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Fine structure of the isoscalar giant monopole resonance in 8Ni, *Zr, 12°Sn, and 2%®Pb
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Background: Over the past two decades high energy-resolution inelastic proton scattering studies were used
to gain an understanding of the origin of fine structure observed in the isoscalar giant quadrupole resonance
(ISGQR) and the isovector giant dipole resonance (IVGDR). Recently, the isoscalar giant monopole resonance
(ISGMR) in *®Ni, *Zr, 12°Sn, and 2®Pb was studied at the iThemba Laboratory for Accelerator Based Sciences
(iThemba LABS) by means of inelastic a-particle scattering at very forward scattering angles (including 0°).
The good energy resolution of the measurement revealed significant fine structure of the ISGMR.

Objective: To extract scales by means of wavelet analysis characterizing the observed fine structure of the
ISGMR in order to investigate the role of different mechanisms contributing to its decay width.

Methods: Characteristic energy scales are extracted from the fine structure using continuous wavelet transforms.
The experimental energy scales are compared to different theoretical approaches performed in the framework of
quasiparticle random phase approximation (QRPA) and beyond-QRPA including complex configurations using
both non-relativistic and relativistic density functional theory.

Results: All models highlight the role of Landau fragmentation for the damping of the ISGMR especially
in the medium-mass region. Models which include the coupling between one-particle-one-hole (1p-1h) and
two-particle-two-hole (2p-2h) configurations modify the strength distributions and wavelet scales indicating the
importance of the spreading width. The effect becomes more pronounced with increasing mass number.
Conclusions: Wavelet scales remain a sensitive measure of the interplay between Landau fragmentation and
the spreading width in the description of the fine structure of giant resonances. The case of the ISGMR is
intermediate between the IVGDR, where Landau damping dominates, and the ISGQR, where fine structure
originates from coupling to low-lying surface vibrations.
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I. INTRODUCTION

Giant resonances (GRs) as a collective mode of excitation
are defined as small amplitude vibrations at high frequency
(high Ey) around the ground state of the nucleus, involv-
ing most of the nucleons [1]. The isoscalar giant monopole
resonance (ISGMR) was discovered four decades after the
isovector giant dipole resonance (IVGDR) was first identi-
fied in the 1930s, and was later studied extensively at the
Texas A&M University (TAMU) Cyclotron Institute and the
Research Center for Nuclear Physics (RCNP), through small
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angle (including 0°) inelastic «-scattering measurements at
240 MeV and 386 MeV, respectively. However, only the gross
properties (centroids and strengths in terms of exhaustion
of sum rules) are so far reasonably well characterized and
described by microscopic models [2]. A systematic under-
standing of the widths, decay properties, and fine structure of
the ISGMR remain largely unexplored topics.

One of the main properties that define giant resonances
is the width I'gr. The width is as a result of the damping
processes in the resonance, and has typical values of several
MeV. The damping of resonances can be described by differ-
ent components as follows [3]:

Tgr = AT+ T + T (D

with AD' representing Landau damping which describes
the fragmentation of the elementary one-particle—one-hole
(1p-1h) excitation, I't representing the escape width which
corresponds to direct particle emission out of the contin-
uum, and T'V is the spreading width due to coupling to
two-particle-two-hole (2p-2h) and many-particle—many-hole
(np-nh) states. Information on the dominant damping mech-
anisms of nuclear giant resonances can be found in the
properties and characteristics of the fine structure of the giant
resonance. This fine structure is the consequence of the mix-
ture of multiple scales of fluctuations which are induced by the
decay of nuclear states [4]. The spreading width I'V originates
from the pre-equilibrium and statistical decay observed in
compound nuclei. Its stochastic coupling mechanism is well
described by the doorway model [5].

Through systematic studies at both the iThemba Labora-
tory for Accelerator Based Sciences (iThemba LABS) and
RCNP, it was established that the main mechanism respon-
sible for fine structure differs for different resonances. In the
case of the ISGQR it is due to coupling to low-lying surface
vibrations [6—10], but mainly due to Landau damping in the
case of the IVGDR [4,11-14]. It is then of interest to know
the mechanism leading to the fine structure in the case of
ISGMR. The present work aims at the investigation of the
fine structure of ISGMR in *®Ni, *°Zr, '2°Sn, and 2°*Pb based
on continuous wavelet analysis of high energy-resolution data
extracted from (&, o’) reaction at very forward scattering an-
gles. The range of nuclei under investigation include singly
and doubly magic nuclei and as such we opt to use theoretical
approaches including degrees-of-freedom at and beyond the
mean-field approximation of the quasiparticle random-phase
approximation (QRPA). In particular, we test calculations at
the QRPA level (relativistic and nonrelativistic) and beyond
QRPA, allowing for the inclusion of correlated 2p-2h states by
means of phonon-phonon coupling (PPC) employing Skyrme
interactions and the relativistic quasiparticle time blocking
approximation (RQTBA) developed for relativistic energy
density functionals.

II. EXPERIMENT AND DATA ANALYSIS

The details of the experimental procedure followed in this
study are given in Refs. [15,16]. As such, only the main points
are summarized here. The experiment was performed at the
Separated Sector Cyclotron (SSC) facility of iThemba LABS,
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FIG. 1. Isoscalar monopole strength distributions obtained with
the («, o) reaction at E, = 196 MeV on 2%®Pb,'?°Sn,*Zr, and Ni.
See text for details.

South Africa. A beam of 196 MeV « particles was inelasti-
cally scattered off self-supporting **Ni, *Zr, '2°Sn, and 2*®Pb
targets with areal densities ranging from 0.7 to 1.4 mg/cm?
and isotopically enriched to values >96%. The reaction
products were momentum analyzed by the K600 magnetic
spectrometer positioned at laboratory scattering angles 0° and
4° [17]. Following extraction of the inelastic scattering cross
sections, the isoscalar monopole (ISO) strength distributions
were obtained by means of the difference-of-spectra (DoS)
technique with excitation energy-dependent corrections (see
Ref. [16] for details). The correction factors used here are
based on the multipole decomposition analysis of L > 0 cross
sections in previous experiments at RCNP [18-21]. The re-
sulting spectra shown in Fig. 1, binned to 30 keV, demonstrate
significant fine structure up to excitation energies of approxi-
mately 20 MeV.

The momentum calibration for both the zero- and four-
degree measurements was very important in order to ensure
that no false structures are induced in the difference spectrum
of the DoS method. This was achieved using well-known
states in 2*Mg [22,23] as shown in Fig. 2. An energy reso-
lution of ~70 keV full width at half-maximum (FWHM) was
obtained for both the zero- and four-degree measurements.

III. THEORETICAL MODELS

In the following we discuss the four models that will be
used to provide ISO strength functions to be compared with
the experimental results.
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FIG. 2. Double-differential cross sections measured for the
24Mg(o(,oz’) reaction at E, = 196 MeV for the angular range 6 ,, =
0°-1.91° (blue) and 6, = 2°-6° (red).

A. Nonrelativistic approaches with a Skyrme interaction

One of the successful tools for nuclear structure studies is
the quasiparticle random phase approximation (QRPA) with
the self-consistent mean-field derived by making use of the
Skyrme interaction. Such QRPA calculations do not require
new parameters since the residual interaction is derived from
the same energy density functional (EDF) as that determining
the mean field. The residual interaction in the particle-hole
channel and in the particle-particle channel can be obtained
as the second derivatives of the EDF with respect to the
particle density and the pair density, respectively. To build the
QRPA equations on the basis of Hartree-Fock (HF) Bardeen-
Cooper-Schrieffer (BCS) quasiparticle states with the residual
interaction is a standard procedure [24]. The wave functions
of the ground state is the QRPA phonon vacuum |0) and the
one-phonon QRPA states given by QIW.|0) have energy w,;,
where the index A denotes the total angular momentum and
the index w is its z projection in the laboratory system. The
dimensions of the QRPA matrix grow rapidly with the size
of the nucleus. Using the finite-rank separable approximation
(FRSA) [25] for the residual interactions, the eigenvalues of
the QRPA equations can be obtained as the roots of a relatively
simple secular equation [26]. It enables us to perform QRPA
calculations in very large two-quasiparticle spaces. The cut-
off of the discretized continuous part of the single-particle
(SP) spectra is at the energy of 100 MeV. This is sufficient to
exhaust practically all the energy-weighted sum rule. Because
of this large configurational space, we do not need effective
charges. We use the Skyrme-EDF SLy4 [27] with a nuclear
matter incompressibility modulus K., = 229.9 MeV. It is
worth to mention that the SLy4 set provides a good description
of the ISGMR in medium- and heavy-mass spherical nuclei
[28-30]. The pairing correlations were generated by a surface
peaked density-dependent zero-range force, and the pairing
strength was taken as —870 MeV fm> [30,31]. To limit the
pairing SP space, we used a smooth cutoff at 10 MeV above
the Fermi energies [26]. In the QRPA solution, there exists
the problem of the spurious 0" state which can appear at low
energy (<2 MeV). It is shown that the spurious state is very

well separated from the physical modes [32] and we can thus
ignore them.

The qualitative agreement with high energy-resolution
experimental data can only be achieved by including phonon-
phonon coupling (PPC) effects, such as the fragmentation
of the QRPA states [13]. We follow the basic ideas of the
quasiparticle-phonon model (QPM) [33]. Using the complete-
ness and orthogonality conditions for the phonon operators
one can express bifermion operators through the phonon ones
and the Hamiltonian can be rewritten in terms of quasiparticle
and phonon operators, see Ref. [34]. This method has al-
ready been introduced in Refs. [34,35]. We construct the wave
functions from a linear combination of one- and two-phonon
configurations as

W, () = <Z Ri(W)QY,,

+ > P;;Q(Av)[Q;ﬂ,,-lQ;mh,t)|0>, 2)

AiAln

where the [---],, stands for angular momentum coupling.
Using the variational principle one obtains a set of linear
equations for the amplitudes R;(Av) and P;z‘ilz‘ (Av),
(@ — EDR(Gw) + Y UL ODPL Gv) = 0, (3)
Mt

> UL ODR (W) +2(ws,i, + 02, —E)P () = 0. (4)

haia

For its solution it is required to compute the Hamiltonian
matrix elements coupling one- and two-phonon configurations
[34,35]

UL (M) = (01QuHIQS,; 05, 1:10). 5)

The rank of the set of linear equations (3) and (4) is equal to
the number of one- and two-phonon configurations included
in the wave functions Eq. (2). Equations (3) and (4) have
the same form as the QPM equations [33,36], but the SP
spectrum and the parameters of the residual interaction are
calculated with the Skyrme EDF. Our calculation is based on
the QRPA formulation. It should be noted as well that the
ground state correlations beyond the QRPA [36,37] may play
an important role. In this context the problem of convergence
and stability of solutions of the beyond QRPA models and the
so-called problem of double counting have been discussed in
[38]. However, all these questions are beyond the scope of the
present paper, and require separate studies.

In the present study, to construct the wave functions of the
excited 0" states we take all the two-phonon configurations
below 25 MeV into account that are built from the QRPA
phonons with multipolarities A™ = 0%, 17, 2%, 37, 4T, and
5~ coupled to O*. It is interesting to examine the energies
and reduced transition probabilities of the lowest 2%, 37,
and 4% RPA states, which are the important ingredients for
understanding the nature of the two-phonon 0+ states of 2°Pb.
The results of the RPA calculation for the energies, the B(EX)
values, and the structure of these states are given in Table I.
Note that the energies and the reduced transition probabilities
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TABLE I. Energies, transition probabilities, and structures of the
RPA low-lying states in 2%Pb. The two-quasiparticle configuration
contributions greater than 5% are given. Experimental data are taken
from Refs. [40,41].

Energy B(EX; 05 — A7)
(MeV) (e*b*)
AT Expt. Theory Expt. Theory Structure

27 4085 52 0318+0.016 034  54%{2g3, 1i%},
36%{2f1, 1hi},
5%{1h3, 14},
13%{2g3. 1p3}
9%(1ig, 2f3},
7%{1j % 1i5},
21%{1h%,2d3},
9%{1i%, 1h4},
9%{2f1.353}x
33%{2g2, 1i%},
41%{1h3, 1hil),
15%{2f 1, 1h4),

37 2615 3.6 0.611+0.012  0.93

47 4323 5.6 0.155+0.011 0.15

calculated within the FRSA are very close to those calculated
in the RPA with a full treatment of the Skyrme-type p-h
residual interaction [39]. As one can see, the overall agree-
ment of the energies and B(E L) values with the experimental
data [40,41] looks reasonable. The overestimates regarding
energies indicate that there is a room for the PPC effects
(see, for example, [34]).

The rank of the set of linear equations (3),(4) is equal
to the number of the one- and two-phonon configura-
tions included in the wave functions. This means that
the two-phonon configurational space is now enlarged by
the phonon compositions [A]'®A5*1grea, i.., [0T Q0" Igrea,
[17®1 lorea, [27®@2%Igrea, [37®3 Jorea, [47®@4  Torea,
and [5~®57 Jorpa- As an example, for 208pp, in the case of the
set SLy4, the PPC calculation takes into account 40 monopole
phonons, 49 dipole phonons, 74 quadrupole phonons, 109 oc-
tupole phonons, 93 hexadecapole phonons, and 104 pentapole
phonons when all the one- and two-phonon configurations
below 25 MeV are included.

The IS0 strength function is computed as

1S0(w) = Y [{0F IMy=0l0F ) Pp(@ — E,),  (6)

where |(07F|M,—o 05 |? is the transition probability of the vth
07 state. The transition operator of the ISGMR is defined as

A
M=) 7. )
i=1

The ISO strength function is averaged out by a Lorentzian
distribution with a smoothing parameter of A as

1 A
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FIG. 3. The PPC prediction of ISO strength of *°*Pb. The dotted
curve shows the RPA result, and the solid curve corresponds to the
result of the calculation taking into account the phonon-phonon cou-
pling. The dashed curve corresponds to the PPC calculation included
only the [37®37 Jrpa configurations. The experimental data are taken
from Ref. [16].

For accurate comparison between theoretical and experi-
mental results, a smoothing parameter equivalent to the
experimental energy resolution is used. The strength is then
summed over the appropriate number of bins. The inclusion
of the PPC lead to small down shifts of the centroid energy of
the ISGMR. It is worth mentioning that the first systematical
Skyrme-EDF study of the influence of the quasiparticle-
vibration coupling on the ISGMR centroid has been done in
[42]. We recall that the importance of the complex configura-
tions for the interpretation of basic peculiarities of the ISGMR
strength distribution in the case of 2°*Pb was already qualita-
tively discussed in the framework of simple model [43,44].
Our calculations give the same tendency [45], see Fig. 3.
The major contribution to the ISGMR strength distribution
is brought about by the coupling between the [0 ]rpa and
[37®37 ]rpa components.

B. Relativistic approaches with an effective
meson-exchange interaction

Two relativistic self-consistent approaches, the relativis-
tic quasiparticle random phase approximation (RQRPA) and
the relativistic quasiparticle time blocking approximation
(RQTBA), were employed to compute the isoscalar monopole
response in the nuclear systems under study. RQRPA pi-
oneered in Ref. [46] is confined by two-quasiparticle (2¢q)
configurations interacting via the exchange of mesons be-
tween nucleons. The effective interaction is a derivative of
the self-consistent mean field with respect to the nucleonic
density, i.e., both are defined by the same set of eight parame-
ters NL3*, namely, the nucleon-meson coupling constants and
meson masses. The latter values are slightly refitted compared
to their vacuum values, and non-linear couplings of the scalar
meson are adopted to obtain a realistic mean field, whereas
the compressibility modulus K, = 258 MeV corresponds to
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this parameter set [47]. In most cases, RQRPA reasonably
describes the collective states at both low and high energies,
however, it is known to overestimate the centroid of the giant
monopole resonance in nuclei lighter than lead.

Many details of the nuclear spectra are stipulated by much
more complex wave functions of the excited states than
the 2g ones. The leading approximation beyond (R)QRPA
includes 2g ® phonon configurations, which produce consid-
erable fragmentation of the (R)QRPA modes and generate
much richer spectral structures. In the relativistic frame-
work, this approach was first formulated and implemented
numerically as the relativistic quasiparticle time blocking
approximation in Ref. [48], where it was derived from the
phenomenological nucleon-phonon self-energy by the time
blocking technique following Ref. [49]. Later, the time block-
ing was ruled out as an unnecessary step when the response
theory is derived from an ab initio Hamiltonian in the model-
independent equation of motion (EOM) framework [50,51].
In the EOM formalism, RQTBA was obtained as one of the
possible approaches to the dynamical kernel, or in-medium
long-range interaction, which keeps the leading effects of
emergent collectivity. The developments of Refs. [50-53] also
allowed for a self-consistent extension of the theory to the
2g ® 2phonon configurations, i.e., to the three-particle-three-
hole level, which produces further refinement of the spectral
strength distributions.

In Refs. [50,51] it was shown that all the many-body mod-
els for the fermionic response are derivable from the exact
ab initio theory. The QRPA, or one-phonon, approach follows
when completely neglecting the EOM’s dynamical kernel for
the response function and considering only the 2g config-
urations. The dynamical kernel, which generates complex
configurations beyond the 2¢q ones, couples to the hierarchy
of EOMs of growing complexity and may be approximated
by a cluster decomposition to make the many-body prob-
lem tractable. The minimal truncation on the two-body level
leads to the quasiparticle-vibration coupling and multiphonon
approaches, depending on the desirable correlation content,
which is expressed by Eq. (60) of Ref. [51]. Using an effective
interaction instead of the bare interaction between the nucle-
ons requires the subtraction [38], which eliminates the double
counting of the complex configurations from the effective
interaction, thereby recovering the consistency of the theory.

Both the original and extended versions of RQTBA
have demonstrated a good performance in the descrip-
tion of nuclear excited states in both neutral [48,54,55]
and charge-exchange [56-59] channels, showing remarkable
improvements with respect to RQRPA. Most notably, the
2g ® phonon configurations produce a reasonable degree of
fragmentation of the 2¢ states already in the leading approxi-
mation. In particular, the description of the low-energy (soft)
modes was refined considerably, which is especially important
for the applications to r-process nucleosynthesis in stellar
environments and supernovae evolution [60,61]. The so-called
nuclear fluffiness puzzle was addressed recently in Ref. [62]
within the same approach applied to the ISGMR in various
nuclei across the nuclear chart. It was shown that the self-
consistent relativistic response theory, including 2¢ ® phonon
configurations beyond RQRPA, can reasonably describe both

the centroids and the widths of the ISGMR in the lead, tin,
zirconium, and nickel isotopes. Reference [62] was the major
stepping stone on the way to consensus between a softer
equation of state extracted from the compressibility of finite
nuclei and a stiffer one required by recent analyses of neutron
star data.

In this work, we employ the same version of RQTBA as
in Ref. [62] with pairing correlations taken into account on
an equal footing with the quasiparticle-vibration coupling in
terms of the 2¢g ® phonon configurations, which are included
up to 50 MeV. The corresponding amplitudes are generated
from the characteristics of the relativistic mean-field quasi-
particles and RQRPA phonons in a parameter-free way. The
phonon model space is truncated using the same criteria as in
the series of earlier calculations, for instance, in Refs. [62,63].
The complete set of the 2¢g configurations was included in
the calculations, which allows for maximal suppression of
the spurious component. The subtraction procedure, following
Ref. [38], eliminates the 2g ® phonon contributions from the
effective interaction to avoid their double counting, ensures
converged results within the given configuration space, and
preserves the decoupling of the spurious state. The imaginary
part of the energy variable in the response function, corre-
sponding to half of the width of the resulting peaks, is chosen
tobe A = 35keV to match the experimental energy resolution
of 70keV.

Fragmentation of the ISGMR due to the 2¢g ® phonon
configurations included in RQTBA was found in reasonable
agreement with the lower-resolution data of Refs. [2,64] and
[65] for 2%8Pb, 12°Sn, and Zr, respectively. An accurate com-
parison was performed and discussed in Ref. [62], where also
the ISGMR’s centroid shift due to these configurations was
investigated and linked to quadrupole collectivity, which is
typically enhanced in soft mid-shell nuclei. The fragmentation
of the monopole response is overall weaker than that of the
higher multipoles, and both the fragmentation and centroid
position are sensitive to the details of the numerical scheme,
such as the basis completeness and self-consistency. The latter
is stipulated using the same effective interaction in the static
and dynamic sectors and the subtraction procedure.

IV. FINE-STRUCTURE ANALYSIS

Different methods can be employed in order to gain insight
into the characteristic energy-scales of the fine structure of
giant resonances, such as the entropy index method [66], a
multifractal analysis [67], or a method based on the continu-
ous wavelet transform (CWT) [6]. The CWT method was used
previously in the analysis of the fine structure observed in the
ISGQR [7,8,10] and the IVGDR [13,14], and will therefore
also be employed in this study. A brief summary of the for-
malism and techniques of the wavelet analysis, discussed in
detail elsewhere [13], is provided here.

A. Wavelet-analysis formalism

Wavelet analysis is an effective tool to analyze multiscale
structures [68]. Fourier analysis can also play the same role
through superposition of sine and cosine functions to analyze
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periodic signals. However, the sinusoidal functions used to
represent data are nonlocal and infinite, this then makes the
Fourier analysis inappropriate in the case of the fine structure
analysis of giant resonances. Wavelet analysis offers informa-
tion on the localization of high-frequency signal aspects [69].
In addition, wavelet analysis is not constrained to the usage
of sinusoidal functions only. These features together allow
a study of the evolution of the frequency pattern of a given
signal with optimized resolution. Another useful feature of
the wavelet analysis is the approximation of any background
contribution in the experimental data, through the so-called
vanishing moments of the wavelet function.

The choice of a wavelet plays an important role when per-
forming wavelet analysis. The most frequently used functions
for wavelet analysis are discussed in Ref. [70]. The detector
response of the magnetic spectrometer used in the experi-
ments is well approximated by a Gaussian line shape. As such,
for the analysis of the fine structure, the Morlet wavelet con-
sisting of a Gaussian envelope on top of a periodic structure is
the most suitable. The Morlet wavelet is given by [71]

2

exp <27nfC — —) C))
Jo

where fi, = 2 and f. = 1 are used as the wavelet bandwidth

and the center frequency of the wavelet, respectively.

This wavelet-function or wavelets must meet a set of

requirements:

Yx) =

T2 [

(i) the function oscillating with a mean value that equals
zero and
(ii) the function must have finite length.

Mathematically, the above conditions can be written as

/OO Y*(x)dx =0 (10)
and
Ky =/ | W2(x) | dx < oo, (11)

where W(x) is a real or complex function used as mother-
wavelet with W*(x) as its complex conjugate. Here, Ky is the
norm of the wavelet. The second condition defines the local
feature of wavelets. The continuous wavelet transform and
the discrete wavelet transform (DWT) are the two categories
of wavelets transforms available. Their main properties and
the comparison between the two transforms are discussed in
Ref. [70]. For the purposes of the present analysis, only the
application of the CWT will be discussed.

The convolution of a given signal o (E) with the wavelet
function (generally complex-conjugated) yields the coeffi-
cients of the wavelet transform. This is explicitly given by [71]

C(E, Ey) =

—E
o (E)W* ( )dE, (12)

NG / SE
where C(S8E, E,) are the coefficients of the wavelet transform,
SE represents the bin size, and moreover a scaling factor.
The parameter Ex shifts the position of the wavelet across the
excitation-energy range, hence allowing access to the scale-
localization information. The parameters 6 E and E| are varied

continuously in the framework of CWT. The values of the
coefficients indicate to what extent the form of the scaled and
shifted wavelet is close to the original spectrum.

The extraction of wavelet energy-scales can be achieved
from the wavelet coefficient plot as peaks in the corresponding
power spectrum. The wavelet power spectrum is the projec-
tion of the summed squared wavelet coefficients onto the
wavelet scale axis

Fy(8E) = ]iv Y I GBE)C;SE) |, 13)

where P,(SE) represents the power as a function of scale
SE summed at each scale value over the index i = N with
N the number of energy bins in the excitation-energy region
considered.

B. Application of the CWT on the ISGMR data

The wavelet analysis was performed following the tech-
niques outlined above. A CWT was used to generate the
wavelet coefficients Eq. (12) as a function of excitation en-
ergy, for each of the ISO strength distributions of the nuclei
under investigation. In Ref. [16], it was discussed that the
ISO strength distributions extracted with the DoS technique
need to be corrected by energy-dependent factors determined
from the MDA analysis of previous experiments on the same
nuclei. It is, therefore, important to investigate the impact of
this dependency on the fine structure analysis.

The sensitivity of the wavelet analysis to the different cor-
rection factors is illustrated in Fig. 4 for the case of *°Zr. ISO
strength distributions obtained with correction factors derived
from Refs. [19] and [72] are shown in the top and third
rows, respectively. The two-dimensional plots of the wavelet
coefficients are displayed in the second and fourth panels on
the right-hand side of Fig. 4. The intermittent appearance of
blue (red) regions indicating negative (positive) values, result
from the oscillatory structure of the mother wavelet [Eq. (9)]
used in the analysis. Extracted wavelet coefficients are then
projected onto the scale axis to generate the power spectrum
shown in the two panels on the left-hand side of Fig. 4.
These spectra display the distribution of the scales in the
excitation-energy region chosen for the analysis. The presence
of characteristic scales is indicated by peaks and points of
inflection in the power spectra.

When comparing the power spectra resulting from the ISO
strength distributions with different correction factors, it is
clear that even though there are relative power changes, very
similar scale energies are found. The details of the analysis
techniques used in Ref. [16] do, therefore, not affect the
extraction of information on the fine structure of the GMR
extracted with wavelet techniques. All results presented in the
next section are based on the DoS results that employed the
correction factors based on RCNP experiments [18-21].

V. DAMPING OF THE ISGMR - WAVELET
ENERGY-SCALES COMPARISON

In this section, the results of the wavelet analysis of the
experimental and model ISO strength functions are presented.
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FIG. 4. Top set (right column): ISO strength of *°Zr obtained
using the RCNP-based energy-dependent correction factor as deter-
mined in Ref. [16]. Top set (lower right): Density plot of the real part
of the CWT coefficients of the data. Top set (left column): Corre-
sponding power spectrum for the excitation-energy region indicated
by the vertical dashed lines (11 MeV < E; < 24 MeV) in the top
right plot. Bottom set: Same as the top set but for the difference
spectrum obtained using TAMU-based energy-dependent correction
factors. Bottom set (left column): The corresponding power spectrum
shown in black, contrasted with the power spectrum from the top set
(blue line).

They are summarized in Figs. 5-8. For each nucleus, different
energy regions have been considered for the analysis depend-
ing on the location of the main ISGMR peak. These regions
are indicated by the vertical dashed lines shown in panels on
the left-side of Figs. 5-8. Characteristic scales are extracted
from the power spectra and displayed as black (experiment),
red (QRPA and PPC), and blue (RQRPA and RQTBA) filled
circles. The associated error is given by one standard deviation
of the corresponding width-like scale corresponding to half of
the peak width (FWHM), cf. [14]. For comparison purposes
and in order to facilitate the determination of similar scales in
the corresponding power spectra from the model calculations,
the results obtained from experiments are also displayed as
vertical grey bars in all right-side panels of Figs. 5-8. For the
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FIG. 5. Left column: Experimental ISO strength in ¥Ni (top row)
in comparison with model predictions (rows 2-5) folded with the
experimental energy resolution. The vertical dashed lines indicate
the summation region of the wavelet coefficients (11-24 MeV) to
determine the power spectra. Right column: Corresponding power
spectra. Scales are indicated by filled circles with the associated
errors, and for the experimental results additionally by vertical grey
bars.

sake of better display, their widths have been reduced to 2/3
of the standard deviation. The extracted energy scales, both
experimental and theoretical, are also listed in Tables II-V.
When two scales agree within error, they are placed in the
same column to ease comparison between experiment and
model results.

A. General observations

Before entering a detailed discussion for each studied
nucleus, we summarize some general observations when com-
paring experimental and theoretical strength distributions and
wavelet scales. Both theoretical approaches overestimate the
energy centroids of the ISGMR on the QRPA level, but as
discussed in Refs. [42,62] inclusion of complex configurations
leads to a downshift which brings experiment and models
in fair agreement in most cases. We note that in any case a
shift between experimental and theoretical centroids does not
impact on the CWT. The inclusion of complex configuration
leads to an increased fragmentation, but effects are much
stronger in the PPC than in the RQTBA calculations.
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FIG. 6. Same as Fig. 5, but for *°Zr.

Characteristic scales deduced from the fine structure are
significantly modified when going from QRPA level to inclu-
sion of two-phonon or 2g ® phonon configurations. In most
cases additional scales appear in overall better agreement with
the number of scales extracted from the experimental data.
The capability to reproduce absolute scale energies varies
from case to case as discussed below. The smallest scale with
values 130-160keV is prominent in the power spectra of all
studied nuclei, but generally much weaker in the theoretical
results. Consistent with findings in the IVGDR [4], this scale
can be uniquely related to the spreading width in cases where
it only appears in calculations including complex configura-
tions (PPC or RQTBA in the present work).

B. 5Ni

The energy centroids of the RPA model calculations are too
high by about 2 MeV (QRPA), respectively, 1 MeV (RQRPA).
Inclusion of 2p-2h configuration brings the energies down to
a good agreement with experiment (see Table V of Ref. [16]).
The skewness of the experimental strength distribution to-
wards higher energies is qualitatively reproduced by the PPC
results, while no such effect is seen in the RQTBA prediction.

The CWT of the experimental ISO strength distribution
shows the largest number of scales (7) of the four nuclei
studied. The numbers observed for QRPA and RQRPA are
5 and 4, respectively, and no additional scales appear when
complex configurations are included. The major experimental

FIG. 7. Same as Fig. 5, but for 1?°Sn and the excitation-energy
region from 11 to 20 MeV (experimental data).

scales at 270 and 950 keV are reproduced by all models, while
the scale at 580keV is only seen by the QRPA /PPC approach
(eventually also shifted to 730 keV in RQTBA).

A scale >1 MeV is seen in all but the RQTBA result.
Indeed, this scale is observed in the RQRPA result because
of Landau fragmentation into a few main states, while the
RQTBA result exhibits a single prominent peak only. Finally,
a small scale found to be a generic feature of coupling to
2g ® phonon configurations in previous studies of the IVGDR
and ISGQR is visible in the PPC result only.

C.Zr

The centroid energies predicted by QRPA and RQRPA
are about 2 and 1 MeV too high, respectively, similar to
38Ni. However, the effects of particle-vibration coupling are
smaller than in *®Ni leaving the predicted energies too high
by 1.5 MeV (PPC) or 0.5 MeV (RQTBA). The experimental
strength distribution is symmetric, and this is reproduced by
both models as well as the width.

A significant effect of the coupling to complex configura-
tions is seen in the CWT for °°Zr in both models. The number
of scales is increased from 4 to 5 (PPC), respectively, 5 to 6
(RQTBA). The PPC and RQTBA results can account for all
experimental scales below 1 MeV including the observation
of two scales at small energies (<200keV). We note, how-
ever, that these are seen already in the RQRPA results. This
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FIG. 8. Same as Fig. 5, but for 2®Pb and the excitation-energy
region from 11 to 16 MeV over which the wavelet coefficients were
summed in order to determine the corresponding power spectra.

represents the only case where the lowest experimental energy
scale is predicted to arise from Landau damping, while in all
other model results it is related to the spreading width. An
additional weaker scale at 300 keV not seen in the data is pre-
dicted by the RQTBA approach. A scale >1 MeV consistent
with the experimental one at 1200 keV is found in both models
but the predicted value (1500 keV) is somewhat large.

D. ®Sn

The summation window for the wavelet power as well as
the discussion of resonance properties are limited to excitation
energies <20 MeV since the strength at higher excitation
energies might be attributed to a less than perfect subtraction

TABLE II. Energy scales extracted for *Ni in the excitation
energy region 11 MeV < Ex < 24MeV. Equivalent characteristic
energy-scale values are vertically aligned.

as compared with experiment.

E. 2%pp

Because of the problem of remaining ISGDR strength in
the DoS subtraction [73] already discussed for 1208p, the com-
parison of the strength distributions and the wavelet power
summation are restricted to 11-17 MeV. Although the same
window is used for the theoretical results, this might affect the
power spectrum, in particular at larger scale values. Thus, the
discussion here is restricted to scales <1 MeV.

QRPA and RQRPA predictions are about 1 MeV and
0.5 MeV higher than the experimental centroid, respectively.
Effects of coupling to 2p-2h configurations are small, of the
order 300-400keV. The width is reasonably reproduced by
both approaches.

In opposition to the '2°Sn case, the inclusion of complex
configurations increases the number of scales in the PPC

TABLE IV. Energy scales extracted for '2°Sn in the excitation
energy region 11 MeV < E, < 20(24)MeV for experimental data
(theoretical calculations). Equivalent characteristic energy-scale val-
ues are vertically aligned.

Dataset Scales (keV) Dataset Scales (keV)

Expt. 130 170 270 390 580 950 1500 Expt. 160 360 590 950 1900
QRPA 190 290 580 1100 1700 QRPA 370 570 850 1400

PPC 120 270 620 1020 2000 PPC 240 460 790 1600
RQRPA 290 420 870 1400 RQRPA 220 360 670

RQTBA 260 370 730 1100 RQTBA 130 250 510 1050 1400 1900
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TABLE V. Energy scales extracted for 2*Pb in the excitation
energy region 11MeV < Ex < 16 MeV. Equivalent characteristic
energy-scale values are vertically aligned.

Dataset Scales (keV)

Expt. 130 190 260 570 870

QRPA 240 360 620

PPC 160 220 310 520 870 1250 1700
RQRPA 280 370 570 1100
RQTBA 150 350 720 1300 1900

approach to 5 in accordance with experiment, while it remains
at 3 when going from RQRPA to RQTBA. The PPC result
quantitatively reproduces all scale values within the typical
uncertainties. RQTBA reproduces the smallest and largest
scale (in the region up to 1 MeV).

VI. CONCLUSIONS AND OUTLOOK

In this study, we present high energy-resolution ISO
strength distributions over a wide mass range extracted from
measurements of the («, ') reaction at 196 MeV and extreme
forward-scattering angles (including 0°), revealing significant
fine structure. Characteristic energy scales were extracted
from a continuous wavelet transform (CWT) analysis of the
data to investigate the role of Landau fragmentation and
spreading width in the damping of the ISGMR.

The experimental results are compared to microscopic cal-
culations of the ISGMR strength functions based on the QRPA
and beyond-QRPA using both nonrelativistic and relativistic
density functional theory. The extracted experimental energy
scales are well reproduced by the models where in most cases
a number of scales can be approximately reproduced, but the
one-to-one correspondence varies from case to case.

The wavelet scales remain a sensitive measure of the in-
terplay between Landau fragmentation and spreading width
in the description of the fine structure of giant resonances
[4]. In the case of the ISGMR, Landau damping is prominent
in the medium-mass region while the spreading width in-
creases with mass number and makes the largest contribution
in heavy nuclei. The relative importance of both contributions
is intermediate between the IVGDR, where Landau damping

dominates over the spreading width even for heavy nuclei, and
the ISGQR, where fine structure is entirely due to coupling to
low-lying surface vibrations (except maybe for light nuclei).

The fragmentation of the J =0 response is generally
weaker than that of the J > 0 one because of the smaller
amount of the 2¢ ® phonon or phonon ® phonon configura-
tions allowed by the angular momentum conservation. Both
the fragmentation and centroid position are sensitive to the de-
tails of the numerical scheme, such as the basis completeness
and selfconsistency. These criteria are maximally fulfilled in
RQTBA by the parameter-free implementation of the 2g ®
phonon configurations extending the fully self-consistent
RQRPA and the proper subtraction procedure, which takes
care of the double counting, convergence, and spurious com-
ponents of the strength distributions. One question to be
addressed in future work is the impact of the subtraction pro-
cedure on the PPC approach considering the different degree
of fragmentation with respect to the RQTBA results.

A complete response theory for atomic nuclei should in-
clude continuum, unnatural parity and isospin-flip phonons,
complex ground-state correlations, and higher-order configu-
rations, which are expected to further affect the fine structure
of the strength functions and improve the description of the
characteristic energy scales. These effects are beyond the
scope of this work and will be addressed by future efforts.

ACKNOWLEDGMENTS

The authors thank the Accelerator Group at iThemba
LABS for the high-quality dispersion-matched beam pro-
vided for this experiment. This work was supported by
the National Research Foundation (NRF) of South Africa
(Grants No. 85509, No. 118846, and No. 129603), the
Deutsche Forschungsgemeinschaft under Contract No. SFB
1245 (Project ID No. 79384907), as well as an NRF-JINR
Grant (No. JINR200401510986). A.B. acknowledges finan-
cial support through iThemba LABS and the NRF of South
Africa. P.A. acknowledges support from the Claude Leon
Foundation in the form of a postdoctoral fellowship. E.L.
acknowledges support by the GANIL Visitor Program and
funding from the National Science Foundation of the United
States of America US-NSF under the US-NSF CAREER
Grant No. PHY-1654379 and US-NSF Grant No. PHY-
2209376. N.N.A. acknowledges support from the Russian
Science Foundation (Grant No. RSF-21-12-00061).

[1] M. N. Harakeh and A. van der Woude, Giant Resonances: Fun-
damental High-Frequency Modes of Nuclear Excitation, Oxford
Studies in Nuclear Physics Vol. 24 (Oxford University Press,
New York, 2001).

[2] U. Garg and G. Colo, Prog. Part. Nucl. Phys. 101, 55 (2018).

[3] K. Goeke and J. Speth, Annu. Rev. Nucl. Part. Sci. 32, 65
(1982).

[4] P. von Neumann-Cosel, V. Yu. Ponomarev, A. Richter, and J.
Wambach, Eur. Phys. J. A 55, 224 (2019).

[5] D. Lacroix and P. Chomaz, Phys. Rev. C 60, 064307 (1999).

[6] A. Shevchenko, J. Carter, R. W. Fearick, S. V. Fortsch, H.
Fujita, Y. Fujita, Y. Kalmykov, D. Lacroix, J. J. Lawrie, P. von
Neumann-Cosel, R. Neveling, V. Yu. Ponomarev, A. Richter, E.
Sideras-Haddad, F. D. Smit, and J. Wambach, Phys. Rev. Lett.
93, 122501 (2004).

[7]1 A. Shevchenko, O. Burda, J. Carter, G. R. J. Cooper, R. W.
Fearick, S. V. Fortsch, H. Fujita, Y. Fujita, Y. Kalmykov, D.
Lacroix, J. J. Lawrie, P. von Neumann-Cosel, R. Neveling,
V. Yu. Ponomarev, A. Richter, E. Sideras-Haddad, F. D. Smit,
and J. Wambach, Phys. Rev. C 79, 044305 (2009).

014325-10



FINE STRUCTURE OF THE ISOSCALAR GIANT ...

PHYSICAL REVIEW C 109, 014325 (2024)

[8] I. T. Usman, Z. Buthelezi, J. Carter, G. R. J. Cooper, R. W.
Fearick, S. V. Fortsch, H. Fujita, Y. Fujita, Y. Kalmykov, P. von
Neumann-Cosel, R. Neveling, P. Papakonstantinou, A. Richter,
R. Roth, A. Shevchenko, E. Sideras-Haddad, and F. D. Smit,
Phys. Lett. B 698, 191 (2011).

[9] I. T. Usman, Z. Buthelezi, J. Carter, G. R. J. Cooper, R. W.
Fearick, S. V. Fortsch, H. Fujita, Y. Fujita, P. von Neumann-
Cosel, R. Neveling, P. Papakonstantinou, I. Pysmenetska, A.
Richter, R. Roth, E. Sideras-Haddad, and F. D. Smit, Phys. Rev.
C 94, 024308 (2016).

[10] C. O. Kureba, Z. Buthelezi, J. Carter, G. R. J. Cooper, R. W.
Fearick, S. V. Fortsch, M. Jingo, W. Kleinig, A. Krugmann,
A. M. Krumbolz, J. Kvasil, J. Mabiala, J. P. Mira, V. O.
Nesterenko, P. von Neumann-Cosel, R. Neveling, P. Papka,
P.-G. Reinhard, A. Richter, E. Sideras-Haddad et al., Phys. Lett.
B 779, 269 (2018).

[11] I. Poltoratska, R. W. Fearick, A. M. Krumbholz, E. Litvinova,
H. Matsubara, P. von Neumann-Cosel, V. Yu. Ponomarev, A.
Richter, and A. Tamii, Phys. Rev. C 89, 054322 (2014).

[12] R. W. Fearick, B. Erler, H. Matsubara, P. von Neumann-Cosel,
A. Richter, R. Roth, and A. Tamii, Phys. Rev. C 97, 044325
(2018).

[13] L. M. Donaldson, J. Carter, P. von Neumann-Cosel, V. O.
Nesterenko, R. Neveling, P.-G. Reinhard, I. T. Usman, P.
Adsley, C. A. Bertulani, J. W. Briimmer, E. Z. Buthelezi,
G. R. J. Cooper, R. W. Fearick, S. V. Fortsch, H. Fujita, Y.
Fujita, M. Jingo, N. Y. Kheswa, W. Kleinig, C. O. Kureba,
V. Yu. Ponomarev, and N. Yu Shirikova, Phys. Rev. C 102,
064327 (2020).

[14] J. Carter, L. M. Donaldson, H. Fujita, Y. Fujita, M. Jingo,
C. O. Kureba, M. B. Latif, E. Litvinova, F. Nemulodi, P. von
Neumann-Cosel, R. Neveling, P. Papakonstantinou, P. Papka,
L. Pellegri, V. Yu. Ponomarev, A. Richter, R. Roth, E. Sideras-
Haddad, F. D. Smit, J. A. Swartz, A. Tamii, R. Trippel, I. T.
Usman et al., Phys. Lett. B 833, 137374 (2022).

[15] A. Bahini, V. O. Nesterenko, I. T. Usman, P. von Neumann-
Cosel, R. Neveling, J. Carter, J. Kvasil, A. Repko, P. Adsley,
N. Botha, J. W. Briimmer, L. M. Donaldson, S. Jongile, T. C.
Khumalo, M. B. Latif, K. C. W. Li, P. Z. Mabika, P. T. Molema,
C. S. Moodley, S. D. Olorunfunmi et al., Phys. Rev. C 105,
024311 (2022).

[16] A. Bahini, R. Neveling, P. von Neumann-Cosel, J. Carter, I. T.
Usman, P. Adsley, N. Botha, J. W. Briimmer, L. M. Donaldson,
S. Jongile, T. C. Khumalo, M. B. Latif, K. C. W. Li, P. Z.
Mabika, P. T. Molema, C. S. Moodley, S. D. Olorunfunmi, P.
Papka, L. Pellegri, B. Rebeiro et al., Phys. Rev. C 107, 034312
(2023).

[17] R. Neveling, H. Fujita, F. D. Smit, T. Adachi, G. P. A. Berg,
E. Z. Buthelezi, J. Carter, J. L. Conradie, M. Couder, R. W.
Fearick, S. V. Fortsch, D. T. Fourie, Y. Fujita, J. Gorres, K.
Hatanaka, M. Jingo, A. M. Krumbholz, C. O. Kureba, J. P. Mira,
S. H. T. Murray, and S. O’Brien, Nucl. Instrum. Methods Phys.
Res A 654, 29 (2011).

[18] B. K. Nayak, U. Garg, M. Hedden, M. Koss, T. Li, Y. Liu, P. V.
Madhusudhana Rao, S. Zhu, M. Itoh, H. Sakaguchi, H. Takeda,
M. Uchida, Y. Yasuda, M. Yosoi, H. Fujimura, M. Fujiwara,
K. Hara, T. Kawabata, H. Akimune, and M. N. Harakeh,
Phys. Lett. B 637, 43 (20006).

[19] Y. K. Gupta, K. B. Howard, U. Garg, J. T. Matta, M. Senyigit,
M. Itoh, S. Ando, T. Aoki, A. Uchiyama, S. Adachi, M.
Fujiwara, C. Iwamoto, A. Tamii, H. Akimune, C. Kadono, Y.

Matsuda, T. Nakahara, T. Furuno, T. Kawabata, M. Tsumura,
M. N. Harakeh et al., Phys. Rev. C 97, 064323 (2018).

[20] T. Li, U. Garg, Y. Liu, R. Marks, B. K. Nayak, P. V.
Madhusudhana Rao, M. Fujiwara, H. Hashimoto, K. Nakanishi,
S. Okumura, M. Yosoi, M. Ichikawa, M. Itoh, R. Matsuo, T.
Terazono, M. Uchida, Y. Iwao, T. Kawabata, T. Murakami, H.
Sakaguchi, S. Terashima et al., Phys. Rev. C 81, 034309 (2010).

[21] D. C. Patel, A study of the isoscalar giant monopole resonance:
The role of symmetry energy in nuclear incompressibility in
the open-shell nuclei, PhD thesis, University of Notre Dame
(2020).

[22] T. Kawabata, Few-Body Syst. 54, 1457 (2013).

[23] K. Van Der Borg, M. Harakeh, and A. van der Woude,
Nucl. Phys. A 365, 243 (1981).

[24] J. Terasaki, J. Engel, M. Bender, J. Dobaczewski, W.
Nazarewicz, and M. Stoitsov, Phys. Rev. C 71, 034310 (2005).

[25] N. Van Giai, C. Stoyanov, and V. V. Voronov, Phys. Rev. C 57,
1204 (1998).

[26] A. P. Severyukhin, V. V. Voronov, and N. V. Giai, Phys. Rev. C
77, 024322 (2008).

[27] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and R. Schaeffer,
Nucl. Phys. A 635, 231 (1998).

[28] E. Khan, Phys. Rev. C 80, 011307(R) (2009).

[29] A. P. Severyukhin, S. Aberg, N. N. Arsenyev, and R. G.
Nazmitdinov, Phys. Rev. C 95, 061305(R) (2017).

[30] N. N. Arsenyev and A. P. Severyukhin, Universe 7, 145 (2021).

[31] A. P. Severyukhin, N. N. Arsenyev, I. N. Borzov, and E. O.
Sushenok, Phys. Rev. C 95, 034314 (2017).

[32] J. Li, G. Cold, and J. Meng, Phys. Rev. C 78, 064304 (2008).
[33] V. G. Soloviev, Theory of Atomic Nuclei: Quasiparticles and
Phonons (Institute of Physics, Bristol/Philadelphia, 1992).

[34] A. P. Severyukhin, V. V. Voronov, and Nguyen Van Giai,
Eur. Phys. J. A 22, 397 (2004).

[35] A. P. Severyukhin, N. N. Arsenyev, and N. Pietralla, Phys. Rev.
C 86, 024311 (2012).

[36] V. V. Voronov, D. Karadjov, F. Catara, and A. P. Severyukhin,
Phys. Part. Nucl. 31, 452 (2000).

[37] A.P. Severyukhin, J. Margueron, 1. N. Borzov, and Nguyen Van
Giai, Phys. Rev. C 91, 034322 (2015).

[38] V. 1. Tselyaev, Phys. Rev. C 88, 054301 (2013).

[39] G. Colo, L. Cao, Nguyen Van Giai, and L. Capelli,
Comput. Phys. Commun. 184, 142 (2013).

[40] J. Heisenberg, J. Lichtenstadt, C. N. Papanicolas, and J. S.
McCarthy, Phys. Rev. C 25, 2292 (1982).

[41] R. H. Spear, W. J. Vermeer, M. T. Esat, J. A. Kuehner, A. M.
Baxter, and S. Hinds, Phys. Lett. B 128, 29 (1983).

[42] Z.Z.Liand Y. F. Niu, and G. Colo, Phys. Rev. Lett. 131, 082501
(2023).

[43] G. F. Bertsch, P. F. Bortignon, R. A. Broglia, and C. H. Dasso,
Phys. Lett. B 80, 161 (1979).

[44] P. F. Bortignon and R. A. Broglia, Nucl. Phys. A 371, 405
(1981).

[45] A. P. Severyukhin, S. Aberg, N. N. Arsenyev, R. G.
Nazmitdinov, and K. N. Pichugin, Phys. At. Nucl. 79, 835
(2016).

[46] N. Paar, P. Ring, T. Nik$i¢, and D. Vretenar, Phys. Rev. C 67,
034312 (2003).

[47] G. A. Lalazissis, S. Karatzikos, R. Fossion, D. Pena Arteaga,
A. V. Afanasjev, and P. Ring, Phys. Lett. B 671, 36 (2009).

[48] E. Litvinova, P. Ring, and V. Tselyaev, Phys. Rev. C 78, 014312
(2008).

014325-11



A.BAHINI et al.

PHYSICAL REVIEW C 109, 014325 (2024)

[49] V. 1. Tselyaev, Sov. J. Nucl. Phys. 50, 1252 (1989).

[50] E. Litvinova and P. Schuck, Phys. Rev. C 100, 064320 (2019).

[51] E. Litvinova and Y. Zhang, Phys. Rev. C 106, 064316 (2022).

[52] E. Litvinova, Phys. Rev. C 91, 034332 (2015).

[53] E. Litvinova, Eur. Phys. J. A 59, 291 (2023).

[54] J. Endres, E. Litvinova, D. Savran, P. A. Butler, M. N. Harakeh,
S. Harissopulos, R.-D. Herzberg, R. Kriicken, A. Lagoyannis,
N. Pietralla, V. Yu. Ponomarev, L. Popescu, P. Ring, M. Scheck,
K. Sonnabend, V. I. Stoica, H. J. Wortche, and A. Zilges,
Phys. Rev. Lett. 105, 212503 (2010).

[55] E. G. Lanza, A. Vitturi, E. Litvinova, and D. Savran, Phys. Rev.
C 89, 041601(R) (2014).

[56] C. Robin and E. Litvinova, Eur. Phys. J. A 52, 205 (2016).

[57] C. Robin and E. Litvinova, Phys. Rev. C 98, 051301(R) (2018).

[58] C. Robin and E. Litvinova, Phys. Rev. Lett. 123, 202501 (2019).

[59] M. Scott, R. G. T. Zegers, R. Almus, Sam M. Austin, D. Bazin,
B. A. Brown, C. Campbell, A. Gade, M. Bowry, S. Gales,
U. Garg, M. N. Harakeh, E. Kwan, C. Langer, C. Loelius,
S. Lipschutz, E. Litvinova, E. Lunderberg, C. Morse, S. Noji
et al., Phys. Rev. Lett. 118, 172501 (2017).

[60] E. Litvinova, C. Robin, and H. Wibowo, Phys. Lett. B 800,
135134 (2020).

[61] E. Litvinova and C. Robin, Phys. Rev. C 103, 024326 (2021).

[62] E. Litvinova, Phys. Rev. C 107, L041302 (2023).

[63] 1. A. Egorova and E. Litvinova, Phys. Rev. C 94, 034322 (2016).

[64] T. Li, U. Garg, Y. Liu, R. Marks, B. K. Nayak, P. V.
Madhusudhana Rao, M. Fujiwara, H. Hashimoto, K. Kawase,
K. Nakanishi, S. Okumura, M. Yosoi, M. Itoh, M. Ichikawa, R.

Matsuo, T. Terazono, M. Uchida, T. Kawabata, H. Akimune,
Y. Iwao, T. Murakami et al., Phys. Rev. Lett. 99, 162503
(2007).

[65] Y. K. Gupta, U. Garg, K. B. Howard, J. T. Matta, M. Senyigit,
M. Itoh, S. Ando, T. Aoki, A. Uchiyama, S. Adachi, M.
Fujiwara, C. Iwamoto, A. Tamii, H. Akimune, C. Kadono, Y.
Matsuda, T. Nakahara, T. Furuno, T. Kawabata, M. Tsumura
et al., Phys. Lett. B 760, 482 (2016).

[66] H. Aiba, M. Matsuo, S. Nishizaki, and T. Suzuki, Phys. Rev. C
68, 054316 (2003).

[67] D. Lacroix, A. Mai, P. Neumann-Cosel, A. Richter, and J.
Wambach, Phys. Lett. B 479, 15 (2000).

[68] H. L. Resnikoff and R. O. Wells, Jr., Wavelet Analysis: The
Scalable Structure of Information (Springer, New York, 2012).

[69] A. Graps, IEEE Comput. Sci. Eng. 2, 50 (1995).

[70] A. Shevchenko, J. Carter, G. R. J. Cooper, R. W. Fearick,
Y. Kalmykov, P. von Neumann-Cosel, V. Yu. Ponomarev, A.
Richter, I. T. Usman, and J. Wambach, Phys. Rev. C 77, 024302
(2008).

[71] S. G. Mallat, A Wavelet Tour of Signal Processing (Academic
Press, New York, 1998).

[72] Krishichayan, Y.-W. Lui, J. Button, D. H. Youngblood, G.
Bonasera, and S. Shlomo, Phys. Rev. C 92, 044323 (2015).

[73] M. Uchida, H. Sakaguchi, M. Itoh, M. Yosoi, T. Kawabata,
H. Takeda, Y. Yasuda, T. Murakami, T. Ishikawa, T. Taki, N.
Tsukahara, S. Terashima, U. Garg, M. Hedden, B. Kharraja, M.
Koss, B. K. Nayak, S. Zhu, M. Fujiwara, H. Fujimura et al.,
Phys. Lett. B 557, 12 (2003).

014325-12



