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ABSTRACT

The fine structure of the IsoVector Giant Dipole Resonance (IVGDR) in the doubly-magic nuclei 49-48Ca
observed in inelastic proton scattering experiments under 0° is used to investigate the role of different
mechanisms contributing to the IVGDR decay width. Characteristic energy scales are extracted from
the fine structure by means of wavelet analysis. The experimental scales are compared to different
theoretical approaches allowing for the inclusion of complex configurations beyond the mean-field level.
Calculations are performed in the framework of RPA and beyond-RPA in a relativistic approach based on
an effective meson-exchange interaction, with the UCOM effective interaction and, for the first time, with
realistic two- plus three-nucleon interactions from chiral effective field theory employing the in-medium
similarity renormalization group. All models highlight the role of Landau fragmentation for the damping
of the IVGDR, while the differences in the coupling strength between one particle-one hole (1p-1h) and
two particle-two hole (2p-2h) correlated (relativistic) and non-correlated (non-relativistic) configurations
lead to very different pictures of the importance of the spreading width resulting in wavelet scales
being a sensitive measure of their interplay. The relativistic approach with particle-vibration coupling,
in particular, shows impressive agreement with the number and absolute values of the scales extracted
from the experimental data.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

ments with electromagnetic and hadronic probes and found to be
fairly well described by microscopic models [1]. However, a sys-

Giant resonances are elementary excitations of the nucleus and
their understanding forms a cornerstone of microscopic nuclear
theory. They can be classified according to their quantum numbers
(angular momentum, parity and isospin). Gross properties like en-
ergy centroids and strengths in terms of exhaustion of sum rules
have been investigated extensively in inelastic scattering experi-
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tematic understanding of the decay widths is still lacking.

The giant resonance width I' is determined by the interplay of
different mechanisms: fragmentation of the elementary 1p-1h ex-
citations (called Landau fragmentation or damping AE), direct par-
ticle decay out of the continuum (escape width I"'1), and statistical
particle decay due to coupling to 2p-2h and many particle-many
hole (np-nh) states (spreading width I"|) such that

F=AE+T1+4T. (1)
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The coupling of 1p-1h excitations with more complex states im-
plies a fragmentation of the giant resonance strength in a hier-
archical manner with characteristic life times, respectively energy
scales [2]. Such a scheme underlies all transport models of quan-
tum many-body systems with applications e.g. in nuclear physics,
cosmology or condensed matter physics [3]. This “doorway state”
picture has been widely used in nuclear physics but experimental
evidence is scarce.

One possible option to gain insight into the role of the different
components are experiments where the particle decay out of the
giant resonance is measured in coincidence. Direct decay can be
identified by the preferential population of 1h and 1p-2h states in
the daughter nucleus, and the spreading width contribution can be
estimated by comparison with statistical model calculations (see,
e.g., Refs. [4-8]). In recent years, an alternative method has been
developed based on a quantitative analysis of the fine structure of
giant resonances observed in high energy-resolution experiments
[9]. Different approaches for an extraction of energy scales char-
acterizing the fine structure phenomenon have been compared in
Ref. [10] and wavelet analysis has been identified as particularly
promising. However, any interpretation of such characteristic en-
ergy scales requires comparison to model calculations incorporat-
ing some or all of the aforementioned mechanisms.

Fine structure of giant resonances has been established as a
general phenomenon for all types of resonances [9] and studied
extensively across the nuclear chart for the cases of the IVGDR
[11-15] and the IsoScalar Giant Quadrupole Resonance (ISGQR)
[16-20]. The source of fine structure was found to be quite differ-
ent for these two cases. Fine structure of the ISGQR arises from the
spreading width by coupling of the 1p-1h states to low-lying col-
lective phonons, while for the IVGDR it is dominated by the frag-
mentation of the 1p-1h strength, i.e., Landau damping [9]. Some
signatures of the coupling between 1p-1h and 2p-2h states were
also found.

The present work aims at an in-depth study of the role of Lan-
dau damping versus spreading width based on wavelet analysis of
high energy-resolution photo-absorption data extracted from rel-
ativistic Coulomb excitation in the (p,p’) reaction at very forward
scattering angles [21]. We focus on experimental data for 4°Ca and
48(a, since doubly-magic nuclei are particularly suited for models
including degrees of freedom beyond the mean-field approxima-
tion of Random-Phase Approximation (RPA). Specifically, we test
three approaches allowing for the inclusion of 2p-2h states, viz.
a realistic interaction derived with the Unitary Correlation Op-
erator Method (UCOM) from the Argonne V18 potential [23,24],
the time blocking approximation developed for relativistic energy
density functionals (RTBA) [25] and the ab initio In-Medium Sim-
ilarity Renormalization Group (IM-SRG) in combination with RPA
and Second RPA (SRPA) [22] using two- plus three-nucleon inter-
actions from chiral Effective Field Theory (EFT) [26].

2. Experiment and determination of equivalent
photo-absorption spectra

High energy-resolution studies of the IVGDR can be performed
with (p,p’) scattering at energies of several hundred MeV and at
extreme forward scattering angles, where relativistic Coulomb ex-
citation dominates the cross sections [21]. Special facilities permit-
ting the combination of a magnetic spectrometer placed at 0°, de-
tecting the scattered protons, and dispersion-matched beam have
been developed [27,28].

The present experiments were performed using a dispersion-
matched 200 MeV proton beam produced by the Separated Sector
Cyclotron (SSC) at the iThemba Laboratory for Accelerator Based
Sciences (iThemba LABS), Cape Town, South Africa. The data for
40Ca shown in the bottom part of Fig. 1 were obtained during
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Fig. 1. Spectra of 4048Ca(p,p’) scattering at E, = 200 MeV and scattering angles
O = 0° — 1.91°,

the experiment described in Ref. [13], but they have been re-
analyzed to improve background subtraction and energy resolu-
tion. For the #8Ca data, protons were inelastically scattered off
a self-supporting target (isotopically enriched to 90.0%) with an
areal density of 1.5 mg/cm?2. Reaction products were momentum-
analyzed by the K600 magnetic spectrometer in 0° mode [28] with
the acceptance defined by a circular collimator with an opening
angle of G, = 0° & 1.91°. Further details of the *3Ca experiment
and data extraction are given in Ref. [29]. The resulting spec-
trum shown in the top part of Fig. 1 demonstrates pronounced
fine structure up to excitation energies of about 20 MeV as also
seen in “°Ca. The energy resolution achieved is AE ~ 40 keV (Full
Width at Half Maximum (FWHM)) in both spectra. The scale on
the right side shows the counting statistics which reach several
hundred per 10 keV bin, sufficient for an analysis of the fine struc-
ture.

The spectra were converted to equivalent photo-absorption
cross sections with the methods described in Refs. [15,21,30]
to facilitate direct comparison with theoretical predictions. This
involves nuclear background subtraction and determination of
the virtual-photon production function for the conversion from
Coulomb to photo-absorption cross sections. Besides Coulomb
cross sections, the spectra contain contributions from the IsoScalar
Giant Monopole Resonance (ISGMR) and the ISGQR lying under
the IVGDR. In addition, there is a contribution from quasi-free
scattering (see e.g. Ref. [31]) which increases towards the higher
excitation-energy end of the IVGDR. Possible contributions of the
ISGMR and ISGQR to the measured cross sections were estimated
following the method outlined in Ref. [30] using the experimental
strength distributions of Ref. [32] and found to be well below 10%
at their respective maxima. In the study of the IVGDR fine struc-
ture in 298pPb [11], it was demonstrated that a discrete wavelet
analysis [10,33] provides a good approximation for the nuclear
background to be subtracted and the same type of analysis was
performed in the present case.

The conversion of Coulomb to photo-absorption cross sections
was based on the virtual photon method. The virtual E1 photon
spectra were calculated within the Eikonal approximation [34] and
the resulting photo-absorption spectra are in good agreement with
previous work (Ref. [35] for 49Ca and Refs. [6,31] for 48Ca).
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3. Theoretical models

In the following, we discuss three models for a comparison of
E1 strength functions with the experiment results.

3.1. Relativistic approaches with an effective meson-exchange
interaction

Relativistic RPA (RRPA) was formulated, implemented and fur-
ther investigated in Refs. [36,37] as a dynamical extension of rela-
tivistic mean-field theory. The time-dependent relativistic Hartree
approximation was obtained for the Dirac spinors self-consistently
with the classical meson fields that lead to the RRPA in the small-
amplitude limit. The RRPA, as well as its extension to superfluid
systems [38], successfully describe the positions of nuclear col-
lective modes, above all those of giant resonances, in the no-sea
approximation, which imply transitions between nucleonic states
of the Fermi and Dirac sectors of the energy domain. The sum rules
are also described fairly well.

Major upgrades were proposed in Refs. [39-41], where the
RRPA was extended, for the first time, by the (quasi)Particle-
Vibration Coupling (qPVC) mechanism in a fully self-consistent,
i.e., parameter-free scheme. The approach was first derived with
the aid of the time blocking technique and named Relativistic
(Quasiparticle) Time Blocking Approximation (R(Q)TBA). Later, the
R(Q)TBA was re-derived in the model-independent Equation Of
Motion (EOM) framework based on the bare fermionic Hamiltonian
without applying time blocking operators [42]. The EOM formalism
allowed for an ab initio description and for extended approaches
beyond the leading qPVC dynamical kernels. Both the original and
extended versions of the R(Q)TBA demonstrated significant im-
provements in the description of nuclear collective excitations.
Most remarkably, the qPVC already provides a reasonable degree
of fragmentation of the 2-quasiparticle states in the leading ap-
proximation [39,40]. Moreover, the description of the low-energy
(soft) modes was refined considerably [43-48].

In this work, we apply the original version of the RTBA [39]
without pairing correlations since the calcium isotopes considered
here are of doubly-magic nature. The numerical implementation is
grounded in the self-consistent Relativistic Mean Field (RMF) with
NL3 forces [49], which determines the meson and nucleon fields,
and the single-nucleon Dirac-Hartree basis. In this basis, the RRPA
equations were solved to obtain the vertices and frequencies of
the phonon modes. The phonon model space was truncated using
the same criteria as in the series of earlier calculations [48]. The
selected phonons, together with the single-particle output of the
RMF, determine the PVC amplitude of the RTBA and, further, the
strength function in the J™ =1~ channel.

3.2. In-medium RPA and SRPA with ab initio interactions

As a second class of methods for the calculation of the dipole
response, we employ RPA and SRPA in conjunction with the In-
Medium Similarity Renormalization Group (IM-SRG) using realistic
two plus three-nucleon interactions from chiral EFT.

The IM-SRG is initially an ab initio method to obtain the
ground-state energies of closed-shell nuclei through a unitary de-
coupling of a Slater-determinant reference state from particle-
hole excitations. The decoupling is implemented via a similarity
renormalization-group flow equation for the matrix elements of
the Hamiltonian, normal-ordered with respect to the reference
state. As a function of a continuous flow-parameter, the matrix
elements that connect the reference state to particle-hole excita-
tions are successively suppressed, i.e., the Hamiltonian is partially
diagonalized in a particle-hole basis. Since we use a unitary trans-
formation, the eigenvalues of the Hamiltonian are preserved and
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despite the simplicity of the ground or reference state, which re-
mains a Slater determinant, all correlation effects are absorbed into
the transformed Hamiltonian. The IM-SRG has become a standard
tool for ab initio calculations of ground states for closed-shell nu-
clei in the medium-mass regime [50-52].

For the description of collective excitations, we supplement the
IM-SRG with a second many-body method that provides access
to excited states. Here, we use RPA and SRPA on top of the IM-
SRG reference state. The input for the (S)RPA calculations is the
IM-SRG evolved Hamiltonian with complete ground-state decou-
pling, which has profound consequences. Since the IM-SRG sup-
presses matrix elements connecting the ground state to 1p-1h
and 2p-2h excitations, the backward amplitudes in (S)RPA are also
suppressed, effectively reducing the (S)RPA to the second Tamm-
Dancoff approximation. This is not surprising, since ground-state
correlations have been absorbed by the IM-SRG transformation. In
SRPA, the suppression of the coupling to 2p-2h states, which goes
beyond the Brillouin condition of Hartree-Fock (HF), implies the
absence of instabilities [53,54]. We refer to these hybrid meth-
ods as IMRPA and IMSRPA, where more details can be found in
Ref. [26].

For the following calculations, we use the N2LOsar interaction
[55] with a free space SRG evolution to o = 0.08fm* [56]. All
calculations are performed in model spaces including 13 harmonic-
oscillator shells.

3.3. RPA and SRPA with the UCOM interaction

The isovector dipole distributions are also calculated using the
RPA and SRPA formalisms with the UCOM two-nucleon effec-
tive interaction derived from the realistic Argonne V18 interaction
[23,24]. The same models were employed in Ref. [18] to analyze
the fine structure of the ISGQR in 4°Ca. UCOM-SRPA generally pro-
vides a good description of giant dipole and quadrupole resonances
in closed-shell nuclei [23]. Here, we use a single-particle basis of
13 harmonic-oscillator shells to solve the HF equations for the ref-
erence state and to obtain the HF single-particle basis. Then, all
possible 1p-1h and 2p-2h configurations that can be built from
the HF basis states and coupled to the 1~ quantum numbers are
used to construct the RPA and SRPA spaces and to solve the re-
spective eigenvalue problems. Couplings between 1p-1h and 2p-2h
configurations are fully included in SRPA as well as p-p and h-h in-
teractions in the 2p-2h propagator. The SRPA calculations can thus
describe an incoherent damping mechanism from 2p-2h coupling,
in addition to Landau damping.

4. Wavelet analysis technique

Extensive details of the wavelet analysis technique using the
Continuous Wavelet Transform (CWT) as applied to the analysis
of fine structure in high energy-resolution giant resonance investi-
gations can be found in Refs. [10,13,15]. As such, only brief details
are given here. The response of the K600 focal-plane detector is ap-
proximated well by a Gaussian lineshape. Typically, for the analysis
of giant-resonance fine structure from the measured excitation-
energy spectra, the Morlet mother wavelet, being a Gaussian en-
velope on top of a periodic structure, is the most suitable. In the
present fine-structure analysis, the Complex Morlet wavelet was
used (see Ref. [57], Fig. 1)

2
Y(x) = exp(2rmi fcx) exp (—X—> . (2)

1
\/T[fb fb

Here, f, controls the wavelet bandwidth and f. the center fre-
quency of the wavelet.
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Fig. 2. Wavelet analysis of the “°Ca(p,p’) equivalent photo-absorption cross sections
(top) and of the 4°Ca RTBA E1 strength function (bottom). For details see text.

By way of example, the real parts of the complex wavelet coef-
ficients determined for the equivalent photo-absorption spectrum
for 4°Ca (Fig. 2 top right-side upper panel) are shown just below
in a two-dimensional plot as a function of excitation energy and
scale. Large positive values are indicated by shades of red going
down to close to zero in yellow with negative coefficients in shades
of blue.

Wavelet energy scales can be extracted from the wavelet coeffi-
cient plot as peaks in the corresponding power spectrum obtained
by squaring and summing the complex CWT coefficients

1
P(5E)=NZIQ(55)C?(55)I ; (3)

where P(SE) is the power as a function of scale §E summed at
each scale value over the index i = N with N being the number
of energy bins on the excitation-energy axis. In the present case,
the range of summation is shown by lower and upper excitation-
energy limits indicated by the vertical dashed lines in Fig. 2,
top right-side panels. The corresponding power spectrum obtained
from Eq. (3) is shown in Fig. 2, top left-side panel. Here, for clarity,
power P(SE) is divided by the corresponding scale §E and the re-
sult is normalized to unity. Continuing the CWT analysis example,
the procedure above was repeated for the 4°Ca RTBA calculations,
the results of which are displayed in the bottom section of Fig. 2.
With respect to the scale values extracted and discussed be-
low, we note that these do not depend on a particular choice of
the wavelet function (see Fig. 9 in Ref. [10] for an example) but
the complex-Morlet function provides the best compromise be-
tween resolution in excitation energy and scale for the kind of
data analyzed here. Furthermore, it yields the equivalent Fourier
scale. A particular value of scale in a CWT plot corresponds to the
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excitation-energy difference between consecutive minima (or max-
ima) in the coefficient plot, referred to as a “length-like” wavelet
energy-scale. Half of the “length-like” wavelet energy-scale is the
width of the peak (FWHM) and is referred to as a “width-like”
wavelet energy-scale. We also note that the model dependence of
the background subtraction with the DWT (Sec. 2) discussed e.g.
in Ref. [18] does not affect the scale values but only their relative
magnitude.

5. Damping of the IVGDR - wavelet energy-scales comparison

The experimental equivalent photo-absorption cross sections
and model E1 strength functions together with corresponding
wavelet analysis power-spectra are shown in Fig. 3 for 4°Ca (left-
side two columns) and 8Ca (right-side two columns). Lower and
upper excitation energy limits for determination of the power
spectra are shown by the vertical dashed lines in the 4%-48Ca equiv-
alent photo-absorption spectra. These same limits are used for
the corresponding E1 strength functions RTBA and RRPA (red),
and SRPA (blue). However, since the ab initio IMSRPA and IMRPA
(green), and the RPA (blue) E1 strengths are shifted up in exci-
tation energy, the full excitation-energy range shown was used to
calculate the corresponding power spectra. As can be seen, many
scales can be identified from the peaks present in the various
power spectra.

Comparison of the experimental and theoretical photo-absorp-
tion cross sections shows that the calculations based on relativistic
Lagrangians describe the IVGDR centroids well, in particular when
2p-2h degrees of freedom are included. The results based on chiral
interactions are systematically too high by 3-4 MeV for IMSRPA
and IMRPA (green) and significantly too high at the RPA (blue)
level for the realistic interaction, while the SRPA (blue) results are
downshifted slightly below the experimental peak of the IVGDR.
The effect of coupling to 2p-2h degrees of freedom is strong for
RTBA (red), especially for “8Ca, sizable for IMSRPA (green) and
weak for the SRPA (blue) calculations based on the realistic inter-
action. On the other hand, the effect is also stronger in “8Ca than
in 4°Ca in UCOM-SRPA. Inspection of the configuration content of
the eigenstates of the latter results reveals that 1p-1h configura-
tions account for 90% of the norm in 4°Ca in this energy region,
while in #8Ca many eigenstates are made of mostly 2p-2h config-
urations. Those states do not contribute significantly to the photo-
absorption cross section, which is calculated here by applying the
usual single-particle dipole excitation operator.

All calculations exhibit characteristic scales already on the RPA
level, which is consistent with findings in lighter [12,13] and heav-
ier [11,14] nuclei. While the scale region around 1 MeV is not so
much affected, inclusion of 2p-2h states in the RTBA (red) and IM-
SRPA (green) calculations leads to the appearance of new peaks in
the power spectra at lower scale values. The UCOM-SRPA results,
on the other hand, show mainly a redistribution of scales with re-
spect to the RPA calculations and no scales at values below 400
keV.

In order to facilitate a quantitative comparison between exper-
imentally determined scales and the various model predictions,
Fig. 4 shows the position of extracted experimental scales (power
spectrum peaks, “length-like” scale) as filled black circles together
with an error bar (corresponding “width-like” scale converted to
standard deviation). For the theoretical comparisons, these experi-
mental scales are then indicated by the grey areas on top of which
are plotted the extracted scales for the various model predictions
following the same colour code as in Fig. 3. Note that, for the sake
of clarity since many scales from experiment and theory have been
identified, the total width of the scale displayed has been reduced
to 1.5 standard deviations.
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Fig. 3. Wavelet analysis for 40-43Ca equivalent photo-absorption cross sections and corresponding E1 strength functions.

Both experimental results show a similar picture in the number
of scales and their distribution in energy. We have tested whether
the scales are independent of excitation energy by repeating the
analysis with gates on the low-energy (16-20 MeV) and high-
energy (20-24 MeV) regions of the main IVGDR peaks. The scale
energies are found to be approximately the same, but the relative
power changes. The model predictions reveal large differences be-
tween #°Ca and #8Ca. In #8Ca, all models find a significant effect of
the spreading width when going from 1p-1h to 1p-1h plus 2p-2h
calculations by producing new scales at values <1 MeV. The RTBA
result is particularly impressive by not only reproducing the cor-
rect number of scales but also their magnitude within the assigned
uncertainty. This also includes a scale at very small values (<200
keV) which was found to be a generic signature of the spreading
width observed in all cases experimentally studied so far, indepen-
dent of the type of resonance or the mass region [9].

6. Conclusions

We use characteristic energy scales derived from a wavelet
analysis of high energy-resolution photo-absorption data to inves-
tigate the role of Landau fragmentation and spreading width in
the damping of the IVGDR. The doubly-magic nuclei 4%-48Ca were
chosen to minimize the influence of ground-state correlations. The
experimental results are compared to three state-of-the-art models
allowing for the inclusion of 2p-2h degrees of freedom. These are
based on a relativistic approach with an effective meson-exchange
interaction, SRPA with the UCOM effective interaction and, for the
first time, on chiral EFT including three-nucleon interactions. The

models show significant differences in the coupling of 1p-1h and
2p-2h states and correspondingly the importance of the spread-
ing width for an understanding of wavelet scales. A remarkable
agreement for the number of scales and their absolute values is
achieved with the RTBA calculations, in particular for 48Ca. Al-
though the calculations based on IM-SRG and a chiral EFT inter-
action still show some deficiencies in reproducing gross features,
they are very encouraging for the development of ab initio-based
models beyond RPA. The results demonstrate that high energy-
resolution data combined with a wavelet analysis can provide
unique insight into the role of Landau fragmentation and spreading
width in the damping of the IVGDR.
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