
DOI 10.1140/epja/i2018-12664-5

Regular Article – Experimental Physics

Eur. Phys. J. A (2018) 54: 234 THE EUROPEAN
PHYSICAL JOURNAL A

Studies of the Giant Dipole Resonance in 27Al, 40Ca, 56Fe, 58Ni
and 208Pb with high energy-resolution inelastic proton scattering
under 0◦

M. Jingo1,2, E.Z. Buthelezi3, J. Carter1, G.R.J. Cooper4, R.W. Fearick5, S.V. Förtsch3, C.O. Kureba1,
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Abstract. A survey of the fine structure of the Isovector Giant Dipole Resonance (IVGDR) was performed,
using the recently commissioned Zero-degree Facility of the K600 magnetic spectrometer at iThemba LABS.
Inelastic proton scattering at an incident energy of 200MeV was measured on 27Al, 40Ca, 56Fe, 58Ni and
208Pb. A high energy-resolution (ΔE � 40 keV FWHM) could be achieved after utilising faint-beam
and dispersion-matching techniques. A considerable fine structure is observed in the energy region of the
IVGDR and characteristic energy scales are extracted from the experimental data by means of a wavelet
analysis. The comparison with Quasiparticle-Phonon Model (QPM) calculations provides insight into the
relevance of different giant resonance decay mechanisms. Photoabsorption cross sections derived from the
data assuming a dominance of relativistic Coulomb excitation are in fair agreement with previous work
using real photons.

1 Introduction

Spectroscopy of charged-particle induced reactions pro-
vides a potentially rich source of nuclear structure infor-
mation, and extensive studies have been performed, e.g.,
with electrons and protons up to heavy ions as probes.
The use of magnetic spectrometers in nuclear structure
studies brought tremendous improvement in the analy-
sis of nuclear reaction products due to their high resolu-
tion capabilities. Spectroscopy with magnetic spectrom-
eters offers several advantages compared to other detec-
tion techniques using gas-ionisation, semi-conductors or
scintillation detectors. Among these is the strong selec-
tion of the reaction products based on their mass-over-
charge ratio which results in the reduction of background
in the spectra. This enables the detection of the reaction
products at very forward scattering angles with magnetic
spectrometers.

a e-mail: vnc@ikp.tu-darmstadt.de

The interest in studies at 0◦ is triggered by the ex-
treme selectivity of the reactions to low angular momen-
tum transfer. As an example, using a combination of 0◦
cross sections with high energy-resolution, a detailed un-
derstanding of the Gamow-Teller (GT) mode in nuclei
has been reached [1]. At the Research Center for Nuclear
Physics (RCNP) in Osaka, Japan, the (3He,t) reaction
was established as a tool for the determination of GT−
strength with isospin T = T0 − 1, where T0 is the ground
state isospin of the target nucleus, reaching typical en-
ergy resolutions ΔE ≈ 30 keV (FWHM) in light- [2] and
≈ 50 keV in heavy-mass nuclei [3]. At the Kernfysisch Ver-
sneller Instituut (KVI), Groningen, Netherlands, similar
success was also achieved with the (d,2He) reaction as a
measure of GT+ strength from (n,p)-type reactions [4].

Inelastic proton scattering has been investigated as a
probe in the early days of giant resonance studies (see,
e.g., refs. [5,6] and references therein). This work con-
tributed to establishing the systematics of the Isoscalar
Giant Monopole Resonance (ISGMR) and Isoscalar Giant
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Quadrupole Resonace (ISGQR), but later α scattering was
preferred for the investigation of these modes because of
its selectivity to isoscalar excitations. Recently, inelastic
proton scattering at 0◦ and incident beam energies of a few
hundred MeV has been used to probe the IVGDR utilizing
the dominance of Coulomb excitation in these kinematics.
However, such an experiment presents an experimental
challenge due to the very small magnetic rigidity differ-
ence between the incident and scattered particles. Conse-
quently, these measurements are known to be extremely
sensitive to beam halo and background from atomic small-
angle scattering in the target since the primary beam ex-
its the spectrometer very close to the position of the fo-
cal plane detectors. Historically, (p,p′) measurements un-
der 0◦ at intermediate beam energies (100–300MeV) with
reasonably low background have been successfully carried
out only at two places, namely the RCNP [7] and the Indi-
ana University Cyclotron Facility (IUCF) in Bloomington,
Indiana, USA [8]. However, such measurements can now
also be carried out at the iThemba Laboratory for Accel-
erator Based Sciences (iThemba LABS) near Cape Town,
South Africa [9]. Here, we report the results of a proof-of-
principle study of 0◦ (p,p′) scattering at iThemba LABS
covering nuclei over a wide mass range performed to assess
the capabilities and limitations of the newly commissioned
Zero-degree Facility.

Although originally motivated by the possibility to
study the spin-M1 strength in nuclei [10–14], an im-
portant aspect of carrying out experiments such as the
ones reported here is the possibility to extract the com-
plete electric dipole (E1) strength distribution (excited via
relativistic Coulomb excitation) from excitation energies
starting well below neutron threshold across the excitation
region of the IVGDR [15–20]. This allows an extraction of
the nuclear dipole polarizability, which provides impor-
tant information on the neutron skin thickness of nuclei
and the density dependence of the symmetry energy [21].

The power of forward-angle inelastic proton scat-
tering at energies of several 100MeV, in particular if
combined with dispersion-matching techniques enabling
high energy-resolution, was demonstrated for the refer-
ence case of 208Pb [15,16]. In this case, the E1 strength
is well known through studies of the 208Pb(γ, γ′) [22]
and photoabsorption reactions [23,24]. Historically, dipole
strengths were studied by combining data from different
reactions such as (γ,xn) and (γ, γ′), or particle-γ coin-
cidence reactions such as (3He,3He′γ). However, (γ,xn)
measurements are restricted to the energy region above
the neutron-separation energy (Sn), while (γ, γ′) reactions
yield data for low excitation energies roughly up to the
neutron threshold and potentially large corrections due to
branching ratios to excited states have to be applied [25].
However, in (p,p′) scattering at small scattering angles in-
cluding 0◦, the investigation is independent of this prob-
lem and the E1 response can be probed both above and
below the neutron-separation energy on the same footing.

Another interesting phenomenon that can be studied
in such experiments is that of fine structure in the exci-
tation region of the IVGDR. Pioneering work on the fine

structure of giant resonances was reported a long time ago
in high energy-resolution (ΔE � 50 keV) electron scat-
tering experiments at the DALINAC [26,27], where the
Isoscalar Giant Quadrupole Resonance (ISGQR) in 208Pb
was investigated. The same structures were later seen in
high resolution proton scattering experiments [28] and a
survey over a wide nuclear mass-range demonstrated that
the fine structure is not specific to 208Pb but generally ap-
pears in even-even nuclei [29,30]. Moreover, fine structure
has been observed in many other types of giant resonances
such as the IVGDR [31,32], the Magnetic Quadrupole Res-
onance [33] and the GT mode [3], establishing it as a gen-
eral phenomenon in nuclei.

The nuclear giant resonance width Γ is determined
mainly by three different mechanisms which can all
cause fine structure: fragmentation of the elementary one
particle-one hole (1p-1h) excitations with an average en-
ergy ΔE (Landau damping), direct particle decay out of
the continuum (escape width Γ ↑), and statistical particle
decay due to coupling to two (2p-2h) and many particle-
many hole (np-nh) states (spreading width Γ ↓)

Γ = ΔE + Γ ↑ +Γ ↓ . (1)

Recently, it has been demonstrated that the wavelet
method is a successful tool shown for the quantitative
analysis of the fine structure observed in the spectra [3,
29]. It was shown that the experimental observation of
fine structure of the ISGQR in medium- and heavy-mass
nuclei is related to the coupling between low-energy col-
lective states and more complex two-particle two-hole (2p-
2h) states, while in lighter-mass nuclei also Landau damp-
ing seems to be important [34]. A recent study of the fine
strucure of the IVGDR in 208Pb indicates that again Lan-
dau damping is most important [32].

One purpose of the present study is to extend the sys-
tematics of the fine structure in the case of the IVGDR,
which may be considered the archetype of giant resonances
in nuclei. This is made possible by the advent of the K600
magnetic spectrometer Zero-degree Facility of iThemba
LABS using high energy-resolution inelastic proton scat-
tering at Ep = 200MeV. Due to beam line constraints,
scattering angle discrimination is not possible at 0◦, and
measurements at finite angle and polarisation measure-
ments are presently not available. Thus a decomposition
from other contributions expected in the data like the
spin-flip M1 resonance, the ISGMR and the ISGQR as
performed, e.g., in refs. [16,17] is not possible. However,
relativistic Coulomb excitation of non-splin-flip E1 transi-
tions dominates the cross sections close to 0◦. A follow-up
experiment on the chain of stable Nd isotopes [35] demon-
strated that the ISGMR and ISGQR cross sections are
small (less than 10% extrapolated to the lighter targets
investigated in the present paper). The spin-flip M1 res-
onance is well known in sd- and fp-shell nuclei [10] and
also in 208Pb [13] and lies at excitation energies well below
the IVGDR. The main background in the spectra stems
from quasi-free scattering, which is approximated by a
phenomenological approach as discussed below.

Albeit being the best studied case experimentally
and theoretically, many open questions remain in our
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understanding of the IVGDR [36]. In particular, the ob-
served resonance widths as a function of mass number
show strong fluctuations which have never been fully ex-
plained on a microscopic basis [37]. An in-depth analysis of
the fine structure can certainly add new and independent
information to this problem and permits stringent tests of
the available microscopic theoretical models. Therefore, a
systematic study of light- to heavy-mass nuclei was un-
dertaken.

2 Experiments

The experiments were carried out with a 200MeV pro-
ton beam produced by the Separated Sector Cyclotron
(SSC) at iThemba LABS. The protons were scattered in-
elastically off targets within a wide mass-range, namely
27Al, 40Ca, 56Fe, 58Ni and 208Pb. Highly enriched (> 95%)
targets with typical areal densities of 1–3mg/cm2 were
used. In the case of 40Ca the target material consisted of
natural calcium (97% 40Ca). Scattered protons were mo-
mentum analysed with the K600 magnetic spectrometer,
which was placed at 0◦ and covered laboratory scattering
angles θlab ≤ 1.91◦. The experimental kinematics favours
excitation of dipole modes by relativistic Coulomb exci-
tation (E1) and ΔL = 0 spin-flip (M1) transitions [15,
16]. Dispersion-matching techniques were used in order
to exploit the high energy-resolution capability of the
spectrometer. Energy resolutions of ΔE � 40–50 keV
(FWHM) were achieved. The focal plane detector system
consisted of two Vertical Drift Chambers (VDCs) and a
pair of rectangular plastic scintillation detectors behind
them. Details on the experimental setup and data reduc-
tion beyond the description provided in this section can
be found in refs. [9,38].

2.1 Particle identification

Particle identification relies on the combination of knowl-
edge of the accepted rigidity range in the focal plane (de-
termined by the magnetic field), the energy loss of the
particle in the plastic scintillators, as well as the Time
of Flight (TOF) of the particle in the spectrometer. For
0◦ inelastic proton scattering experiments PID techniques
are especially important to help distinguish between pro-
tons scattered from the target and beam halo events.
The characteristics of the energy loss and TOF of events
caused purely by beam halo can be determined by an
empty target measurement. The result of such a mea-
surement is shown in the scatterplot in the top panel of
fig. 1. The TOF is determinated by measuring the time
elapsed between a coincident scintillator signal and the
radio-frequency signal from the SSC, and as such repre-
sents a relative measurement of the TOF.

The middle panel in fig. 1 illustrates the energy loss
and TOF characteristics associated with events from a
56Fe target. It is clear that the majority of background
events can be distinguished from target-related events.
The instrumental background can be suppressed by an

Fig. 1. Background in the (p,p′) reaction at Ep = 200 MeV
and θlab = 0◦–1.91◦. Top panel: two-dimensional scatterplot
showing the locus of the pulse height of the first scintillator
caused by beam halo versus TOF. Middle panel: Same for a
56Fe target. The right locus (dashed black circle) represents
beam halo events, and the left locus (dashed red circle) rep-
resents protons scattered from the target. Bottom panel: two-
dimensional scatterplot of TOF versus horizontal focal posi-
tion (xfp) showing loci of the inelastically scattered protons
and beam halo as well as other instrumental background. The
dashed black curve represents the two-dimensional gate used
in the further analysis to identify events due to the (p,p′) re-
action.

appropriate software gate on the target related events.
This can be further improved by selecting the appropriate
events (i.e., inelastically scattered protons) in the scatter-
plot of TOF versus focal plane position (xfp) as indicated
in the bottom panel of fig. 1.

2.2 Subtraction of background

Because of the extreme forward scattering angles of the
measurement the dominant source of physical background
is small-angle (Coulomb) scattering in the target. There-
fore, the spectrometer was operated in a vertical focus
mode, where the protons of interest are focused around
the vertical focal plane postion (yfp = 0), while the
background and remaining beam halo events are ex-
pected to be evenly distributed in the vertical direction.



Page 4 of 14 Eur. Phys. J. A (2018) 54: 234

Fig. 2. (a) Two-dimensional scatterplot of focal-plane positions (xfp, yfp). (b) Projection of the events on the yfp axis with a
central gate containing the sum of true and background events and two outer gates representing background events only. The
width of the central peak is given by the sum of regions, Δy1 and Δy2, hence, the total background y3 = Δy1 + Δy2. (c)
Projection on the xfp axis. The black spectrum corresponds to the central gate and the green and red spectra to the background
gates. The blue spectrum is the sum of the two background gates.

A two-dimensional scatterplot of horizontal (xfp) and ver-
tical (yfp) coordinates in the focal plane for proton in-
elastic scattering of 56Fe at Ep = 200MeV is displayed
in fig. 2(a). A projection on the vertical axis (fig. 2(b))
shows an enhancement of events around yfp = 0 on top
of an approximately constant background. Gates for two
background regions above and below the peak at yfp = 0
are indicated. Projection onto the horizontal axis for the
central region and two backgrounds regions are shown as
black, red and green lines, respectively, in fig. 2(c). The
good agreement between the red and green spectra jus-
tifies the assumption that the background distribution is
independent from the position in the non-dispersive di-
rection. The blue spectrum in fig. 2 represents the sum of
both background regions.

A background-subtracted spectrum is shown in fig. 3
for the example of the 56Fe(p,p′) reaction. Note that the
position in the dispersive focal plane increases with the
momentum of the scattered particle, i.e. excitation energy
increases with decreasing xfp.

2.3 Lineshape correction

Owing to the kinematics of the reaction, particles emerg-
ing from the target at the same excitation energy of the
residual nucleus but at different reaction angles have dif-
ferent momenta. This, together with optical aberrations
of the K600 spectrometer, can influence the energy reso-
lution if the angular acceptance is large (as in the present
case). Experimentally, coils providing higher-order mag-
netic fields are adjusted in the spectrometer dipole to

Fig. 3. Background-subtracted spectrum of the 56Fe(p,p′) re-
action applying the gates shown in fig. 2. Note that excitation
energy in 56Fe increases with decreasing xfp.

minimise these effects. The left-hand side (l.h.s.) of fig. 4
shows the effects of kinematics and aberrations on the en-
ergy spectra of the present experiment for the example of
the well-known, strong transition populating the 1+ state
at 10.319MeV in 40Ca [39]. A dependence of the focal-
plane position xfp on the scattering angle is clearly visible
which leads to a broadening in the energy spectrum (the
projection on the xfp axis) shown in the lower plot leading
to a typical resolution of 80 keV (FWHM). This effect was
removed with a lineshape correction by adding a fourth-
order polynomial function of θscat to the original xfp value
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Fig. 4. L.h.s.: two-dimensional scatterplot of θscat versus xfp

around the peak at 10.319 MeV strongly populated in the
40Ca(p,p′) reaction (top) and projection on the dispersive focal
plane (bottom). R.h.s.: same after application of the lineshape
corrections, eqs. (2), (3).

until the curvatures were removed

xfpcorr = xfp −
4∑

n=0

Cnθn
scat. (2)

The constants Cn were allowed to vary along the dis-
persive focal plane position (xfp) as a polynomial of second
order

Cn =
2∑

i=0

aixfp
i. (3)

Here, the parameters were determined by a least-squares
fit to a set of known transitions in 12C and 27Al. For
further details see ref. [9]. The right-hand side (r.h.s.) of
fig. 4 demonstrates the effect of the lineshape correction.
The energy resolution is considerably improved to 45 keV
(FWHM).

2.4 Resulting spectra

The spectra resulting from the procedures described above
were converted to double differential cross sections. These
differential cross sections are displayed in fig. 5 with de-
creasing mass number from top to bottom. The maximum
of the prominent bump visible in all data follows the sys-
tematics of the IVGDR [36]

EC = 31.2A−1/3 + 20.6A−1/6, (4)

except for 27Al. However, the IVGDR in light-mass nuclei
is known to be extremely fragmented [40] so that part of
the E1 strength is likely to be outside the momentum ac-
ceptance of the spectrometer. Pronounced fine structure is
visible over the excitation energy region of the IVGDR in

Fig. 5. Experimental double differential cross sections for the
(from top to bottom) 208Pb, 58Ni, 56Fe, 40Ca, 27Al(p,p′) reac-
tions at Ep = 200MeV and scattering angles θlab = 0◦–1.91◦.
The red arrows show locations of the IVGDR across the spec-
tra.

all nuclei investigated, thus confirming the global charac-
ter of this phenomenon. The overall cross sections decrease
considerably with atomic number indicating that they are
dominated by Coulomb excitation.

3 Spectrum decomposition and
photoabsorption cross sections

In this section we discuss an attempt to decompose the
spectra into the contributions from the Coulomb and nu-
clear interactions. A method to convert the double differ-
ential cross sections due to Coulomb excitation into equiv-
alent photoabsorption cross sections is presented. This al-
lows to determine phenomenologically the nuclear back-
ground, whose parameters are adjusted by comparison to
photoabsorption data.

3.1 Nuclear background

Because of the selectivity at extreme-forward scattering
angles, the background can be approximated by two major
sources, i) the ISGQR component with a resonance energy
given by Ex = 63A−1/3 MeV [36] placing it underneath
the IVGDR and ii) a component rising towards higher ex-
citation energies. The contributions from the ISGQR can



Page 6 of 14 Eur. Phys. J. A (2018) 54: 234

be parameterised assuming a modified Lorentzian shape
(see, e.g., ref. [41])

σ(E) ∝ Γ 2
RE2

(E2 − E2
R)2 + Γ 2

RE2
, (5)

where ER is the resonance centroid energy and ΓR is the
resonance half-width. The second background component
ii) may contain contributions from quasi-free scattering
and the excitation of low angular-momentum modes at
higher excitation energies such as the IVGQR or the spin-
dipole resonance. In order to reduce the number of param-
eters, component ii) was also assumed to be of the form
given by eq. (5), and the peak energies were taken from
the systematics [36] of the ISGQR and IVGQR, respec-
tively, while the widths and maximum cross sections were
adjusted such that the spectrum converted to equivalent
photoabsorption cross sections assuming Coulomb excita-
tion reproduced photoabsorption data.

It should be noted that in the mass region investigated
27 ≤ A ≤ 58 the strength distribution of the Isoscalar
Giant Monopole Resonance (ISGMR) strongly overlaps
that of the ISGQR and only a fraction of E0 EWSR is
present [36]. In addition, as for the (p,p′) experiment, at
scattering angles close to 0◦ the cross section is dominated
by the IVGDR and scaling from DWBA L = 0, 2 calcula-
tions (cf. ref. [35]) limits the E0/E2 contribution to less
than 10% of the IVGDR. In the case of 208Pb, the IS-
GMR moves to the top end of the region of excitation of
the IVGDR into component ii) as an additional multipole
contribution.

Figure 6 illustrates the resulting background contribu-
tions for the examples of 208Pb and 56Fe. The ISGQR com-
ponent corresponds to a fraction of the cross section that
agrees well with DWBA calculations assuming exhaustion
of the energy-weighted sum rule (EWSR). For 208Pb, the
present data can be compared with a similar measurement
at a higher incident proton energy of 295MeV [15,16,32].
There, the phenomenological background could be deter-
mined from a multipole decomposition based on angular
distributions. This phenomenological component also con-
tains a contribution from quasi-free scattering [19]. The
resulting background is very similar in shape and magni-
tude to the one shown in fig. 1 of ref. [32], in agreement
with an expected approximate constancy of the nuclear
cross sections as a function of incident proton energy.
The prominent transitions on the low-energy tail of the
IVGDR in 56Fe are likely of M11 character with isospin
T = Tg.s. + 1 [42]. Their long lifetime results from isospin
symmetry which inhibits the usually dominant neutron
decay channel.

3.2 Equivalent photon method

In order to compare the previously published total pho-
toabsorption data with the present measured results, there
is a need to convert the measured (p,p′) cross sections
into equivalent photoabsorption cross sections [43]. Ac-
cording to the equivalent photon method, the excitation

Fig. 6. Top panel: background contributions to the excitation-
energy spectrum of the 208Pb(p,p′) reaction in the IVGDR
region by E2 cross sections (green dash-dotted curve) and a
phenomenological background (blue dashed curve) and their
sum (full red curve). Bottom panel: same for 56Fe. Candidates
of M1 transitions [42] are indicated by blue arrows.

of the target nucleus can be described as the absorption
of equivalent photons whose spectrum is determined by
the Fourier transform of the time-dependent electromag-
netic field generated by the projectile [44]. The method is
used to calculate the equivalent photon numbers for E1
multipolarity of the virtual radiation. The virtual E1 pho-
ton spectrum [43] for each target was calculated using the
Eikonal approximation [45] and averaged over the angular
acceptance of the detector. The equivalent photoabsorp-
tion spectrum was obtained using the equation

d2σ

dΩdEγ
=

1
Eγ

dNE1

dΩdEγ
σπλ

γ (Eγ). (6)

The resulting E1 virtual photon numbers for the various
targets are shown in fig. 7.

3.3 Comparison to total photoabsorption
measurements

After the subtraction of the nuclear background compo-
nents described in sect. 3.1, all spectra were converted
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Fig. 7. Total number of virtual photons for the E1 multipolar-
ity, as created by a proton passing by the experimental targets
at an incident energy of Ep = 200MeV. 56Fe is not shown as
it gives an almost identical result to 58Ni.

Fig. 8. Coulomb excitation cross sections in the (top to bot-
tom) 208Pb, 58Ni, 56Fe, 40Ca, 27Al(p,p′) reactions at Ep =
200 MeV and θlab = 0◦ − 1.91◦.

from Coulomb excitation to photabsorption cross sections
with the procedure discussed above (see fig. 8). These
spectra equivalent to the E1 response spectra better rep-
resent the IVGDR in terms of position and width than the
spectra of fig. 5.

Fig. 9. Top to bottom panels: equivalent photoabsorption
cross sections obtained in the present work at Ep = 200 MeV
for 208Pb (blue histogram) in comparison to σ(γ,abs) data
from [23,24] (green squares) and RCNP work at Ep =
295 MeV [15] (red circles). Same for 58Ni in comparison to
ref. [46], 56Fe in comparison to ref. [47], 40Ca and 27Al in com-
parison to ref. [48] (green squares).

In order to obtain equivalent photoabsorption spectra,
one needs to multiply the equivalent E1 response in each
energy bin with the energy

σi→f =
∑

πλ

∫
nπλ(Eγ)σπλ

γ (Eγ)
dEγ

Eγ
, (7)

where the spectrum of photons of multipolarity λ is de-
termined by the equivalent photon number nπλ and the
photoabsorption cross section is given by σπλ

γ .
Figure 9 displays a comparison between the con-

verted (p,p′) equivalent photoabsorption data and pho-
toabsorption measurements for 208Pb [15,23,24], 58Ni [46],
56Fe [47], 40Ca [48] and 27Al [48]. The (p,p′) equivalent
photoabsorption results of the nuclei investigated were
found to be consistent with previously published data.
However, absolute photoabsorption cross sections from the
present experiment have large uncertainties. The present
setup at θlab = 0◦ does not allow for the determination of
accurate vertical scattering angles, thus limiting the angu-
lar resolution (see also refs. [9,35]). Consistency between
the two data sets was achieved by scaling the equivalent
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photoabsorption cross sections to the published data. Nor-
malisation factors 0.6±0.1 were used for all targets, similar
to within uncertainty to those reported in ref. [49] for Nd
and Sm isotopes using the same setup.

While the photoabsorption measurements agree well
amongst each other (see also ref. [15]), the present exper-
iment finds somewhat smaller values at lower excitation
energies for 208Pb. However, the maximum and the higher-
energy tail of the IVGDR are well reproduced quanta-
tively. It should be noted that the 208Pb data set has
limited statistics and due to its high charge Z = 82 the
experimental background from small-angle atomic scatter-
ing in the target was much more severe than for the other
targets. The 58Ni(γ,abs) cross sections [46] are in remark-
able agreement with results deduced from the present data
suggesting that the Eikonal approximation calculation of
eq. (6) is indeed able to reproduce previously published
photoabsorption data. There is also acceptable agreement
for the cases of 40Ca and 27Al, where the results from the
virtual photon method can be compared to the data from
ref. [48].

4 Fine structure of the IVGDR and
characteristic scales

4.1 Wavelet analysis

As discussed in the introduction, the wavelet analysis tech-
nique has been used extensively for the extraction of char-
acteristic energy scales from the fine structure of giant res-
onances. The wavelet transform is a flexible tool particu-
larly useful for the analysis of transients, aperiodicity and
other non-stationary signal features. It is classified into
two types: the Continuous Wavelet Transform (CWT) and
the Discrete Wavelet Transform (DWT). The two wavelet
transforms have one common use, they can be utilised in
the representation of continuous position spectra. In gen-
eral, the CWT can be applied over every possible scale
and translation while on the other hand, the DWT is ap-
plicable only on a specific subset of scale and translation
values or representation grid.

In the present case, energy spectra of nuclear giant
resonances are analysed. The coefficients of the wavelet
transform are defined as [50]

C(δE,Ex) =
1√
δE

∫
σ(E)Ψ∗

(
Ex − E

δE

)
dE, (8)

where the coefficients depend on two parameters, the scale
δE stretching and compressing the wavelet Ψ(E), and the
position Ex shifting the wavelet in the spectrum σ(E).
The analysis of the fine structure of giant resonances is
performed using the CWT, where the fit procedure can
be adjusted to the required precision. Applications of the
CWT to high energy-resolution nuclear spectra of giant
resonances are described in refs. [29,30,32,34,51–53]. Fur-
ther details and a comparison with other techniques for
the analysis of fine structure in nuclear giant resonances
can be found in ref. [54].

In order to achieve an optimum representation of the
signal using wavelet transformation, one has to select a
wavelet function Ψ which resembles the properties of the
studied signal σ. A maximum of the wavelet coefficients at
a certain value of δE indicates a correlation in the signal
at the given scale, called characteristic scale. The best res-
olution for nuclear spectra is obtained with the so-called
Morlet wavelet (cf. fig. 9 in ref. [54]) because the detector
response is typically close to the Gaussian line shape and
the Morlet wavelet is a product of Gaussian and cosine
functions. It takes the form

Ψ(x) =
1

π
1
4

cos(ikx) exp
(
−x2

2

)
, (9)

being evaluated for each scale δE and position Ex, with
the parameter k weighing the resolution in scales versus
the resolution in localisation. In order to satisfy the ad-
missibility conditions k � 5 must be fulfilled [55]. In this
present analysis the complex Morlet Mother wavelet [56]
was used.

4.2 Application to the (p,p′) spectra

The application of the CWT to the present experimental
results in the excitation energy region of the IVGDR is il-
lustrated for the example of 56Fe in fig. 10. The top-right
panel represents the equivalent photoabsorption spectrum
and the bottom-right panel displays the corresponding
wavelet coefficients for an energy-scale region up to 4MeV.
The colour indicates the magnitude of the wavelet coeffi-
cients for a given excitation energy and scale, with blue
showing regions of smallest values of the wavelet coeffi-
cients, while red represents maximum values. Power spec-
tra, for generally better visibility of energy scales, were
obtained by taking the square root (at each value of scale)
of the usual sum of the squared modulus of the complex
CWT coefficients over the excitation energy range of the
IVGDR indicated by the vertical dashed blue-lines (see
the bottom left-hand side of fig. 10). Clearly visible char-
acteristic energy scales are indicated by red arrows.

In order to interpret these energy scales, the equivalent
photoabsorption cross sections are compared to QPM cal-
culations. The QPM has been extremely successful in the
description of collective modes at low and high excitation
energies (see e.g. refs. [57–60]) including the IVGDR [22].
Calculations for the IVGDR have been performed on the
basis of interacting one- and two-phonon configurations.
The two-phonon configurations were made up of phonons
of spin-parity values Jπ = 1±−9±. They were cut at about
4–5MeV above the centroid energy of the IVGDR. The
single-particle basis in QPM calculations is rather com-
plete and includes all mean-field levels from 1s1/2 to quasi-
bound levels in the continuum. For this reason, no effec-
tive charges are needed as e.g. in shell-model calculations.
However, a correction is necessary to remove the center-
of-mass-motion leading to effective charges eN = −Z/A
and eZ = N/A.

Results of the wavelet analysis on QPM E1 strength
distributions for the 56Fe nucleus are presented in fig. 11.
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Fig. 10. R.h.s.: CWT analysis of the equivalent photoabsorption spectrum of the 56Fe nucleus. L.h.s.: the power spectrum
representing the region 14 ≤ Ex ≤ 24 MeV. The CWT plot (r.h.s.) displays a wavelet scale which is equivalent to the Fourier
scale (l.h.s.).

Fig. 11. Same as fig. 10, but for the QPM calulation of the IVGDR in 56Fe described in the text.

Indeed, the coupling to two-phonon states leads to a
strong fragmentation, as demonstrated below, which re-
sembles the width of the resonance. The power spectrum
again shows characteristic maxima to be compared with
experiment. They also display a continuous increase with
scale value. However, this is a trivial effect due to the large
overlap of the wavelet function with the broad resonance
structure in the integral of eq. (8).

4.3 Characteristic energy scales of 40Ca, 56Fe, 58Ni and
208Pb

Figures 12–14 summarise the results of the CWT analysis
for 40Ca, 56Fe and 58Ni. Their left-hand sides show the
experimental and theoretical photoabsorption cross sec-
tions and their right-hand sides the corresponding power
spectra. Two types of calculations are presented, viz. on
the level of 1-phonon configurations (labelled RPA) and
(1+2)-phonon configurations as described above (labelled
QPM). Clearly, fragmentation of the IVGDR is already
present at the RPA level. Typically, a distribution into 2

or 3 major and a number of smaller fragments is observed
for these fp-shell nuclei.

The power spectra are summed over the excitation en-
ergy region 14 ≤ Ex ≤ 24MeV covering the IVGDR. The
theoretical results display increasing power up to scales
of 4MeV in correspondence with the experimental results
but fail to reproduce the further increase to even higher
scales. This is due to the limitations of the model, which
presently does not include all mechanisms contributing to
the total decay width. In particular, direct continuum de-
cay and contributions due to complex states beyond the
2-phonon level are missing.

The spacings between the main fragments lead to pro-
nounced power maxima in the RPA results at scales be-
tween about 0.5MeV and 2MeV. Inclusion of 2-phonon
states considerably modifies the power spectra. Most no-
tably, characteristic scales appear at smaller values be-
tween about 100 and 300 keV. At larger scale values the
number of maxima are reduced compared to RPA under-
lining that a realistic description of fine structure has to
go beyond the 1p-1h level.
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Fig. 12. Left: equivalent photoabsorption spectrum of 40Ca (a) in comparison with QPM predictions in (1+2)-phonon (b) and
1-phonon (c) model spaces. Right: power spectra from the CWT analysis integrated over the energy region 14 ≤ Ex ≤ 24MeV.
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Fig. 13. Same as fig. 12, but for 56Fe.
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Fig. 14. Same as fig. 12, but for 58Ni.
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Fig. 15. Same as fig. 12, but for 208Pb and power spectra from the CWT analysis integrated over the energy region 12 ≤ Ex ≤
16 MeV.

Table 1. Characteristic energy scales extracted with the CWT
analysis from the investigated nuclei.

Class I Class II Class III
< 300 keV 300–1000 keV > 1000 keV

40Ca

Exp. – 280 – 600 – – 2000
QPM – 190 440 – – – 2000
RPA – – 440 610 – 1300 –
56Fe

Exp. – 250 400 640 – 1500 3200
QPM – 250 – 600 – – 2300
RPA – – – – 840 1800 –
58Ni

Exp. – 200 – 460 850 1600 –
QPM – 120 350 – – 1600 –
RPA – – 350 – 660 1100 2000
208Pb

Exp. – 130 310 – 670 – 3600
[32] 160 260 440 860 1280 1920 3500

QPM – 170 – – 710 – 3600
RPA – – 310 530 860 1900 –

Table 1 summarises the characteristic scales from ex-
periment and calculations indicated by arrows in figs. 12–
14. These are grouped in different Classes with scales
< 300 keV for Class I, 300–1000 keV for Class II and values
> 1MeV for Class III. The latter are large scales associ-
ated with the overall spread of the strength distributions
while Class II are related to both fragmentation on the
1p-1h level and coupling to more complex states. Class I
states can be directly related to the coupling to 2-phonon
states. We note that the choice 300 keV and 2MeV as bor-
ders to distinguish between the different classes is some-
what arbitrary. The values were chosen to facilitate easy
comparison to previous studies of the IVGDR in 208Pb [32]
and of the ISGQR in many nuclei [29,30].

It should be noted that in a previous work [54] this
group examined in great detail the extraction of scales in
CWT analysis. The present use of the Complex Morlet
Mother Wavelet leads directly to the equivalent Fourier
scale, the well-known “lengthlike” scale (use of the Morlet
Mother Wavelet requires division of scale by 0.83 to obtain
the equivalent Fourier scale). Conversion of a “widthlike”
scale, equivalent to the width of a Lorentzian, used in some
of the previous work can be achieved by multiplying that
scale by a factor of two to obtain the Fourier scale. As
such for uniformity, the values given in table 1 are Fourier
scales.

The appearance of Class I scales can be directly related
to the spreading width. Although we have no direct proof,
the variation of scale values for the different nuclides indi-
cates that coupling to low-lying collective vibrations [61],
is the relevant mechanism rather than an average coupling
strength between 1p-1h and 2p-2h states. This mechanism
has been identified as major source of scales in case of
the ISGQR in medium- to heavy-mass nuclei [29,30]. For
Class II scales the variation of scale values is even more
pronounced. This might be connected to the coupling to
low-lying surface vibrations, whose properties change from
nucleus to nucleus. On the other hand, the comparison of
RPA and QPM results demonstrates that Landau frag-
mentation is present and influences the distribution of
strength. The situation is similar to studies of fine struc-
ture of the GQR in lighter-mass nuclei [34,52], whose in-
terpretation required the same type of interplay. The re-
production of larger scales (Class III) by the QPM is quite
good for 40Ca and 58Ni. In 56Fe, two experimental scales
above 1MeV are found, while the QPM predicts a sin-
gle scale only. One possible explanation for this difference
may be the fact that 56Fe is considerably deformed, while
the QPM model assumes a spherical structure. Finally,
we note that the largest scales corresponding to the to-
tal width of the IVGDR could not be extracted with the
present approach because of the limited energy window,
since the minimum requirement of the CWT is at least
two times the value of the scale to identify.
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Finally, we briefly discuss the case of 208Pb (fig. 15).
An experiment similar to the present one, but at a higher
proton energy of 295MeV, has been performed with the
Zero-degree Facility at RCNP [7] and a detailed analysis
of the fine structure of the IVGDR in 208Pb has been
reported in ref. [32]. One should be aware that in the
present proof-of-principle test of the Zero-degree Facility
at iThemba LABS [9] the statistics in the spectrum of
the heaviest-mass nucleus studied (208Pb) was rather poor
with corresponding limitations of a CWT analysis. Never-
theless, acceptable agreement with the results of ref. [32]
is achieved if one assumes that the power maxima around
300 and 700 keV each represent in fact two unresolved
scales. At small scales a shallow power maximum is found,
which is not as pronounced as in the data of ref. [32].
This is most likely due to the limited statistics and the
slightly better energy-resolution of the latter data. The
largest scale deduced from both experiments is in good
agreement. It represents the total width of the resonance,
which can be assessed for 208Pb in contrast to the lighter-
mass nuclei discussed above because of the much lower
centroid energy of the IVGDR.

5 Concluding remarks

The present work reports results of a proof-of-principle
study of the (p,p′) reaction at the Zero-degree Facility
of the K600 spectrometer [9] at iThemba LABS cover-
ing a wide mass range of nuclei. At an incident energy
of 200MeV the cross sections are dominated by relativis-
tic Coulomb excitation thus permitting a detailed study
of the IVGDR. After introduction of empirical procedures
to subtract the main contributions from nuclear scattering
(excitation of isoscalar giant resonances, quasi-free scat-
tering) one can extract the photoabsorption cross sections.
Although we are not able at present to extract absolute
values, the shapes of the deduced photoabsorption spec-
tra generally agree well with results using different tech-
niques. This is of particular importance in the light of
the surprising results of a subsequent study of the stable
Nd isotopes representing a transition from spherical nu-
clei to prolate deformed rotors [35]. These experiments,
using the same setup, showed large differences in the en-
ergy distribution compared with a previous (γ, xn) ex-
periment [41]. The good agreement with real-photon in-
duced experiments speaks against specifics of the model-
dependent conversion of Coulomb excitation to photoab-
sorption cross section or other experimental problems as
a source of the discrepancy.

The high energy-resolution achieved by dispersion
matching enables investigations of the fine structure of
the IVGDR with a wavelet analysis. The comparison with
RPA-based models with different degrees of sophistica-
tion provides an insight into the nature of characteristic
wavelet scales related to the fine structure and in turn to
competing mechanisms of giant resonance decay. An in-
depth study of fp-shell nuclei shows the unique presence
of scales due to the coupling to more complex configu-
rations (spreading width), but also an impact on scales

due to Landau fragmentation. Studies of the IVGDR in
heavier-mass nuclei with the (p,p′) reaction at RCNP us-
ing similar techniques demonstrate considerable fragmen-
tation of the 1p-1h strength and corresponding wavelet
scales up to 208Pb [32,62,63]. In deformed nuclei, a dom-
inant source of fine structure is increased fragmentation
of 1p-1h strength driven by α clustering in light-mass nu-
clei [53] and K splitting in heavy-mass nuclei [49], as al-
ready observed for the ISGQR [64]. It should be noted
that the IVGDR fine structure also allows the extraction
of spin- and parity-separated level densities of Jπ = 1−
states which combined with corresponding high energy-
resolution studies of other types of giant resonances [3,33,
29,30] can provide important information on the spin [65]
and parity [66] dependence of level densities. The corre-
sponding results from the present work will be discussed
elsewhere.

To summarise, the present results demonstrate that
inelastic proton scattering at 200MeV and 0◦ is a versa-
tile tool for the study of the electric dipole response with
relevance to nuclear structure, astrophysics and applica-
tions. Further systematic studies including the even-mass
Ca and Sm isotope chains are underway.

We are indebted to J.L. Conradie, D.T. Fourie and the accel-
erator staff at iThemba LABS for providing excellent proton
beams. This work was supported by the National Research
Foundation (South Africa) and by the Deutsche Forschungsge-
meinschaft under contract SFB 1245.
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