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Learning about the structure of giant resonances from their γ decay
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The direct γ decays of the giant dipole resonance (GDR) and the giant quadrupole resonance (GQR) of 208Pb
to low-lying states are investigated by means of a microscopic self-consistent model. The model considers effects
beyond the linear response approximation. The experimental γ -decay widths from GQR to the first 3− state and
the low-lying dipole states are well reproduced with the Skyrme interaction SkP. The strong sensitivity of γ

decay to the isospin of the involved states is proven. By comparing the decay widths between GDR to 2+
1 and

GQR to 3−
1 , a much larger weight of the 3−

1 component in the GQR wave function of 208Pb is deduced, with
respect to the weight of the 2+

1 component in the GDR wave function. Thus, we have shown that γ decay is a
unique probe of the resonance wave functions, and a test ground for nuclear structure models.

DOI: 10.1103/PhysRevC.103.064321

I. INTRODUCTION

Collective excitation modes of many-body systems exist
in many branches of physics. In atomic nuclei the giant res-
onances (GRs) show up around 10–30 MeV [1–3], and they
are characterized by the quantum numbers related to orbital
angular momentum, spin, parity, and isospin. Since the dis-
covery of the first GR mode, i.e., the giant dipole resonance
(GDR) in 1937 [4], more and more GR modes have been dis-
covered and studied. Giant resonances are not only interesting
in themselves, but one should also recall that their properties
can be linked to basic parameters of the nuclear equation
of state (EoS) [5]. However, most of our well-established
knowledge is still at the level of global properties, such as the
mean resonance energy and the exhaustion of the appropriate
energy-weighted sum rule (EWSR). Despite past attempts, a
more detailed understanding of the wave functions of the GRs,
as well as of their decay properties, is still missing to a large
extent.

Giant resonances are characterized by a large decay width
� of several MeV. � consists of several components. The first
one is the Landau width ��, resulting from the fragmentation
of elementary one-particle-one hole (1p-1h) excitations, that
do not all couple with themselves to form a single macro-
scopic collective state. The second one is the escape width
�↑, related to the direct emission of nucleons, α particles, or
photons. The last one is the spreading width �↓, that consti-
tutes as a rule the dominant contribution to the total width and
arises from the coupling to 2p-2h, ..., np-nh states [6,7].

Although the above picture is widely accepted, the direct
experimental evidences are not many. While the total width
can be determined in inclusive experiments, there are only
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few decay experiments that have tried to pin down the precise
values of �↑, and are even less able to extract the branching
ratios �↑

c /�↑ associated to specific decay channels c (cf. Table
8.3 of Ref. [3], as well as Ref. [8] and references therein).
There have been several high-resolution experiments, but mi-
croscopic interpretations have been scarce. One exception is
the series of experiments carried out by the Darmstadt group
that have been complemented by a wavelet analysis of the
underlying energy scales. The comparisons with the scales
that emerged from theoretical models has allowed to draw a
few tentative conclusions. It has been shown that, for the giant
quadrupole resonance (GQR) in 208Pb, the coupling of 1p-1h
configurations to the low-lying phonons is responsible for
the fine structure [9], while for the GDR in 208Pb a different
mechanism, i.e., Landau damping at the 1p-1h level, leads to
the same fine structure [10].

�γ is a tiny part of the total decay width, but since only
the well-known electromagnetic interaction is involved, the
results can be more clearly interpreted than all those in
which the strong interaction is involved [11]. The direct de-
cay branch ought to be clearly distinguished from the decay
through the compound nucleus [12]. Then, the γ decay is ex-
tremely sensitive to the multipolarities of GRs [13,14], and its
study provides a useful way to shed light on the microscopic
properties of the GRs. Although these ideas have been put
forward in the past, the quantitative studies are also very rare.
Some of them were made when nuclear structure models were
purely phenomenological [15], so that it was hard to assess if
γ decay was a strong benchmark to test theories. Instead, here,
we use Skyrme functionals self-consistently. Thus, the main
goal of our work is to show quantitatively how the γ decay
can give access to microscopic properties of GRs and, in this
respect, how it can be a test ground for nuclear models.

The experimental data on the γ decay of GRs to low-lying
states are very rare due to the the small branching ratio. A
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few data were reported several decades ago [13,14]; recently,
new data were reported in Ref. [16]. However, with the devel-
opment of new γ -beam facilities like ELI-NP in Europe [17]
and SLEGS in China [18], as well as with the advancing of
γ -ray detectors like ELIGANT-GN [19], the measurement of
γ decay to low-lying states becomes more and more feasible,
so that new experiments are planned at ELI-NP [19] and
RCNP [20].

Under such circumstances, the theoretical study on the
GR decay to low-lying states needs a revival. Several models
based on phenomenological inputs, including the surface cou-
pling model [15], the perturbation theory within the nuclear
field theory (NFT) formalism [21], the extended theory of
finite Fermi systems (ETFFS) [22,23], and the quasiparticle-
phonon model (QPM) [24,25], have been employed so far. All
these models incorporate effects beyond the mean-field level.

Only a few years ago, the first fully self-consistent treat-
ment of the γ decay of GRs, based on the random phase
approximation plus particle-vibration coupling (RPA+PVC)
model, has become available [26], It has to be noted that
the RPA+PVC model has been successfully applied to study
different nuclear properties, ranging from the single-particle
nuclear levels [27–30], the Gamow-Teller response and the
related β decay [31–35], to the spreading widths of non-
charge-exchange GRs [36,37]. Therefore, in this work, we use
the RPA+PVC model to investigate the γ decay of GRs to
low-lying states through electric dipole (E1) transitions and
provide useful guidance for possible experiments in the future.
The novelty of our work, with respect to previous ones, con-
sists in having been able to interpret the theoretical results for
the γ decay in terms of basic properties of the involved states
(in particular, their isospin), and in terms of their microscopic
wave function.

II. FORMALISM

The γ -decay width �γ is calculated as [38]

�γ (Eλ; i → f ) = 8π (λ + 1)

λ[(2λ + 1)!!]2

( E

h̄c

)2λ+1

B(Eλ; i → f ),

(1)
where E represents the transition energy, and λ is the transi-
tion multipolarity. The transition probability B is

B(Eλ; i → f ) = 1

2Ji + 1
|〈Jf ||Qλ||Ji〉|2, (2)

where the initial and final vibrational states |nJ〉, denoted by a
wavy line in Fig. 1, are calculated with the fully self-consistent
RPA method [39]. In general, the electric multipole operator
reads

Qλμ = e

2

A∑
i=1

{[(
1 − 1

A
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+ (−)λ
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]

−
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}
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eeff
i rλ

i iλYλμ(r̂i ),

(3)

FIG. 1. The 12 lowest-order NFT diagrams in the process of γ

decay between two vibrational states. The circle with lines includes
the contribution to Qλμ from nuclear polarization [26]. The arrow of
time is upward.

where the effective charge caused by the recoil of the nucleus
has been introduced [38].

For the decay between two vibrational states, the RPA
method, which describes well only the transitions between
states that differ only by one vibrational phonon, is not
enough. We have to consider the interplay between collective
phonons and individual particles, i.e., the particle-vibration
coupling (PVC) effects. This can be dealt with in a perturba-
tive approach, by including all the lowest-order perturbative
diagrams involving single-particle states, phonons, and two
particle–phonon vertices. This is analogous to what had been
done within the framework of the NFT [21,40,41]. The single-
particle states are calculated in Hartree-Fock (HF), and the
nuclear vibrations are built out of the single-particle degrees
of freedom by means of a self-consistent RPA. The lowest-
order diagrams that involve two PVC vertices are sketched
in Fig. 1, and they are used in the calculation of the reduced
matrix element 〈Jf ||Qλ||Ji〉. The model is the same as in
Ref. [26], where more details can be found. Diagrams A–D
are at the RPA level, while diagrams E–L are at the PVC
level due to the PVC vertex, e.g., 〈p′, nJ|Vres.|p〉 in diagram
E. Diagrams E, F, G, and H will contribute when the ini-
tial phonon has more complex configurations made up with
1p-1h coupled with the final phonon, while diagrams I, J,
K, and L will contribute when the final phonon has more
complex configurations made up with 1p-1h coupled with
the initial phonon. The interaction Vres. at the particle-hole-
phonon vertex is the residual two-body interaction, which is
obtained self-consistently from the Skyrme energy functional
by V mi,n j

res. = δ2EHF
δρmiδρn j

.

III. RESULTS AND DISCUSSIONS

The present calculation is done in a configuration space
where the cutoff energy for single-particle levels is Ecut =
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TABLE I. Energies E and electric transition probabilities B(Eλ) of the first 2+ and 3− states, as well as centroid energies and electric
transition probabilities B(Eλ) of the GDR and GQR in 208Pb. The experimental values are from Refs. [42,43].

E2+
1

E3−
1

EGDR EGQR B(E2 ↑)2+
1

B(E3 ↑)3−
1

B(E1 ↑)GDR B(E2 ↑)GQR
208Pb (MeV) (MeV) (MeV) (MeV) (103e2 fm4) (105e2 fm6) (e2 fm2) (103e2 fm4)

Expt. 4.09 2.62 13.5 ± 0.1 10.9 ± 0.3 3.18 ± 0.16 6.11 ± 0.09 62.5 ± 5.0 5.80 ± 1.60
LNS 4.79 2.91 13.91 12.03 3.08 6.52 66.3 4.46
SkM∗ 4.86 3.22 13.65 11.63 2.91 5.77 73.2 5.00
SkP 3.64 3.12 13.49 10.18 2.77 5.76 66.9 5.96
SLy5 4.84 3.41 13.29 12.23 3.02 7.18 64.7 5.22

150 MeV, which is much larger than that used in Ref. [26]
(Ecut = 50 MeV), and thus reaches converged results. The box
size for calculating the single-particle levels is 20 fm. The
EWSRs satisfy the double commutator values at the level of
more than 99.50%. Giant resonance is known to be a broad
structure that is spread over an energy region of several MeV.
In our study, the total decay width of GRs is the sum of
all widths from those RPA states with energies in the range
10–18 MeV and a fraction of either isoscalar (IS) or isovec-
tor (IV) EWSR that is larger than 5%. The decay width is
sensitive to the properties of the initial state |niJi〉 and final
state |n f Jf 〉. Therefore, as a first step, we check the quality
of the description of the low-lying states 2+

1 and 3−
1 , as well

as that of the GDR and GQR, by comparing energies and
electric transition probabilities with the experimental values.
These latter are listed in Table I together with the theoretical
results obtained using four of the many Skyrme sets, namely,
LNS [44], SkM* [45], SkP [46], and SLy5 [47]. Among these
four interactions, SkP describes well both the energies and
electric transition probabilities for low-lying states and GRs,
since the largest discrepancy with experimental data is less
than 20%. In particular, for the energies E and B(Eλ) values
of GRs, the discrepancies are not larger than 10%. Moreover,
the calculated B(E1 ↑)GDR and B(E2 ↑)GQR lie within the
experimental error.

In Table II, we list the γ -decay widths �γ or relative
branching ratio �γ /�

g.s.
γ of GRs to low-lying states, as well

as the total width of GRs. For the total widths of GRs, the last
two lines in Table II, we follow the RPA+PVC model used
in Ref. [49], where the phonons coupling with particle-hole

configurations are considered as intermediate virtual states.
These intermediate states are with Jπ = 0+, 1−, 2+, 3−, 4+,
energies smaller than 20 MeV, and fraction of sum rule (IS
or IV) Bi (IS)∑

Bi (IS) or Bi (IV)∑
Bi (IV) > 5%. One can see that the Skyrme

interaction SkP can well reproduce both the γ -decay widths
and total widths, including the decay widths of the ISGQR to
the 3−

1 state and to the low-lying dipole states lying between
5 and 7 MeV. In Ref. [13], except for the decay from ISGQR
to 3−

1 , other transitions from the ISGQR to low-lying states
were also studied, and a good agreement with experimental
data has been obtained with the QPM model [24]. As listed in
Table II, we also calculated the decay width of the ISGQR to
the low-lying dipole states lying between 5 and 7 MeV, and
a decay branch relative to ground state of 0.97 is obtained,
showing a good agreement with experimental data, 1.15 ± 0.5
[13]. However, our model cannot reproduce the strong dipole
transition to the 3− state at 4.97 MeV, being similar as earlier
work within the NFT formalism [21]. We note that in Ref. [13]
the experimental relative branching ratio of the γ decay of
GQR to the 2+ (4.085 MeV) state has also been reported as
small as 0.02+0.05

−0.02, which is not considered in our calculation.
Based on the results in Tables I and II, it is reliable to use

SkP in the following investigation of the γ decay from GDR
(GQR) to the 2+

1 (3−
1 ) state. Before we go a step further we try

to see if some properties of the interactions can be associated
with a better or worse performance in the reproduction of the
decay widths. This is not obvious a priori. While giant reso-
nance energies can be associated with bulk properties of the
Skyrme forces, this may not be true for their decay. Still, we
can attempt some speculation, related mainly to the effective

TABLE II. The γ -decay width �γ and relative γ -branching ratio �γ /�g.s.
γ of GRs to low-lying states. The total width of GRs are also listed

here. The experimental values are from Refs. [13,48].

Initial Final Quantities Expt. LNS SkM∗ SkP SLy5

GDR 2+
1 �γ (eV) 285.74 307.48 102.16 141.42

Ef (MeV) 4.09 4.79 4.86 3.64 4.84
GQR 3−

1 �γ (eV) 5 ± 5 123.54 79.40 16.38 25.47
Ef (MeV) 2.62 2.91 3.22 3.12 3.41

1− �γ /�g.s.
γ 1.15 ± 0.5 0 4.5 × 10−4 [0.33] 0.97 0

Ef (MeV) 5–7 5–7 5–7 [5–7.5] 5–7 5–7
3− �γ /�g.s.

γ 1.8 ± 0.5 2.3 × 10−4 0.01 2 × 10−3 1 × 10−4

Ef (MeV) 4.97 5.33 4.84 5.06 5.83

GDR total width �GDR (MeV) 4.05 2.7 2.2 3.9 2.9
GQR total width �GQR (MeV) 2.4 ± 0.4 2.2 1.7 2.0 1.7
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mass, as this governs the overall level density. Among the
four Skyrme functionals, i.e., SkP, LNS, SkM*, and SLy5,
the isoscalar effective mass m∗

s /m of SkP is the largest, as
1.0. This could be the reason for its good quantitative descrip-
tion of the γ -decay widths from GQR, which is reasonable
since the large isoscalar effective mass m∗

s /m is also desirable
to reproduce the peak energies of the isoscalar monopole
and quadrupole modes, seeing the most recent study on the
quadrupole modes in Mo isotopes [50]. As for the γ decay
from GDR to the 2+

1 state, due to the lack of experimental data,
it is hard to evaluate the Skyrme functionals. However, we
still noticed that the γ -decay width �γ (GDR → 2+

1 ) could be
correlated with the slope of symmetry energy L and isovector
effective mass m∗

v/m. �γ (GDR → 2+
1 ) of these four Skyrme

functionals are very different, showing that this decay is a
sensitive probe for isovector properties of nuclear interaction.
On the other hand, the centroid energy of GDR can be well
reproduced by all four functionals, which could result from
their similar isovector effective mass m∗

v/m [51,52]. A more
robust statistical analysis may be needed in future to confirm
or disprove these speculations. More experimental data on the
γ decay of GDR would be helpful to evaluate the Skyrme
functionals and to constrain the properties of nuclear matter.

Then we use SkP to investigate the properties of the
γ -decay widths from GRs to low-lying states. Although
the qualities of different Skyrme interactions in the present
context vary, by checking the results of all four Skyrme in-
teractions, we found that the main conclusions of this paper
are independent of the choice of the interaction, including
the isovector (isoscalar) property of the GDR (GQR) state,
and the larger amount of the low-lying 3−

1 phonon coupling
component in the wave function of GQR than that of the 2+

1
phonon coupling component in the wave function of GDR.

For the γ -decay widths �γ calculated by SkP, �γ (GDR →
2+

1 ) is 102.16 eV, larger than six times of �γ (GQR → 3−
1 ),

which is 16.38 eV. Notice that the averaged transition ener-
gies for these two cases are respectively 9.85 and 7.06 MeV,
which cause only two to three times difference in the decay
widths. To understand this large difference of decay widths,
we first notice that the isospin properties of GDR and GQR
are quite different, as the GDR (GQR) is mainly an isovector
(isoscalar) resonance. Therefore, we consider separately the
contributions from protons (π ) and neutrons (ν) to the total
γ -decay widths, that are shown in Fig. 2(a). One can see that
for the GDR, the total decay width �γ is larger than the decay
widths stemming from only protons (�π

γ ) or neutrons (�ν
γ ),

that is, �γ > �π (ν)
γ . For the GQR, on the contrary, �γ < �π (ν)

γ .
This means that protons and neutrons contribute coherently
to enhance the γ -decay width in the transition GDR → 2+

1 ,
while they cancel each other to reduce the γ -decay width in
the transition GQR → 3−

1 . This behavior can be explained
by considering that the low-lying states 2+

1 and 3−
1 have both

isoscalar character and that the E1 operator is isovector. As
a result, under the action of the E1 operator, the proton and
neutron contributions have the same phase in the GDR → 2+

1
case, but opposite phase for the GQR → 3−

1 case, so that
these decays are, respectively, either enhanced or suppressed
[15,53]. Such isospin dependence of γ decay was also ana-
lyzed in detail in Ref. [24] by using the quasiparticle-phonon

FIG. 2. (a) Comparison of the γ -decay widths between GDR →
2+

1 and GQR → 3−
1 in 208Pb. The total γ -decay widths (tot.) are

shown, as well as the contributions from protons (π ) and neutrons
(ν). (b) Comparison of the transition probabilities B(E1) between
GDR → 2+

1 and GQR → 3−
1 in 208Pb. Here, the total B(E1) and

the average of contributions from protons and neutrons Bπν (E1) are
displayed.

model. The authors of Ref. [24] have compared the values of
�γ from the ISGQR and IVGQR to the 3−

1 state in 208Pb: the
decay width of the ISGQR to the 3−

1 state is very small, while
the decay width of the IVGQR is practically the same as that
associated to the transition to the ground state, for the same
reason explained above. Thus, this result is consistent with
our conclusions.

We can further prove the above argument in the limit of ex-
act isospin symmetry. We pick up the N = Z nucleus 56Ni and
turn off the Coulomb interaction. In this case, the 2+

1 and 3−
1

states are purely isoscalar, while the GDR and GQR states are
purely isovector and isoscalar, respectively. The contributions
to the γ -decay widths from protons and neutrons, �π

γ and �ν
γ ,

are equal. In this limit, a neat relation is found, namely,

�(GDR → 2+
1 ) = 4�π (ν)(GDR → 2+

1 ), (4)

�(GQR → 3−
1 ) = �π (GQR → 3−

1 ) − �ν (GQR → 3−
1 )

= 0. (5)

In Table III, we show the results of our microscopic calcula-
tions that fully confirm the above expectation, of the largest
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TABLE III. Total γ -decay widths �γ and contributions from
protons (�π

γ ) and neutrons (�ν
γ ) for GDR → 2+

1 and GQR → 3−
1 ,

respectively, in 56Ni without the Coulomb interaction. Units are in
eV.

56Ni �γ �π
γ �ν

γ

GDR → 2+
1 3071.60 767.90 767.90

GQR → 3−
1 0.00 53.99 53.99

possible coherence between neutrons and protons in the GDR
decay and of their complete cancellation in the GQR decay.
This serves as a limiting example to which the situation in
208Pb may be compared. For the γ decay of GQR → 3−

1 in
the neutron excess nucleus 208Pb, the isospin selection rule
holds well, both in the experimental and theoretical results.
This indicates that the “effective” or “macroscopic” isospin
symmetry in the collective mode is unaffected up to the first
order in (N − Z )/A. The microscopic results are in harmony
with early findings [41] without the need of imposing any
constraint.

However, once we exclude the influence of the different
isospin properties of GRs, and only compare �π

γ or �ν
γ in the

two cases, GDR → 2+
1 and GQR → 3−

1 in 208Pb, a completely
different pattern is observed. Specifically, �π

γ and �ν
γ in the

decay of the GDR are, respectively, 33.94 and 19.73 eV, while
in the decay of the GQR they are both around ten times larger,
namely, 284.31 and 242.08 eV.

To understand this relation, we first rule out the influence
of the transition energies E that enters �γ , and we directly use
the total transition probability B(E1) as well as the values of
Bπν (E1), that is, the average of the contributions from protons
and neutrons [see Fig. 2(b)]. Similar relations as for the γ -
decay widths are found for B(E1): B(E1) for the GDR decay
is larger than that for the GQR decay but, nevertheless, for
Bπν (E1) the value for the GDR decay is drastically less than
1

30 of the value for the GQR decay:

B(E1; GDR → 2+
1 )>B(E1; GQR → 3−

1 ), (6a)

Bπν (E1; GDR → 2+
1 )<

1

30
Bπν (E1; GQR → 3−

1 ). (6b)

The latter of these two relations must have to do with the
wave functions of the initial and final phonon.

As already mentioned, the B(E1) from the GRs to
low-lying states obtains contributions from 12 different am-
plitudes. The associated diagrams are sensitive to different
components of the wave function of the initial or final phonon.

In Fig. 3, we show the cumulative γ -decay widths �γ of
the 12 diagrams to the γ -decay widths �γ of GDR → 2+

1
[Fig. 3(a)] and GQR → 3−

1 [Fig. 3(b)]. In the case of the
GDR decay [Fig. 3(a)], diagram A, representing the particle
contribution at the RPA level, and diagram C, represent-
ing the hole contribution at the same level, almost cancel
each other; hence, only a small contribution remains at the
RPA level (at which the wave function of both phonons is a
superposition simply of 1p-1h configurations). Once diagram
E, representing one of the particle contributions at the PVC

FIG. 3. The cumulative γ -decay widths �γ of 12 NFT diagrams
of (a) GDR → 2+

1 and (b) GQR → 3−
1 in 208Pb.

level, is considered, the width becomes very large; diagram
G, representing the corresponding hole contribution at the
PVC level, cancels around 62% of the width that becomes
115.65 eV. Diagrams E and G represent the contributions
(at PVC level) that arise when the wave function of the ini-
tial phonon has the component |[(ph)J ⊗ Jf ]Ji〉, namely, the
coupling of 1p-1h configurations with the final phonon. The
contributions from the diagrams I and K are small: these dia-
grams represent the contributions (at the PVC level) that arise
when the wave function of the final phonon has the component
|[(ph)J ⊗ Ji]Jf 〉, which corresponds to the coupling of 1p-1h
configurations with the initial phonon. It is understandable
that low-lying states can be coupled with 1p-1h configurations
and be admixed with GRs that lie at similar energies. Having
a high-lying GR plus a 1p-1h state in the wave function of a
low-lying state is far more unlikely. In the end, diagrams E
and G yield 84% of the total width.

For the GQR decay case in Fig. 3(b), all the diagrams at
the RPA level are extremely small. When diagram E is taken
into account, �γ is 7.37 eV. When diagram G is added, it
becomes 12.55 eV. Diagram J contributes much to the width,
but diagram L almost cancels it. Finally, we get 16.38 eV.
Similar to the GDR case, the decay width calculated with
only diagrams E and G is 17.19 eV, which is very close to
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TABLE IV. Contribution of each NFT diagram to γ -decay width
�γ . For each diagram, the contributions from protons and neutrons
are distinguished. Units are in eV.

GDR → 2+
1 GQR → 3−

1

Diagram �π
γ �ν

γ �tot.
γ �π

γ �ν
γ �tot.

γ

A 48.61 16.73 106.78 23.23 22.32 0.23
B 0.12 0.05 0.32 0.35 0.23 0.01
C 47.73 17.43 117.66 23.70 16.85 0.58
D 0.08 0.03 0.21 0.18 0.13 0.01
E 100.51 51.38 259.99 173.36 171.53 10.13
F 0.03 0.01 0.08 0.22 0.15 0.01
G 24.78 8.74 48.53 0.50 3.60 3.00
H 0.01 <0.01 0.01 0.02 0.02 <0.01
I 0.57 0.22 1.46 4.07 3.39 0.03
J 3.85 1.71 8.87 197.72 173.42 4.79
K 0.32 0.16 0.90 2.75 2.53 0.01
L 3.49 0.74 4.36 111.31 97.32 3.21

the result with all 12 diagrams. We note that, at variance with
the GDR decay case in Fig. 3(a), diagrams J and L give big
contributions in the case of GQR → 3−

1 . Diagrams J and L
represent the contributions from the backward amplitude Yph

of the final phonon. Usually the backward amplitudes of RPA
phonons are small; however, for the 3−

1 state in 208Pb, the Yph

amplitudes are large, and this leads to big values for diagrams
J and L.

In Table IV, we list the contribution of each NFT diagram
to the γ -decay width �γ , and the contributions from protons
and neutrons are distinguished. First, the isospin dependence
of γ decay can be seen in each diagram. For the case of
GDR → 2+

1 , the total decay width of each diagram is the
result of the coherent contribution of protons and neutrons,
while for GQR → 3−

1 , it results from the cancellation between
protons and neutrons. Second, both �π

γ and �ν
γ of GDR and

GQR calculated by diagrams at the PVC level (E in the GDR
case, and E, J, and L in the GQR case) are much larger than
those calculated by diagrams at the RPA level. Although in
the case of GQR → 3−

1 , �π
γ and �ν

γ calculated by diagram J
or L are large, the cancellation between protons and neutrons
is also prominent, so �tot.

γ of diagram J or L is much smaller.
As a conclusion, for both the GDR and GQR decay, dia-

grams E and G dominate the decay width. It means that in
this study of γ decay, the component of 1p-1h coupled with
the final phonon in the wave function of the initial phonon
plays an essential role. Now, from the discovery that Bπν (E1)

of GQR → 3−
1 is larger than that of GDR → 2+

1 , as stated in
Eq. (6b), we can conclude that the |[(ph)J ⊗ 3−

1 ]GQR〉 com-
ponent in the wave function of the GQR is much larger than
the |[(ph)J ⊗ 2+

1 ]GDR〉 component in the wave function of the
GDR. This conclusion is in agreement with that of the wavelet
analysis, that we mentioned in the first part of this paper. Nev-
ertheless, as we have already stressed, we have demonstrated
that the analysis of the γ decay to low-lying vibrational states
provides a more clear and direct way to draw this conclusion.

IV. SUMMARY

In summary, the γ decays from GRs to low-lying states in
208Pb are studied with the RPA+PVC model by calculating
the lowest-order NFT diagrams. First, we have proven the
strong sensitivity of γ decay to the isospin of the involved
states. Indeed, the decay GDR → 2+

1 is isospin enhanced
while the decay GQR → 3−

1 is isospin suppressed. If we
exclude the isospin effects and consider the proton-neutron
average of the transition probabilities, Bπν (E1), this is found
to be two times larger in the case of GQR → 3−

1 than in the
case of GDR → 2+

1 . This points clearly to a larger weight of
the |[(ph)J ⊗ 3−

1 ]GQR〉 component in the GQR wave function
with respect to the |[(ph)J ⊗ 2+

1 ]GDR〉 component in the GDR
wave function.

This work shows explicitly that the γ decay of GRs to
low-lying vibrational states is an effective approach to ac-
cess directly the microscopic structure of the GRs. The same
kind of study can be extended to other cases of interest like,
for instance, that of the so-called pygmy resonances (PRs)
in order to understand to which extent they have a specific
nature that makes them different from GRs. In general, we
look forward to new experimental data for γ decay, to answer
more directly and systematically the questions what are the
microscopic structure and damping mechanism of GRs and
PRs, what are their isospin properties, how collective a PR is,
and all the like.
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