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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 strong sensitivity of γ-decay to the isospin of the involved

states is proven. By comparing their decay widths, 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 testground for nuclear

structure models.

PACS numbers: 21.60.Jz, 23.20.Lv, 24.30.Cz

Collective excitation modes of many-body systems exist in

many branches of physics. In atomic nuclei the giant reso-

nances (GRs) show up around 10-30 MeV [1–3], and they are

characterized by the quantum numbers related to orbital angu-

lar momentum, spin, parity, and isospin. Since the discovery

of the first GR mode, i.e., the giant dipole resonance (GDR) in

1937 [4], more and more GR modes have been discovered and

studied. Giant resonances are not only interesting in them-

selves, but one should also remind 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 res-

onance energy and the exhaustion of the appropriate energy-

weighted sum rule (EWSR). Despite past attempts, a more de-

tailed 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

Γ of several MeV. Γ consists of several components. The first

one is the Landau width ∆Γ, resulting from the fragmenta-

tion 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

Γ↑, related to the direct emission of nucleons, α particles, or

photons. The last one is the spreading width Γ↓, 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

few decay experiments that have tried to pin down the pre-

cise values of Γ↑, and even less able to extract the branching

ratios Γ↑
c/Γ↑ associated to specific decay channels c (cf. Table

8.3 of [3], as well as [8] and references therein). There have

been several high-resolution experiments, but microscopic in-

terpretations 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 comparisions 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 configura-

tions to the low-lying phonons is responsible for the fine struc-

ture [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].

Γγ 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 testground 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

few data were reported several decades ago [13, 14]; recently,

new data have been reported in Ref. [16]. However, with the

development 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 feasi-

ble, 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. Existing theoretical

works are either very old or, as we mentioned, purely based

on phenomenological input. The surface coupling model [15],

the extended theory of finite Fermi systems (ETFFS) [21, 22],

and the quasiparticle-phonon model (QPM) [23], have been

http://arxiv.org/abs/2011.11943v1
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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 [24]. It has to be noted that the

RPA+PVC model has been successfully applied to study dif-

ferent nuclear properties, ranging from the single-particle nu-

clear levels [25–28], the Gamow-Teller response and the re-

lated β -decay [29–33], to the spreading widths of non charge-

exchange GRs [34, 35]. 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 pro-

vide 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.

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 Qλ µ from nuclear polarization [24]. The arrow of

time is upward.

The γ-decay width Γγ is calculated as [36]

Γγ (Eλ ; i → f ) =
8π(λ + 1)

λ [(2λ + 1)!!]

(

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

∣

∣

〈

J f ||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 [37]. In general, the electric multipole

operator reads

Qλ µ =
e

2

A

∑
i=1

{[(

1−
1

A

)λ
+(−)λ 2Z − 1

Aλ

]

−
[(

1−
1

A

)λ
+

(−)λ+1

Aλ

]

τz(i)
}

rλ
i iλYλ µ(r̂i)

≡
1

2

A

∑
i=1

eeff
i rλ

i iλYλ µ(r̂i),

(3)

where the effective charge caused by the recoil of the nucleus

has been introduced [36].

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-particles states and phonons like in

the nuclear field theory (NFT) [38, 39]. The 12 lowest-order

NFT diagrams, as sketched in Fig. 1, are used in the calcula-

tions of the reduced matrix element
〈

J f ||Qλ ||Ji

〉

. 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 initial

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. For the detailed expressions, we refer to Ref. [24].

The present calculation is done in a configuration space

where the cutoff energy for single-particle levels is Ecut = 150

MeV, and 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%. The decay width is sensi-

tive to the properties of the initial state |niJi〉 and final state

|n f J f 〉. 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 tran-

sition probabilities with the experimental values. These latter

are listed in Table I together with the theoretical results ob-

tained using three of the many Skyrme sets, namely LNS [42],

SAMi [43] and SkM* [44]. Among these 3 interactions, LNS

describes well both the energies and electric transition proba-

bilities for low-lying states and GRs, since the largest discrep-

ancy with experimental data is less than 20%. In particular,

for the EGDR and B(Eλ ) of low-lying states, the discrepan-

cies are not larger than 5%. The calculated B(E1 ↑)GDR and

B(E2 ↑)GQR also lie within the experimental error. Therefore,

it is reliable to use LNS in the following investigation of the

γ-decay from GRs to low-lying states. However, by check-

ing the results of other Skyrme interactions, we found that the

main conclusion of this paper is independent of the choice of

the interaction.

The calculated γ-decay widths Γγ from GRs to low-lying

states are listed in the last two columns of Table I, where the
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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. In the last two columns, the γ-decay widths Γγ of the GDR to the 2+1 state, as well as of

the GQR to the 3−1 state, are listed respectively. The experimental values are from Refs. [13, 40, 41].

208Pb E2+1
E3−1

EGDR EGQR B(E2 ↑)2+1
B(E3 ↑)3−1

B(E1 ↑)GDR B(E2 ↑)GQR Γγ (GDR → 2+1 ) Γγ (GQR → 3−1 )

Units MeV MeV MeV MeV 103e2fm4 105e2fm6 e2fm2 103e2fm4 eV eV

Exp. 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 —– 5±5

LNS[42] 4.79 2.91 13.91 12.03 3.08 6.52 66.5 4.46 285.74 123.54

SAMi [43] 4.03 2.88 13.36 12.20 1.31 7.65 72.9 5.51 184.43 112.95

SkM∗[44] 4.86 3.22 13.65 11.63 2.91 5.77 73.1 4.89 307.48 79.40
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FIG. 2: Comparison of the γ-decay widths between GDR → 2+1 and

GQR → 3−1 in 208Pb [panel (a)]. The total γ-decay widths (tot.) are

shown, as well as the contributions from protons (π) and neutrons

(ν). Comparison of the transition probabilities B(E1) between GDR

→ 2+1 and GQR → 3−1 in 208Pb [panel (b)]. Here, the total B(E1)

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

width of GDR → 2+1 is 285.74 eV, more than twice than that of

GQR → 3−1 , which is 123.54 eV. Notice that the averaged tran-

sition energies for these two cases are both 9.12 MeV, which

does not cause much difference in the decay widths. To un-

derstand this difference, we first notice that the isospin proper-

ties 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

panel (a) of Fig. 2. One can see that for the GDR, the to-

tal decay width Γγ is larger than the decay widths stemming

from only protons (Γπ
γ ) or neutrons (Γν

γ ), that is, Γγ > Γ
π(ν)
γ .

For the GQR, on the contrary, Γγ < 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, ei-

ther enhanced or suppressed [15, 45].

TABLE II: Total γ-decay widths Γγ and contributions from protons

(Γπ
γ ) and neutrons (Γν

γ ) for GDR → 2+1 and GQR → 3−1 , respectively,

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

56Ni Γγ Γπ
γ Γν

γ

GDR → 2+1 3877.72 969.43 969.43

GQR → 3−1 0.00 84.95 84.95

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, Γπ
γ and Γν

γ ,

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

Γ(GDR → 2+1 ) = 4 ·Γπ(ν)(GDR → 2+1 ), (4)

Γ(GQR → 3−1 ) = Γπ(GQR → 3−1 )−Γν(GQR → 3−1 )

= 0. (5)

In Table II, we show the results of our microscopic calcula-

tions that fully confirm the above expectation, of the largest

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.

However, once we exclude the influence of the different

isospin properties of GRs, and only compare Γπ
γ or Γν

γ in the

two cases, GDR → 2+1 and GQR → 3−1 in 208Pb, a completely

different pattern is observed. Specifically, Γπ
γ and Γν

γ in the
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decay of the GDR are, respectively, 145.11 eV and 49.15 eV,

while in the decay of the GQR they are both 3-4 times larger,

namely 495.63 eV and 202.42 eV.

In order to understand this relation, we firstly rule out the

influence of the transition energies E that enters Γγ , and we di-

rectly 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 panel (b) of Fig. 2]. Simi-

lar relations as for the γ-decay widths are found for B(E1):
B(E1) for the GDR decay is about 2 times larger than for the

GQR decay but, nevertheless, for Bπν(E1) the value for the

GDR decay is less than 1
2

of the value for the GQR decay:

B(E1;GDR → 2+1 ) > 2 ·B(E1;GQR → 3−1 ), (6a)

Bπν(E1;GDR → 2+1 ) <
1

2
·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 ampli-

tudes. The associated diagrams are sensitive to different com-

ponents of the wave function of the initial or final phonon.
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FIG. 3: The contribution of each NFT diagram to the γ-decay widths

Γγ of GDR → 2+1 [panel (a)] and GQR → 3−1 [panel (b)] in 208Pb.

In Fig. 3, we show the contribution of each of the 12 dia-

grams to the γ-decay widths Γγ of GDR → 2+1 [panel (a)] and

GQR → 3−1 [panel (b)]. In the case of the GDR decay [panel

(a)], diagram A, representing the particle contribution at the

RPA level, and diagram C, representing 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 par-

ticle contributions at the PVC level, is considered, the width

becomes very large; diagram G, representing the correspond-

ing hole contribution at the PVC level, cancels around 60%

of the width that becomes 324.65 eV. Diagrams E, F, G and

H represent the contributions (at PVC level) that arise when

the wave function of the initial phonon has the component

|[(ph)J ⊗ J f ]Ji
〉, namely the coupling of 1p-1h configurations

with the final phonon. The contributions from the diagrams

I, J, K and L are small: these diagrams represent the contri-

butions (at the PVC level) that arise when the wave function

of the final phonon has the component |[(ph)J ⊗ Ji]J f
〉, 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 states in the wave function of a low-lying state is far

more unlikely. In the end, diagrams E and G yield 76% of the

total width.

For the GQR decay case in panel (b), all the diagrams at

the RPA level are extremely small. When diagram E is taken

into account, Γγ is 74.24 eV. When diagram G is added, it

becomes 94.47 eV. Diagram J contributes much to the width,

but diagram L almost cancels it. Finally, we get 123.54 eV.

Similar to the GDR case, diagrams E and G yield 95% of the

total width.

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 Letter. 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.

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 ex-

clude the isospin effects and consider the proton-neutron av-

erage 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.
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This work shows explicitly that the γ-decay of GRs to low-

lying vibrational states is an effective approach to access di-

rectly the microscopic structure of the GRs. The same kind

of study can be extended to other cases of interest like, for in-

stance, 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 to questions like: 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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Förtsch, H. Fujita, Y. Fujita, Y. Kalmykov,

D. Lacroix, J. J. Lawrie, P. von Neumann-Cosel,

et al., Phys. Rev. Lett. 93, 122501 (2004), URL

https://link.aps.org/doi/10.1103/PhysRevLett.93.122501 .

[10] I. Poltoratska, R. W. Fearick, A. M. Krumbholz, E. Litvi-

nova, H. Matsubara, P. von Neumann-Cosel, V. Y. Ponomarev,

A. Richter, and A. Tamii, Phys. Rev. C 89, 054322 (2014), URL

https://link.aps.org/doi/10.1103/PhysRevC.89.054322 .

[11] A. Bracco, F. Camera, F. C. L. Crespi, B. Million, and

O. Wieland, Eur. Phys. J. A 55, 233 (2019), ISSN 1434-601X,

URL https://doi.org/10.1140/epja/i2019-12887-x .

[12] J. Beene, G. Bertsch, P. Bortignon, and R. Broglia,

Physics Letters B 164, 19 (1985), ISSN 0370-2693, URL

http://www.sciencedirect.com/science/article/pii/037026938590022X .

[13] J. R. Beene, F. E. Bertrand, M. L. Halbert, R. L. Auble,

D. C. Hensley, D. J. Horen, R. L. Robinson, R. O. Sayer,

and T. P. Sjoreen, Phys. Rev. C 39, 1307 (1989), URL

https://link.aps.org/doi/10.1103/PhysRevC.39.1307 .

[14] J. R. Beene, F. E. Bertrand, D. J. Horen, R. L. Auble, B. L.

Burks, J. Gomez del Campo, M. L. Halbert, R. O. Sayer,

W. Mittig, Y. Schutz, et al., Phys. Rev. C 41, 920 (1990), URL

https://link.aps.org/doi/10.1103/PhysRevC.41.920 .

[15] P. F. Bortignon, R. A. Broglia, and G. F. Bertsch,

Phys. Lett. B 148, 20 (1984), ISSN 0370-2693, URL

http://www.sciencedirect.com/science/article/pii/0370269384916010 .

[16] J. Isaak, D. Savran, M. Krtička, M. W. Ahmed, J. Beller,
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