j<k

v (x) 4)

The calculation of the integrafl dx yk=i*l is performed numerically to an accuracy of
about 2%. This affects correction terrfis— j + 1) > 1 only so that this contribution can
be neglected against typical statistical and systematic uncertainties.

2.2.3. Transition widths and strengths

If all partial decay branches are known, one can extract the transition width from the
measured cross section. From this the reduced transition strB(igtiM 1) can be deduced
for a given multipole ordei. Especially for odd-mass nuclei it is convenient to use a
reduced transition width for the decay into the g.s.

Io

red __
gly " =¢g— E3

(6)
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Fig. 1. Schematic drawing of the two Cluster detectors as seen from the target (incoming photon beam from the
left side). Two, respectively, three individual crystals are located at one common polar scattering angle so that
the singles data of these crystals can be summed to yield a precise six-point angular distribution. For the Cluster
detector placed at 94with respect to the incoming beam a measurement of the linear polarization of the scattered

photons was performed. Two-fold events af tth respect to the reaction plane (full arrows) were compared
with events at 30 and 150, respectively (dashed arrows).

instead of the dipole transition strength. This quantity is related t@{&g¢M1) value via

gl B(ED?
(meV/MeV3) 1'047(1cr3 e2fm?)’ @
red
_ &l 4y 5BMDY (8)
(meV/MeV?) (13)

Note that these relations neglect multipole mixing, especially for the case gER1
mixing.

2.3. Angular distributions

The angular distribution of the resonantly scattered photons depends for an unpolarized
photon beam on the angular momenta of the g.s., the intermediate, and the final state,
the multipole ordef and, if applicable, the mixing parameter-or even—even nuclei and
transitions into the g.s., the angular distributions for dipole and quadrupole transitions have
characteristic minima at 9&nd 127, respectively. In the present setup, the detectors have
been located close to these angles. The composite Cluster modules allow the extraction of
angular distributions beyond such a simple two-point measurement from an analysis of the
singles spectra. Fig. 1 shows a schematic drawing of the two Cluster detectors as seen from
the target position. (The incoming beam would be from the left.) Groups of two or three
detectors are located at a specific scattering angle with respect to the incoming beam so
that the measurement of six points of an angular distribution is possible. This enhanced
sensitivity can be used, e.g., for the determination of multipole mixing parameters in odd-
mass nuclei.
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2.4. Parity determination

For 0F — 1* — 0% transitions, i.e., in particular for dipole excitations in even—even
nuclei, it is possible to determine the parity of the intermediate state from a measurement
of the linear polarization of the scattered radiation close tb 36e polarization can be
determined from a double-scattering experiment. The composite Cluster modules allow
one to analyze the Compton scattering between detector crystals at anglésld&B@&nd
90 with respect to the reaction plane as indicated by the arrows in Fig. 1. Cluster detectors
have a low polarization sensitivity due to their hexagonal geometry compared to dedicated
detectors [40]. This effect is to some extent compensated by a high coincidence efficiency
[41] so that a polarization measurement for the strongest excitations has been shown to
be feasible [30]. A considerably higher sensitivity to the multipole character of dipole
excitations in photon scattering processes can only be achieved by using intense polarized
y-ray beams in the entrance channel as was recently demonstrated [42]. Application of this
technique to the semi-magic nucléfBa [43] and®8Sr [44] supports the interpretation that
by far most of the dipole excitations close to the particle separation energy have electric
character.

3. Resultsand discussion
3.1. The2%8pPp(y, y’) reaction

The summed photon scattering spectrum of the Cluster detector placed awitl32
respect to the incoming beam—containing the sum of the singles spectra as well as the
add-back spectrum—is shown in Fig. 2. The displayed energy range is 4 to 7 MeV. The
spectrum shows few rather strong excitations which clearly stand out from the background.
One observes also single and double-escape peaks as well as transitions from the reference
material''B. Transitions into the g.s. 3P8Pb are indicated by arrows. Decay into excited
states should play a minor role because of the reduced level density &lowa doubly
magic nucleus.

Fig. 3 shows the two-point angular distribution ratio of the two Cluster detectors which
is sufficient for disentangling dipole and quadrupole excitations. The dashed lines in
Fig. 3 indicate the expected ratios for dipole and quadrupole excitations including an
averaging over the finite detector opening angle. One recognizes that the measured angular
distributions exhibit a tendency to be more isotropic than expected. Neither the divergence
of the incoming photon beam nor the positioning of the detectors can account for the
observed result.

In addition to the analysis using the summed spectra of the Cluster detectors, the angular
distribution for 6 scattering angles was deduced from the analysis of the singles spectra.
The results for the transitions #38Pb are shown in Fig. 4. The solid and dashed lines show
the theoretical distributions for dipole and quadrupole transitions, respectively.

From the two-fold coincidences in the Cluster detector module ateé3erimental
asymmetries have been extracted. Results are shown in Fig. 5. Only for the strongest
transitions are parity assignments unambiguous. The results are consistent with the
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Fig. 2. Spectrum of thé%8Ph(y, y/) reaction taken with the Euroball-Cluster detector at°132an endpoint
energy of 6.75 MeV. Arrows mark transitions into the ground stat®#pb.
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Fig. 3. Angular distribution ratiow (132°)/ W (90°) of transitions in298pb for the full Cluster detectors.

The dashed lines indicate the theoretical values for pure dipole and quadrupole transitions, respectively, after
correction for the finite opening angle of the detectors. The valuef&b (open circles) have been normalized

to the calibration materiallB (open triangles).
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Fig. 4. Angular distribution ratiosV(®)/ W (132°) of transitions into the ground state 8%8Pb for the six
effective scattering angles of the individual crystals of the two Cluster detectors. The distributions have been
normalized to the value & = 132°. The full and dashed lines indicate the theoretical distributions for dipole
and quadrupole excitations, respectively.

literature [45]. Parity assignments have not been possible for the experiments with the
204.206pp targets.

Table 2 lists the deduced values for excitation energy, spin and parity, branching ratio
into the g.s., the quantitFoz/F which is proportional to the integrated cross section, the
excitation strength, and lifetimes of the detected excitations. For the states at 4842 keV
and 5292 keV literature values [45,46] for the branching ratios were used for the analysis
alternatively tolp/I" = 1 from the present experiment. The deduced quantities include
self-absorption corrections which can be as large as 23% for the 5512 keV excitation.

A comparison of the results obtained in the present experiment with previous
investigations is shown in Table 3. In the studied energy interval, three known states
have been measured in photon scattering for the first time. In agreement with the adopted
values [45,52] and in conflict with Ref. [49] we identify negative parity for the state
at 4842 keV. No decays into excited states?8fPb have been observed. Due to the
nonresonant background an upper limit for decay branches to low-lying states is found to
be about 15-20%. For the 5716 keV state we as$iga- 2. The M1 excitation strength
of the 5845 keV state is in agreement with [52]; this strength is somewhat larger than the
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Fig. 5. Asymmetry of the radiation scattered in the Cluster detector placed urfdeitB4espect to the incoming

beam for transitions into the ground state?8%Pb (open triangles). The isotropic distribution of a transition in

118 is shown for comparison (open circle). The dashed lines indicate an extrapolation of the expected asymmetry
of the Cluster detector for a detection threshold of 150 keV [41]. Magnetic dipole and electric quadrupole

transitions have positive, electric dipole transitions negative asymmetry.

Table 2

7000

Results of th@OSPb(y, y') experiment. The excitation energigg, the angular momentum and parity valugs,
the branching ratidy/I", the ratiol"oz/l", the reduced transition strengiio 1), and the life timer are given

Ex JT Io/T rg;r B(oA) 1 T
(keV) (1) (ev) @ (fs)
40855(2) 2t 1.0 0.45(3) 2434168 1.47(10)
48417(3) 1- 1.0 4,78(31) 121(8) 0.14(1)

0.85" 4.69(30) 1399) 0.10(1)
52923(3) 1- 1.0 6.31(43) 122(8) 0.10(1)

0.78° 6.13(42) 152(10) 0.065(4)
55121(3) 1- 1.0 283(21) 484(36) 0.0232)
57155(4) 2+ 1.0 0.13(2) 127(17) 5.25(40)
58449(4) 1+ 1.0 167(16) 2.17(21) 0.39(5)
5947.0(4) 1- 1.0 113(12) 15.4(16) 0.58(8)
61931(4) 2t 1.0 057(7) 388(48) 1.15(12)
62556(4) 2+ 1.0 0.50(7) 323(47) 1.32(13)
62638(4) 1- 1.0 417(54) 48.6(63) 0.16(2)
63139(4) 1- 1.0 3.34(52) 38.0(59) 0.20(4)
63616(4) 1- 1.0 205(37) 22.8(41) 0.32(5)
64864(5) 1- 1.0 0.29(8) 3.0(10) 2.29(47)
67197(5) 1- 1.0 4,37(248 413(235 0.15(9)

& E1 strength in 103 ¢2fm2, M1 strength imjz\,, E2 strength ine? fm?.
b Branching ratio from [45].
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Table 3
Comparison of nuclear resonance fluorescence experimeﬁf@b

Ex rg/ra rg/re rg/re g9 rgire gt rgire rgrh
(keV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
4086 045(3) 0.68(15) 051200  0.49(5)
4842 478(31) 5.0(8) 6.3(22) 5.1(8) 62) 4.7(9) 6.9(14)
5292 631(43) 5.1(8) 8.6(30) 7(2) 5.2(15) 7.0(14)
5512 283(21) 22.3(3%) 28(10 18(3) 17.7(48) 214(22)
5716 013(2)
5845 167(16) 1.2(4)

5047 1131}  1.03)
6193  057(7)

6256  050(7)

6264 41754  2.6(5) 4.1(18) 3.0(11)

6314 33452  3.2(6) 1.0

6362 20537  1.6(4) 05

6486  029(8)

6720 > 4.37 76(15  15(6) 133) 6.9(20) 13.0(16)

& This paper.

b Ref. [46].

¢ Ref. [47].

d Refs. [48,49].
€ Ref. [50].

f Ref. [51].

9 Ref. [52].

h Ref. [53].

results from (e, and the discrepancy persists [54,55]. Thestate at 6720 keV is very
close to the endpoint of the photon spectrum. The extracted excitation strength is therefore
a lower limit only. A more elaborate discussion of the results on a state-by-state basis is
given elsewhere [56].

3.2. The2%%pPp(y, y’) reaction

The summed photon scattering spectrum of 4#&h(y, ') reaction of the Cluster
detector at 132is shown in Fig. 6 for the energy range of 4 to 7 MeV. The spectrum shows
arich structure, but we stress that the enrichment of the isépé was only 88% so that
transitions front%%208pp are visible, too. Arrows identify transitions into the g.s2%Pb,
and the brackets indicate decay branches into thetdte in°Pb at 803 keV, concluded
from the transition energies.

Fig. 7 shows the two-point angular distribution ratios with circles indicating transitions
in 298P and triangles labeling transitions from #¥Pb component in the target. Full
circles denote transitions to the first Btate in?%%Pb. Decay branches to excited states are
identified by energy differences only. The angular distributions of transitions into excited
final states withJ # O depend on the multipole mixing parameter and do not need to
coincide with the dashed lines that indicate once more the theoretical values for decays
into the g.s. We omit here examples for angular distributions from the singles spectra. They
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Fig. 6. Spectrum of thé%Ph(y, y/) reaction taken with the Euroball-Cluster detector at°132an endpoint

energy of 6.70 MeV. Arrows mark transitions into the ground statéPBPb; brackets show branchings into the
2§ state in?%%pb.
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Fig. 7. Angular distribution ratioW (132°)/ W(9°) of transitions in296Pb for the full Cluster detectors.

The dashed lines indicate the theoretical values for pure dipole and quadrupole transitions, respectively, after
correction for the finite opening angle of the detectors. Circles indicate transitions into the ground R8Rbof

(open symbols) and into the 2state 0f?9%Pb (full symbols). The values f&°°Pb have been normalized to the
transitions i2%8Pb (triangles).




J. Enderset al. / Nuclear Physics A 724 (2003) 243-273 255

are shown elsewhere [56]. The polarization analysis did not lead to statistically significant
results.

Weak transitions detected in the spectrum were assign&¥Rb in combination with
the analysis of th&%Ph(y, y’) experiment (see below). The combination of the two
measurements allowed the transitions fréf206207%ph to be disentangled. A group
of previously unknown transitions around 6.4 MeV, however, was detected in both
measurements, and the intensity ratios suggest that these transitions ar® fomif
this assumption was true, previous experiments (e.g., [46]) with highly enrcHeth
targets should have been able to detect these excitations. Thus it is assumed that this
group of transitions exists at basically identical energies botfP4Rb and?°%Pb. For
208pp the extracted excitation strengths are of the order of the sensitivity limit of previous
experiments. Table 4 summarizes the results. For excitations whose multipole order could
neither be extracted from the angular distribution nor from the literature [57], a 0—-1-0
cascade was assumed. Transition strengths are listed in units of the E1 strength where no
parity assignment was possible. Self-absorption corrections have been included.

Table 4
Results of thEZOBF’b(y, y') experiment. The listed quantities are explained in Table 2. For excitations where an
unambiguous assignment of the multipolarity was not possible, the transition strength is given as E1 strength

Ex JT Io/T rg;r B(oA) 1 T

(keV) (h) (eV) ® (fs)
37437(7) 1~ 1.0 0.09(1) 4.9(6) 7.36(87)
41160(7) 2+ 1.0 0.29(3) 1506(158) 29(24)
41459(8) 1% 1.0 0.03(2) 1.0(7) 26.3(185)
43286(5) 1~ 1.0 0.33(4) 117(12) 1.99(21)
44835(5) 2+ 1.0 0.02(1) 83(15) 271(50)
46046(4) 1~ 1.0 0.25(3) 7.3(8) 2.66(29)
46914(4)P 1% 1.0 0.08(2) 2.1(4) 8.6(19)
47786(10° 1+ 07523 0.20(14) 7.1(48) 1.83(125
49333(5) (1%, 21) 1.0 0.04(1) 0.9(2) 17.3(38)
49720(3) 1~ 1.0 0.70(7) 16.3(17) 0.94(10)
50385(2) 1- 0.94739 2.12(21) 50.6(51) 0.27(3)
51280(3) 1* 1.0 0.23(3) 4.9(6) 2.87(36)
53781(3) 1% 1.0 0.28(4) 5.1(7) 2.38(32)
54084(5) (1%) 1.0 0.09(2) 1.6(3) 7.6(17)
54591(6) (1, 2%) 0517319 0.09(2) 3.0(7) 1.97(44)
54718(3) 1) 1.0 0.58(7) 10.2(12) 1.13(13)
55251(3) 1% 1.0 0.40(5) 6.8(8) 1.64(20)
55811(3) 1~ 1.08 1.47(17) 24.2(27) 0.45(6)
56161(3)f 10 0.947398 2.02(23) 34.8(39) 0.29(3)
56941(4) 1~ 1.0 0.95(14) 14.8(22) 0.69(10)
57221(6) 1* 0.6770:22 0.19(3) 4.47) 1.52(25)
57333(4) 1~ 1.0 14432 21.9(48) 0.46(10)
57626(4) 1~ 1.0 0.68(9) 10.2(13) 0.96(12)
58005(4) 1+ 1.0 168(20) 2.23(27) 0.39(5)
58191(5) 1~ 1.0 0.25(4) 3.7(6) 2.6(4)
58465(4) 1~ 1.0 115(21) 16.4(29) 0.57(10)

(continued)
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Table 4 Continued)
Ex J7 o/l rg/;r B(oh) 1 T

(keV) (h) (ev) ®) (fs)
58582(4) 1~ 1.0 21727 30.9(38) 0.30(4)
59036(4) 1- 1.0 3.48(44) 485(61) 0.19(3)
59518(12) (1%, 21) 1.0 0.13(5) 1.8(7) 5.0(18)
59592(5) 1+ 1.0 0.34(6) 4.7(8) 1.9(3)
60004(7)9 (1%, 21) 1.0 0.09(5) 1.2(7) 7.4(42)
60215(5) 1+ 1.0 0.66(9) 8.6(12) 1.00(14)
61002(15) (1%, 21) 1.0 0.32(7) 4.0(9) 2.06(47)
611Q7(10) (1%, 2t) 0.35"012 0.12(4) 4.3(14) 0.67(25)
62004(7) 1* 1.0 0.21(4) 2.5(5) 3.14(64)
64105(6) 1+ 1.0 0.65(15) 7.1(17) 1.01(24)
64188(8)" 1+ 1.0 0.40(10) 4.3(11) 1.65(42)
64337(7) 1+ 1.0 0.35(10) 3.7(10) 1.90(54)
64424(9) 1) 1.0 0.22(9) 2.4(10) 2.96(123
64692(8)" 1+ 0.82°928 0.46(42) 5.9(54) 0.97(89)
65106(10) 1- 10 0.24(20) 2.5(21) 2.8(25)

2 E1 strength in 102 ¢ fm?, M1 strength inu3,, E2 strength ine? fm®.

b Assignment t?9Pb unclear; transition coincides with a single-escape peak in the experimer@3fh
as main component.

C Contributions from single- and double-escape peak§@%) subtracted.

d Transition into the ground state coincides with a possible branch of the state at 5581 keV.

€ Possible branch to thesttate coincides with the transition at 4779 keV.

f Transition into the ground state coincides with a possible branch of the state at 6419 keV.

9 Contribution from a single-escape peak subtracted@%).

h Assignment t029Ph unclear; transition coincides with a transition from the measurement with main
componen£%pPb.

f Possible branch to the first excited state coincides with the strong transition at 5616 keV.

J Branch to the first excited state coincides with the single-escape peak of a trans#f®in contribution
subtracted { 50%).

Comparing the present results to previous photon scattering work, one finds generally
good agreement, see Table 5. For the 4484 keV level, known previously frofgXn,n
and (p,t) reactions [58,59], the assignméft= 2+ was possible. The detected peak at
4779 keV was difficult to interpret. There is a decay branch to ﬁhetate associated with
a level at that energy, while the 4779 keV transition can also be viewed as a branch of the
5581 keV level. The peak also coincides with single and double-escape peaks. Combining
our findings with the (n,y) results of Ref. [58], we assume a transition into the g.s. In
conflict with the findings of [58], no decay branch to the 1704 keV level was observed
for this state. Electron scattering experiments [60] report an E2 excitation close to the
5128 keV level. However, on the basis of the measured angular distribution as well as the
extracted transition width an assignmeit = 2% is unlikely. Previously reported decay
branches of states at 5694 keV, 5733 keV, and 5819 keV to jhetate could not be
detected, but their transition strengths are again around the present detection limit. The
states at 6100 keV and 6111 keV are close to a known E2 excitation detected)imie,e
6103(10) keV [60]. While the measured angular distribution in the present experiment is
not conclusive, the extracted transition width is comparable with the electron scattering
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Table 5
Comparison of results of nuclear resonance fluorescence experime?@Rin Only the previously measured
transitions that are listed in Table 4 are given

Ex rg/ra rg/re rg/re rg/rd
(keV) (eV) (eV) (eV) (eV)
3744 009(1) 0.13(2)
4116 029(3) 0.58(15) 0.30(6)
4329 033(4) 0.48(11) 0.90(9)
4605 025(3) 0.58(16) 0.23(3)
4972 Q70(7) 0.95(23) 0.8(3) 0.8(2)
5039 212(21) 2.6(4) 1.6(6) 2.3(5)
5472 058(7) 072
5581 147(17) 1.7(3) 0.5¢
5616 202(23) 1.8(4) 1.0¢
5694 095(14) 0.8(2) 0.5¢
5733 144(32) 1.3(3)

5763 068(9) 0.9(2)
5801 168(20) 1.1(3) 1.0¢
5819 025(4) 0.5(2)
5847 115(21) 1.1(2) }3 -
5858 217(27) 2.0(4) '
5904 348(44) 3.0(6)
6511 024(20) 1.9(4)

& This paper.

b Ref. [46].

¢ Ref. [47].

d Ref. [48].

€ Estimated uncertainty in excess of 50%.

result. The excitation at 6511 keV is much weaker than reported previously [46]. This is
most likely due to a transition of a higher-lying state not excited in the present experiment
to a low-lying excited state that coincides with the energy of the excitation at 6511 keV.
Further details and a more elaborate discussion on single levels are given elsewhere [56].

3.3. The2%4Ph(y, y’) reaction

Fig. 8 shows the photon scattering spectrum in the range 4—7 MeV for the experiment
with the enriched®*Pb target. Transitions into the g.s. are labeled with arrows; brackets
indicate decay branches into thg &tate at 899 keV. Aside from the rich fine structure that
can be attributed t6°“Pb one observes transitions fré$29%298pp due to the relatively
low enrichment of the target material. Transitions frélB—used for energy calibration
purposes—are visible as well. The photon flux was normalized to prominent transitions
from 208pp,

The two-point angular distribution ratios are shown in Fig. 9, and Fig. 10 displays
selected examples of the angular distributions as derived from the singles spectra for strong
excitations below 5.7 MeV. Circles in Fig. 9 denote transitior@fifb—open symbols for
transitions into the g.s., full symbols for transitions into tq“e—Zand triangles transitions
in 298ph used for normalization. Most observed angular distributions above 4.5 MeV are
very close to the theoretical expectation for dipole excitations. Parity determination was
not possible due to the low statistics.
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Fig. 8. Spectrum of thé%4Ph(y, y/) reaction taken with the Euroball-Cluster detector at°132an endpoint

energy of 6.75 MeV. Arrows mark transitions into the ground staté’®#Pb; brackets show branchings into the
2§ state in?%4pb.

N

W(132°) /W(94°)

4000 5000 6000 7000
Photon Energy (keV)

Fig. 9. Angular distribution ratiow (132°)/ W (90°) of transitions in204pp for the full Cluster detectors.

The dashed lines indicate the theoretical values for pure dipole and quadrupole transitions, respectively, after
correction for the finite opening angle of the detectors. Circles indicate transitions into the ground 4Rbof

(open symbols) and into the 2state 0f?94Pb (full symbols). The values f&#Pb have been normalized to the
transitions i2%8Pb (triangles).
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Fig. 10. Angular distribution ratiodv (©)/ W (132) of selected low-lying transitions into the ground state

of 208pp for the six effective scattering angles of the individual crystals of the two Cluster detectors. The
distributions have been normalized to the valu@at 132°. The full and dashed lines indicate the theoretical
distributions for dipole and quadrupole excitations, respectively.

As discussed above, a combined analysis of the experiments with main components
208pp and?94Pb resulted in a rather clear assignment of weak transitions to the different
nuclei. The results fof%Pb are given in Table 6. None of the detected transitions had been
observed in a previous experiment. Self-absorption effects are negligible.

3.4. The297Pb(y, y') reaction

From the two experiments with the main componefif®b and?%Pb it was possible
to extract reduced transition widths also for the odd-mass nuéfé@s. Due to the low
enrichmentin the two targets and the complex spectra #6208 the sensitivity for
this isotope in the present experiment is clearly lower.

For nuclei with odd mass number the angular distribution is nearly isotropic for most
values of the multipole mixing parametérso that the identification of the angular
momentum of excited states is hardly feasible. Determining six points of the angular
distribution from the singles spectra in principle improves this situation. Fig. 11 shows
distributions for transitions iR°’Pb extracted from the measurement with a mixed target
with main componert®®Pb. The theoretical distributions are for an intermediate state with
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Table 6
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Results of th6204F’b(y, y') experiment. The listed quantities are explained in Table 2. For excitations where an
unambiguous assignment of the multipolarity was not possible, the transition strength is given as E1 strength

Ex JT Io/T rg/r B(oA) 4 T

(keV) (h) (eV) @ (fs)
23116(6) 1+ 1.0 0.02(1) 5.4(10) 28(6)
33774(7) 1 1.0 0.03(2) 2.5(4) 19(4)
36563(3) 1 1.0 0.12(1) 7.2(8) 5.4(5)
38932(6) 2t 1.0 0.03(1) 182(29) 25(4)
43790(2) A 1.0 0.11(1) 439(46) 58(6)
45961(8) 1 1.0 0.09(2) 2.6(5) 7.6(16)
49220(3)° 1 1.0 0.18(4) 4.4(10) 3.6(8)
49331(3)¢ 1* 1.0 0.09(4) 2.1(13) 7.7(39)
49803(2)¢ 1* 1.0 0.79(26) 18.3(61) 0.84(28)
50119(3) 1* 1.0 0.54(6) 12.3(14) 1.22(14)
52831(5)® (1%,2%) 1.0 0.16(12) 3.2(29) 4.0(30)
53658(6)° (1%, 21) 1.0 0.08(6) 1.4(12) 8.7(73)
53987(5) 1* 1.0 0.16(4) 3.0(8) 4.0(11)
56102(9) (1%, 2%) 1.09 0.15(4) 2.5(7) 4.4(12)
56749(12) (1%, 21) 1.0 0.22(4) 3.5(7) 3.0(6)
57766(4) 1 1.0 0.91(13) 13.6(19) 0.72(10)
57955(6) 1* 1.0 0.33(7) 4.8(10) 2.0(4)
58113(5) 1* 0.36"0:23 0.17(14) 6.8(59) 0.51(45)
58283(3) 1* 1.0 0.80(10) 115(14) 0.83(10)
58384(4) 1* 1.0 0.37(6) 5.3(8) 1803
58778(6) (1%, 21) 1.0 0.28(6) 4.0(8) 2.3(5)
58906(5) 1, 2+ 1.0 0.35(6) 4.9(8) 1.93)
59438(12) (1, 2%) 0.747528 0.82(30) 15.1(55) 0.44(30)
59676(5) 1 1.0 0.58(8) 7.8(11) 1.1(2)
59812(3) 1* 1.0 111(14) 14.8(19) 0.59(8)
59983(8)! (1%, 21) 1.0 0.18(12) 2.3(16) 3.7(25)
60087(7) 1* 1.0 0.32(6) 4.2(8) 2.1(4)
60201(6)K 1 1.0 0.46(23) 6.1(30) 1.4(7)
60540(15) 1 1.0 0.24(7) 3.1(9) 2.7(8)
60668(8) 1* 1.0 0.31(8) 4.2(11) 2.1(5)
60742(11) 1* 1.0 0.28(8) 3.6(10) 2.3(6)
60844(8) (1%, 21) 1.0 0.30(8) 3.8(10) 2.1(6)
61050(20) (1, 2%) 0.3254m 0.20(14) 8.06(536) 0.33(22)
61483(5) 1* 1.0 0.49(12) 6.1(15) 1303
61612(6) (1%, 2t) 1.0 0.43(12) 5.2(15) 1.5(4)
61944(8)" 1* 1.0 0.27(16) 3.3(19) 2.4(15)
62100(6)° (1%, 21) 1.0 0.28(17) 3.3(21) 2.3(15)
62291(20) (1%,2%) 1.0 0.32(9) 3.9(10 2.0(6)
62543(6)P 1 1.0 0.46(10) 5.4(11) 1.4(3)
62770(9) 1* 1.09 0.35(11) 41(13) 1.9(6)

(continued)
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Table 6 Continued)

Ex Jr Io/T rg/;r B(o)) 4 T

(keV) (h) (ev) ® (fs)

63229(5) 1+ 1.0 0.96(23) 10.9(26) 0.69(17)
64109(6)" 1* 1.0 0.48(21) 5.2(23) 1.38(61)
64196(11)" (1%, 2%) 1.0 0.22(13) 2.4(14) 3.02(179)
64569(9) (1%, 2%) 1.0 041(17) 4.3(19) 1.6(7)
64693(7)" (1%, 2%) 1.0 0.38(20) 4.0(21) 1.73(90)

@ E1 strength in 102 ¢2fm?, M1 strength inu3,, E2 strength in? fm®.

b Contribution of a decay branch frof?%Pb subtracted~ 20%).
€ Contribution of a decay branch frof¥Pb subtracted~ 30%).
Contribution from297Pb subtracted~ 30%).
€ Contribution of a single-escape peak subtracted%).
f Possible decay branch coincides with a single-escape peak.
Possible decay branch coindices with a single-escape p@é?ﬁl@lb.
Contribution from single-escape subtracted30%).
Contribution from298Phb subtracted~ 20%).
Contributions from?%8Pb and from an escape peak of a transitioR%fPb subtracted~ 50% in total).
k Contributions from a transition if°6Pb subtracted~ 30%).
I Possible contribution from a transition %86Pb neglegted< 10%).
M Decay branch to theiZstate coincides with single-escape peak of another transition; contribution subtracted
(~ 25%).
N Contribution from a transition iR°8Pb subtracted¢ 20%).
© Contribution from a single-escape peak of a transitiof’fPb subtracted~ 40%).
P Contribution from a transition iR°8Pb neglected ¢ 10%).
9 possible decay branch coincides with a transitiofOfPb.
" Assignment to?%4Pb unclear; peak coincides probably with a transitioRdfPb; contribution subtracted
(~ 25%).

o

g
h
i
i

J = 3/2. The distribution associated with an intermediate staté &f1/2 is completely
isotropic. For transitions with very small experimental uncertainties it is possible to
estimate the multipole mixing parameter. Since the present experiment was not optimized
for such a purpose, this was possible—with limited accuracy—for the example of the
4104 keV transition only (dotted curve). (We use here the phase convention by Biedenharn
and Rose [63] which agrees with the Krane—Steffen phase convention [64] used in the
nuclear data sheets for the decay of the excited states.)

Table 7 summarizes the experimental results. The listed values represent an error-
weighted average of the two measurements with the targets with main comp&fifetts
and?94Pp, respectively. The results are compared to values from previous experiments in
Table 8 with generally good agreement. Nevertheless, the experimental uncertainties for
207pp comparable to previous, dedicated experiments underline the high sensitivity of the
setup presented in this paper.

The state at 3.3 MeV is obviously fed from higher-lying levels. Transitions previously
assigned t?%’Pb at 4627 keV [48] and 5209 and 5233 keV [47] that have not been
observed in Ref. [46] have not been detected in this experiment, either. Chapuran et al.
[46] discuss a possible transition to the first excit€d= 5/2~ state from the 6181 keV
level. This could not be studied in the present experiment due to the strong 5616 keV
excitation in2%%Pb. The detected weak decay branch of the 5490 keV state into the first
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Fig. 11. Angular distribution ratio$V (©)/ W (132°) of transitions into the ground state 897Pb for the six
effective scattering angles of the individual crystals of the two cluster detectors. The data have been extracted
from the measurement of the mixed target with main compoﬁ%ﬁmb. The distributions have been normalized

to the value a® = 132°. The full and dashed lines indicate the theoretical distributions for dipole and quadrupole
excitations, respectively. The curves show the expected distribution (&f22— 3/2 — 1/2) cascade. The
distribution of the sequencel/2 — 1/2 — 1/2) is isotropic and not displayed in the figure. The dotted line

for the 4104 keV excitation shows a fit to the experimental data with the quoted multipole mixing par&ameter

excitedJ™ = 5/2~ state at 570 keV basically excludes af = 1/2" assignment. For

the excitation at 6181 keV a larger transition strength was extracted than in previous
studies [46]. This excludes the possibility that the transition is a decay branch of a level at
6749 keV which was not populated in the present experiment.

3.5. E1 strength distributions in 204206208pp

In this section, we will focus on the description of the E1 strength distribution in
the even-mass isotopé84206208ph  Some aspects have been discussed already within
a previous publication [34]. The electromagnetic response of the odd-mass mM¥¢Rins
will be discussed later.

The top panel of Fig. 12 shows the extracted electric dipole strength distributions for
204206208ph  There are unambiguous assignments of the multipolarity for all excitations
in 298ph. For2%ph electric character was assumed for all dipole excitations excluding a
known ‘isoscalar’ M1 excitation that is discussed in the following section. In the isotope
204pp for all excited states whete= 1 could not be explicitly excluded]™ = 1~ has
been assumed. A possible existence of an ‘isoscalar’ M1 excitation al6Rb with a
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Table 7

Results of the2°7Pb(y, y') experiment. Given are the excitation enetgy, angular momentum and parit”
branching ratidp/I", gFOZ/F (proportional to the energy-integrated cross section), the reduced dipole transition
width gréed, and, where applicable, the value of the multipole mixing parandedsrobtained from the measured
angular distribution. The lifetimer is given, too. For determining transition widths and strengths, angular
momentum values and mixing parameters were used in the angular distribution, but M1 and E2 contributions
have not been separated. An isotropic angular distributiongaad. was assumed for exitations with unknown
multipolarity ands

Ex " ro/r grg/r gIged 5 T

(keV) ) (eV) (meV/MeV3) (fs)
33020108 §° 10 <0.18 <5 ~37
39289(10)P 3 1.0 0.43(33) 7.1(54) o3 1.53(117)
41038(5) 3" 1.0 139(12) 20.2(17) ;g;ggg; 0.47(4)
414Q7(5) (3)” 1.0 131(21) 185(30)¢ 0.50(8)
48716(3) o 10 5.98(69) 517(60) 0.11(3)
49804(3° 5 10 538(78) 436(63) 0.12(1)
54897(3)f 17.8% 084018 1157039 70.0(84) 9 0.057(7)
5597.4(3) o 10 1209(141) 68.9(80) 0.0546)
se90016"  1F 3° 10 197(135 10773 03323
57156(4) o 10 777112 416(60) 0.08512)
61810(7) o 10 5.93(119 251(50) 0.111(22)

& Only observed in the experiment with main target compoﬁ@ﬁ?b, contribution of a double-escape peak
subtracted { 50%).

b Only observed in the experiment with main target compoﬁ%?b, contributions from single-escape peaks
subtracted { 20%).

¢ From [48].

d value corresponds tB8(E2)t = 1416122 e2fm4,

€ Analysis was only possible for the experiment with main target compditérb.

f Decay branch to the first excited state coincides with single-escape peak of a transtRkinthe values
given here were deduced from the experiment with main target comp&?ft.

9 The angular distribution from the experiment with main target compo?@mb suggests = —1.3(2) or
§ = 0.8(2), whereas from the experiment with main target compor@fb a nearly isotropic distribution is
found. We use her&=0 andW(®) =1.

h Transition coincides with a transition iR%4Pb; the values given here have been deduced from the
measurement with main target compon@H?Pb only; the contribution of a single-escape peak has been
subtracted { 30%).

I Transition coincides with a transition iR%4Pb; the values given here have been deduced from the
measurement with main target compon%?ﬁPb only.

i possible decay branch to the first excited state coincides with a transittSARb.

total strength ofB(M1)1~ 2 ;L[Z\, must be considered (see below). However, if such M1
strength was erroneously assigned as E1 (correspondiBgi)t ~ 20 x 103 ¢2fm?

in the plot) it would not affect the conclusions on the gross properties of the strength
distributions discussed below.
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Table 8
Comparison of results of nuclear resonance fluorescence experime?ﬁ%Rin Only the previously measured
transitions that are listed in Table 7 are given

Ex grg/rt grg/r gIg/re grg/re grg/re
(keV) (eV) (eV) (eV) (eV) (eV)
3305 <0.18 004(1) 0.05(1)
3929 043(33) 0.68(8) 0.59(4)
4104 139(12) 1.10(12)

4141 131(21) 1.38(18)
4872 598(69) 7.1(11) 13 3.6(5)
4980 538(78) 6.1(12) 7t 4.0(5)
5490 1157(139 11.4(19) 12t

5597 1209(141) 9.0(14) gf

5690 197(135 3.0(6)

5716 777(112) 6.2(12) 3f

6181 593(119 3.3(7)

2 This paper.

b Ref. [46].

¢ Ref. [47].

d Ref. [48].

€ Ref. [61].

f Uncertainty in excess of 50% quoted.

In 204206pp E1 strength is also detected at energies below 4 MeV. From systematics and
model calculations it is reasonable to assume that the excitations below 4 MeV arise from
the coupling of the quadrupole and octupole vibrations.

In all three nuclei, two E1 strength concentrations are visible around 5 and 6 MeV. One
observes for the E1 strength in this energy region an increasing fragmentation when going
from the closed-shef®®Pb t02%%Pb and?%4Pb. The summed E1 strength?¥Pb amounts
to Y B(E1) 1 = 0.944(76) ¢2fm?, distributed over 9 levels. FGP%Pb one finds 37 levels
above 4 MeV with a total strength of B(E1)t = 0.391(67) ¢2fm?, and in2%%Pb 40
levels carry) " B(E1)+ = 0.235(73) ¢2fm?. The energy-weighted isovector electric dipole
sum rule (EWSR) is exhausted by 0.705(58)%45Pb, by 0.300(52)% fof%Pb, and by
0.193(59)% for the case 3P*Pb due to the strengths detected below 6.75 MeV. In the
present experiment, an increase of the experimental sensitivity by more than an order of
magnitude has been achieved with respect to previous work (e.g., [46,52ffSFPb.

For the case of°Pb, information from other spectroscopic probes is available. Alpha
scattering, proton scattering, and transfer reactions [62,65-67] lead to no uniform picture
for all E1 excitations below 7 MeV. The excitations appear to have dominantly isoscalar
nature. Some are predicted to be collective, whereas others appear to have a rather pure
1p-1h structure, the 6.26 MeV state might even be a fragment of a spin-dipole mode. Such
additional information is sparse f8f%Pb and does not exist f6P*Pb.

One possible interpretation of the detected E1 strength might be that it forms the low-
energy tail of the isovector giant dipole resonance (IVGDR). If one fits a Lorentzian to the
IVGDR data from {,n) reactions [68], the extrapolation of the strength distribution can
be compared to the data. This is done in Fig. 13 where the binned experimental results
(hatched bars) are shown as well as the extrapolation of the IVGDR (solid curve). While
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Fig. 12. Electric dipole strength distributions #34206208pp (left to right). Top row: experimental strength
distribution up to the endpoint energy 6f6.75 MeV (indicated by arrows). Middle row: predictions from the
guasiparticle-phonon model (QPM). Bottom row: running sums from the experiment (solid histogram) and the
QPM (dotted histogram). The dashed histogram shows the QPM prediction including the experimental detection
limit.

the experimental strength distribution is of the right order of magnitud&’t%pPb, the

model clearly fails in describing the strength observed®8Pb as well as the differences
between the three nuclei. The simple extrapolation of the IVGDR Lorentzian to the energy
range considered here is not a good approximation, especially in nuclei at or near closed
shells. A far better description of the low-energy tail of the IVGDR can be obtained by
using an energy-dependent width of the IVGDR as suggested in Ref. [69]. However, this
phenomenological description yields even lower electric dipole strength predictions as can
be seen from the dashed curve in Fig. 13, significantly smaller than the experimental
results. A similar effect is obtained by taking the dynamical deformation of the nucleus
into account and introducing a dipole—quadrupole interaction term as proposed by [70] for
average resonance-capture photon spectra. Also the dotted curves in Fig. 13, showing the
results from this model, fail to account for the detected strengths. In Fig. 13 another feature
of the measured strength distributions is visible: The strength shifts to lower energies with
increasing mass. The present data are not sufficient to clarify if this is due to the variation
in the mass number (e.gx A~1/3 as for the IVGDR) or due to a variation in thé/Z

ratio.
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Fig. 13. Electric dipole strength distributions3f*208208pp compared with extrapolations of the isovector giant
dipole resonance (IVGDR). For the description of the shape of the IVGDR a Lorentzian with constant width (full
line), a Lorentzian with energy-dependent width (dotted line), and a Lorentzian with deformation dependent
modifications (dashed line, see [70]) was assumed. Please note the different scales for the three nuclei.

The dependence of the excitation energy on A ratio is anticipated in models
where a ‘soft’ dipole mode is predicted as a collective vibration of the excess neutrons
with respect to a proton—neutron core. Such models have been around since the 1970s
(see Section 1 for an overview over the literature). Calculations®{8®b within a
hydrodynamical model [9] predict the centroid of the soft mode around 4.5 MeV with
roughly a third of the strength measured in the experiment between 4 and 6.75 MeV.
A theoretical study [13] within the random phase approximation (RPA§%®b predicts
the soft mode around 9 MeV with a total strength comparable to the summed strength up
t0 6.75 MeV.

A more detailed understanding of the measured E1 strength can be obtained by
comparing the experimental results with predictions of the microscopic quasiparticle-
phonon nuclear model (QPM, see [29,30] and references therein for theoretical background
information). Phonons witti ™ = 0% to 6+ have been taken into account, and all possible
two- and three-phonon configurations have been calculated up to an energy of 8.5 MeV to
achieve a realistic description of the strength distributions up to about 8 MeV. In the present
calculations we have used a single-particle basis from [32] which has been adjusted to a
better reproduction of the E1 strength distribution below the threshot@®®b. In this,
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the present calculations go beyond the ones presented in our preceding letter [34]. The
theoretical results are displayed in the middle panel of Fig. 12. They agree quantitatively to
within a factor of two with the experimental strength distributions depicted in the top row.
This is even more visible if one compares the running summed strength distributions as
done in the lower part of Fig. 12. The solid histograms show the measured data, including a
band for the experimental uncertainties. The QPM results are shown as a dashed histogram.
To compare experiment and model prediction, an average experimental detection threshold
was applied to the results from the model, resulting in the short-dashed histogram. The
fragmentation with the opening of the neutron shell is well reproducec?®Bb it is in

fact probably even stronger than predicted within the QPM. With the opening of the neutron
shell, the energies of the two-phonon states drop significantly, and the fragmentation with
respect t?%8Pb increases. The energy shift of the centroid of the E1 strength observed
experimentally, however, is not reproduced by the calculations. While the total predicted
E1 strength and the number of expected state¥®#7%Pb agrees well with theory—
imposing the experimental detection threshold on the model predictions—too little strength
is predicted in the energy interval below 7 MeV f3fPb.

More recently, new photon scattering result€8#Pb at and above the neutron threshold
have found more dipole strength [32]. If one averages over the predicted charge transition
densities of all E1 excitations up to 8 MeV, one finds from the QPM evidence for an
oscillation of the excess neutrons with respect to a proton—neutron ‘core’ and toroidal
modes [22—24]. Direct experimental evidence for the structure of the states around 8 MeV
is still lacking, especially about possible mixing between neutron-skin oscillations, toroidal
modes, the IVGDR, and low-lying 1p—1h excitations. One possibility to study the structure
of the excitation is measuring form factors in electron scattering at low momentum transfer.

The predicted neutron-skin oscillation is especially visible when plotting the radial
charge transition densitieﬁ/npp/n(r) for protons and neutrons separately as a function

of the distance from the center of the nucleus. This is shown in Fig. 12%fBb (top),

208pp, andf%8pb (bottom), displaying neutron densities as solid lines and proton densities
as dashed lines. As in Ref. [32], the densities shown here have been obtained by summing
the charge transition densities of all E1 excitations up to 8 MeV; weak excitations therefore
contribute less than strong ones. One recognizes that neutrons on the outer part of the
nucleus contribute as does an in-phase motion of protons and neutrons about 5 fm from the
center. The pattern is rather similar for all three isotopes considered. This suggests that the
QPM expects a collective neutron-skin vibration in the Pb isotopes.

3.6. Other multipolarities

For most of the states if’*29%Pb a parity assignment is not possible. To elucidate
possible M1 contributions, we discuss the predicted M1 strength within a shell-model
approach [71] including two- and four-hole excitations with respect t6%b core, see,

e.g., [72]. The configuration space includes the orbitalg 2 1f5/2, 2p3/2, 0i13/2, 1f7/2,
and Gig/2, and single-particle energies have been extracted from the low-energy spectrum
of 297Pp, The interaction is based on a Bonn-A potential using a G-matrix formalism.

For 296ph four M1 excitations below 7 MeV are predicted. The well-known 1
state at 1.7 MeV is nicely reproduced [73]. With the exception of an expected, but yet
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Fig. 14. Transition charge densities for E1 excitations for protons (dashed curves) and neutrons (solid curves) from
the quasiparticle-phonon model 8?4Pb (top),2%6Pb (middle), and%8Pb (bottom). The transition densities

have been averaged over states up to 8 MeV excitation eneréyBmib, the lowest E1 excitation, which is a pure
neutron excitation, has been left out. The excess neutron vibration already discussed in Ref. [32] is clearly visible
in all three isotopes, although the pattern48fPb is a little more washed out.

unldent|f|edf f{% state around 3.9 MeV wittB(M1) = 0.15 M , the higher-lying

M1 excnauons are below the detection limit of the present expenment Since the present
model space excludes core excitations, it does not describe the M1 strength at high energies
appropriately. The most prominent example is an M1 mode around 5.8 MeV with proton—
neutron symmetry in the wave function which is usually referred to as ‘isoscalar’, see
[74-76] and references therein. For experimental results on the M1 excitation strength
above 6.7 MeV, we refer to [77,78].

The number of predicted M1 excitations 34*Pb is much larger; about 90 states are
expected to exist below 7 MeV, 33 of which are below 4 MeV. Although a detailed
calculation of the M1 strength does not exist at the moment, it is clear that there is no
additional strength with respect &8%b, but rather a fragmentation. The higher density
of 1t levels in2%4Pb around 5.8 MeV might lead to a fragmentation of ‘isoscalar’ M1
strength, as well.

Relatively few E2 excitations have been observed in the present experiment. The
excitation and decay off2states ir?%8Pb is particularly interesting because of the open
guestion of two-octupole-phonon states in this nucleus. A discussion of this topic including
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the results from the present work has been published elsewhere [3%43ffPb, E2
excitations have been found around 4.1 MeV, close to the energy of the core-quadrupole
excitation in2%8Pb at 4085 keV. The total strength associated with the E2 excitations in the
open-shell nuclei is much smaller thar?¥Pb.

3.7. Electromagnetic response of 297Pb

The results obtained fof%’Pb are consistent with previous findings so that the
conclusions drawn from previous work, e.g., [46], remain unchanged. Consequently it is
still not understood why the dipole strength distributioRifPb cannot be described by the
weak coupling of a neutropy > hole to the excitations iA%8Ph. The summed E1 strength
up to 6.7 MeV—assuming E1 character for all excitations above 4.5 MeV—corresponds
instead to the E1 strength #%Pb.

To improve our understanding of the E1 strengtR%fPb, QPM calculations have been
performed with the model presented in [79] for the Sn region. Three-phonon configurations
could not be included due to the huge number of configurations involved for an odd-
mass nucleus. This leads to near-degeneracies of the calculated eigen energies and to an
underestimation of the degree of fragmentation.

Fig. 15 shows the experimental distribution of the energy-integrated photon scattering
cross sections into the g.9.4(= Io in Eq. (2)) in the top panel, the QPM predictions in the
middle panel, and the comparison of the running sums in the bottom panel (solid histogram
for experimental data, dashed histogram for QPM prediction, and short-dashed histogram
for the QPM results convoluted with an empirical average detection threshold).

Note that the plotted integrated scattering cross sections are from E1, M1, and E2
transitions. From the QPM calculations, only one E2 excitation around 4 MeV contributes
significantly, and about half of the states around 6.2 MeV are due to M1 excitations; the
rest is electric dipole strength. The QPM predicts similar strengthd’f@b and?°8pPb,
contrary to the experimental data.

4. Concluding remarks

In summary, we have performed high-resolution nuclear resonance fluorescence
experiments with unprecedented sensitivity 81206207208 Dipole and electric
guadrupole excitations have been extracted. The experimental results have been compared
to new QPM calculations, and overall agreement has been found. The QPM results are
capable of accounting for the fragmentation of the electric dipole strength, but are not
conclusive for the understanding of the shift of the centroid of the distribution in the even-
mass nuclei or the reduced overall strength in the odd-mass n#ef&is

The results of various experiments and phenomenological models suggest that the E1
strength below 7 MeV is not due to an out-of-phase oscillation of excess neutrons versus an
N ~ Z core. The QPM predictions also show varying configurations for the lowest state,
but a neutron-skin vibration is predicted for all Pb isotopes at energies around 8 MeV.
Indirect evidence for such a mode has been identified recently from a photon scattering
experiment up to 9 MeV if%pPb in comparison with QPM calculations [32]. However,
direct evidence on the structure of these states at or above the neutron separation threshold
is still missing.
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