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Abstract. Extensive experimental investigations into understanding the fine structure of giant
resonances in nuclei across the periodic table have been carried out in recent years using the
state-of-the-art K600 magnetic spectrometer of iThemba LABS, Cape Town, South Africa.
Based on the established results in comparison to various theoretical calculations, it has been
found that the fine structure observed in different giant resonances, namely Isoscalar Giant
Quadrupole Resonance (ISGQR), Isovector Giant Dipole Resonance (IVGDR) and Isoscalar
Giant Monopole Resonance (ISGMR), in light nuclei such as *°Ca, ?8Si and 2" Al is dominated
by Landau damping although signatures for the role of the spreading width are also found. In
this report, characteristic energy scales extracted in light nuclei are compared with the state-
of-the-art theoretical calculations, while the fine structures results obtained are compared using
semblance analysis to search for possible signatures of common fragmentation patterns induced
by Landau damping and coupling to 2p-2h states obtained from different giant resonances.

1. Introduction
Experimental and theoretical studies of the giant resonances provide insights into the main
mechanism leading to the fine structure phenomena. Collective modes are treated as small-
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amplitude vibrations around the ground state. Major processes that contribute to the excitation
and decay of giant resonances include Landau damping, escape width and spreading width.
Meanwhile, the only way to understand the origin and physical nature of different scales is by
comparison of experimentally observed values with model predictions. In a novel application of
the wavelet analysis technique, it was shown that the energy scales extracted from experimental
spectra could be related to those determined from microscopic model calculations including 2p-
2h degrees-of-freedom. In the recent years, using the K600 magnetic spectrometer of iThemba
LABS, most of these contributions have been observed from the range of giant resonances studied
in nuclei across the periodic table. Identification of energy scales in high energy-resolution alpha
and proton inelastic scattering exciting giant resonances in nuclei over a wide range has been
studied in Refs. [1, 2, 3,4, 5, 6, 7, 8, 9, 10, 11]. It is already known that giant resonances in
low-mass nuclei are highly fragmented from the investigations using a variety of nuclear probes
and theoretical models. Hence, it is of interest to compare the energy scales extracted from
different giant resonances region for each nucleus. To accomplish this, quantitative analyses
were carried on “°Ca, 28Si and 27Al for ISGQR, ISGMR and IVGDR data using the Semblance
Analysis technique in order to extract information about the level of correlation that exists
between these experimental data.

2. Experiments

The fine structure of the ISGQR, ISGMR and IVGDR have been investigated in *°Ca, 22Si and
27 Al using the Separated-Sector Cyclotron (SSC) of iThemba LABS, which delivers high quality
proton and alpha beams at and close to 200 MeV to the K600 magnetic spectrometer scattering
chamber. Full detailed of the experimetal setups including dispersion matching techniques
are given in Refs. [3, 4, 5, 10, 11, 12, 13]. Table 1 shows more information about each of
the experiments as well as targets and energy resolution achieved using the K600 magnetic
spectrometer at iThemba LABS.

Table 1. High energy-resolution Giant Resonances experiments at iThemba L ABS.

Resonances  Er. (MeV) Targets Energy
resolution (keV)
ISGQR (p,p') 200 12C, 27Al ?8Si, “Ca (Refs. [3, 4, 5]) 25 - 38
8Ni, 89y, 07y, 1208n, 166Er, 208Ph (Refs. [1,2])  35- 50
142’144’148’150Nd (Ref [7]) 25 - 35
ISGMR (a, /) 196 2Mg, 28Si, %8Ni, 90Zr, 1208n, 208ph (Ref. [11]) 60 - 80
40.42,44.48Ca (Ref. [10]) 60 — 80
IVGDR (p,p/) 200 2TAl ®SFe, %8Ni, 208Ph (Ref [6]) 35 — 50
40.42,44.48Ca (Refs. [9, 12]) 30 — 40
142,144, 148,150N, 1529m (Refs. [8, 14]) 40 — 45

3. Semblance Analysis and discussion of results

A wavelet transform is defined as a convolution of the original energy spectrum o(E) multiplied
by a scaled, shifted version of a wavelet function W. The coefficients C'(Ex, dE) of the wavelet
transform are obtained as
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where 0 F is the scale and Fx is the position along the energy scale, respectively.

The parameters, excitation energy, Fy, and scale, d E, can be varied continuously (Continuous
Wavelet Transform, CWT) or in discrete steps j, where 60F = 27, j = 1,2, 3, ..., and E, = 6E.
A variety of wavelets provide a set of tools for performing many different tasks. The choice of a
particular wavelet is based on its mathematical properties [15, 16] amongst which are moments,
compact support and the regularity of a signal (the number of times that it is continuously
differentiable). Complex wavelets produce a complex wavelet transform, allowing the phase of
the result to be examined. The choice of a mother wavelet is motivated by the type of spectrum
being analyzed. The Morlet mother wavelet used in this analysis is derived by taking a periodic
wave and localizing it with a Gaussian envelope

132
V() = ﬁ exp (ikz) exp (—2> . (2)

Here, the parameter & weighs the resolution in scales versus the resolution in localization. A
value of k = 5 was chosen in the present work.

Quantitative analyses were carried on the 4°Ca, 28Si and 27 Al data using Semblance Analysis
technique in order to extract information about the level of correlation that exists between
the experimental giant resonances for each nuclide. Semblance Analysis is a technique used to
determine the degree of correlation (both positive and negative) between two data sets, which
in the present case is a function of both energy scale and excitation energy. The semblance
can take on values between —1 and +1. A value of +1 implies perfect correlation, 0 implies
no correlation, and —1 implies perfect anticorrelation. However, the disadvantage of lack of
amplitude information leads to the further use of the Dot product. A Dot product is equivalent
to the vector Dot product of the complex wavelet coefficients at each point in scale and excitation
energy [17]. This was considered a better option because it combines the phase information
of Semblance with the amplitude information of the Continuous Wavelet Transform (CWT)
coeflicients in order to emphasise the larger amplitude components of the data sets. Extensive
details of the complex Morlet wavelet analysis technique using the CWT coefficients as applied
to the analysis of fine structure in high energy-resolution giant resonances investigations can be
found in Refs. [7, 6, 12, 14]. In a nutshell, the wavelet-based semblance S is given as

S = cos"(0), (3)

where n is an odd integer greater than zero, 6 is the local phase which can range between —
and +m given by
0 = tan " (S(CWT12)/RCWT12)) (4)

and the cross-wavelet transform
CWTi9=CWT1.CWT5, (5)

where CWT' 5 is a complex quantity with CWT'; as the continuous wavelet transform of dataset
1, and CW T4 as the continuous wavelet transform of dataset 2. The vector dot-product D of
the two complex wavelet vectors can then be written as

D =cos"(0) | CWT12 |, (6)

respectively. The CW'T was applied to the excitation energy region of the giant resonances in
the spectra with a Complex Morlet mother wavelet. By plotting the real part of the complex
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coefficients on a two-dimensional plot of scale versus excitation energy, the positions of the
structures within the original energy spectrum can be identified as indicated in the second and
fourth panels down of the figures below. It is important to note that the present work only
shows the correllations between ISGQR and ISGMR, and IVGDR and ISGMR experimental
data for 4°Ca, ISGQR and ISGMR for 28Si, and IVGDR and ISGQR for 2"Al. Shown in Fig. 1
below are the results obtained for Semblance and Dot product analysis of both ISGQR and
ISGMR in °Ca while Fig. 2 shows the same for IVGDR and ISGMR, for 4°Ca. Using the same
approach, Fig. 3 represents the results of ISGQR and ISGMR in ?2Si, and Fig. 4 shows the same
for IVGDR and ISGQR in 27Al, respectively.
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Figure 1. Semblance and Dot product Figure 2. Semblance and Dot product
analysis of ISGQR and ISGMR experimental analysis of IVGDR and ISGMR experimental
data for 40Ca. data for 49Ca.

The quantitative correspondence between the three giant resonances can be observed in these
figures. There exists a positive correlation of a broad red band in both the Semblance and Dot
product results which span across the entire excitation energy range at characteristic scales
between 2.0 MeV and 4.0 MeV running through the whole excitation energy region. The Dot
product at the bottom of both figures emphasises those regions where both the experimental
data has significant strength. In the case of 2®Si, only scales between 500 keV and 2000 keV
were positively correlated between the ISGQR and ISGMR resonances while most of the anti-
correlated region were observed at higher scales and higher excitation energy regions. It can be
observed from the figures that positive correlations achieved for the gross width of the resonances
for ISGMR, ISGQR and IVGDR in all nuclei with scales above 2000 keV except for 27Al, an
odd-even nucleus, which can be related to the shift in the centroid energies between ISGQR and
IVGDR due to the restricted configuration available in the extreme single-particle shell model.



28th International Nuclear Physics Conference (INPC 2022) IOP Publishing
Journal of Physics: Conference Series 2586 (2023) 012056  doi:10.1088/1742-6596/2586/1/012056

285j (p,p’) ISGQR 27A|(p,p/7 ) IVGDR

-Corr

o (mb)

18 20 22 24
Complex Morlet

16 18 20 22 24

Complex Morlet
4000

2000

16 18 20 22 24

25 (a,0) ISGMR 27Al (p,p") ISGQR

800 f
600 F
400

d2o/dQdE
oA
o o
—

Counts/10 keV  Scale (keV)

2 P 5 16 18 20 22 24
16 18 0 4 Complex Morlet

4000

Complex Morlet

- = ;
a 4000 50 g - e e 200
g ~ e > 2000 0
22000 - 0 E S T2 < -200
o - 3 23 i . .
@ - 16 18 20 22 24
= Semblance
— 3 4000 = 1
3 =3
£ o 2000
©
3 8
2]
- = 4000
3 <
g 3 2000
<Q I
s @
[2]

Excitation Energy (MeV)
Excitation Energy (MeV)

Figure 4. Same as Fig. 2 but for IVGDR

. . 28 .
Figure 3. Same as Fig. 1 but for 51, and ISGQR experimental data for 27Al.

Hence, the present qualitative results underline the relevance of studies of the fine structure of
giant resonances as a tool for an improved understanding of collective modes and their decay. At
the same time, the role of Landau fragmentation, escape width and spreading width associated
with the damping of the giant resonances in light nuclei have been shown to be significant, based
on the established theoretical calculations (see References).
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