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Chapter 6
Results and discussion

In this chapter, the results of the measurements for the elastic scattering and the giant res-
onances states of 56Ni will be presented. The experimental data are processed according
to the methods described in Chapter 4. In a second step, the angular distributions will be
compared with the predictions made within the DWBA approximation. The angular distri-
butions described in this chapter correspond to 56Ni (α, α) 56Ni reaction (elastic scattering)
and 56Ni (α, α’) 56Ni* (inelastic scattering).

6.1 Events in the laboratory frame

The 56Ni beam selection and the geometrical and event-reconstruction selection conditions
for the recoil α-particles are detailed in Chapter 4. The kinetic energies of the recoil α-
particles are plotted versus their laboratory scattering angles (θ) in Fig. 6.1. The solid lines
represent the LISE++ kinematics calculations for 0 MeV (elastic scattering), 2.7 MeV (first
excited state), 16 MeV, 20 MeV and 30 MeV excitation energy of 56Ni.

From Fig. 6.1, it is clear that the high density of counts around the angle of 90◦ corresponds
to the elastic scattering and is much larger than the inelastic ones. From this figure, it can
also be seen that recoil α-particles having energies greater than ∼600 keV can be detected
which sets the detection threshold at 600 keV. It is also to be noted here that due to the un-
certainty in the determination of the laboratory scattering angle, the extension of the elastic
scattering region goes down to around 83◦ in the laboratory frame. This is the region where
the low-lying excited states of 56Ni are situated (see Appendix C), e.g., the first-excited state
(2+ state) of 56Ni, which has an energy of 2.7 MeV [73]. However, the experimental reso-
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CHAPTER 6. RESULTS AND DISCUSSION

Figure 6.1: Two-dimensional plot of kinetic energies versus scattering angles reconstructed for the re-
coil α-particles. The solid lines represent the LISE++ kinematics calculations obtained for
0 MeV(elastic scattering), 2.7 MeV (first excited state), 16 MeV, 20 MeV and 30 MeV excita-
tion energy of 56Ni. Several CM angles are shown on the kinematics lines.

lution is not good enough to separate these states. The events due to elastic scattering and
having energies below 1 MeV have worse resolution as compared to events having energies
greater than 1 MeV. These are due to events having short recoil tracks which are difficult
to reconstruct as they are closer to the beam-passage region. The CM angles from 2◦ to 8◦,
which define the accessible region for certain excitation energies in the phase-space limited
MAYA detector, are also shown. One can also see that, it is impossible to reconstruct events
at 2◦ CM angle because the recoil α-particles have very low energies and/or they barely
come out of the beam region. Events around 8◦ CM angle are also difficult to reconstruct as
they punch through the MAYA volume due to their high energies.

6.1.1 Excitation energy spectrum of 56Ni

Once the kinetic energies and the scattering angles of recoil α-particles are known in the
laboratory frame, it is possible to calculate the excitation energy of 56Ni for each event from
the two-body kinematics. From the conservation of energy and momentum, the excitation
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6.1. EVENTS IN THE LABORATORY FRAME

energy of 56Ni (E∗56 Ni) can be written as:

E∗56 Ni =
√
(Einc + Etarget − Erecoil)2 − (pc)2 −mNi (6.1)

where Einc is the total energy of the incident 56Ni beam particle, Etarget is the rest-mass en-
ergy of the He target, Erecoil is the total energy of the recoil α-particle, p is the momentum of
56Ni after scattering and mNi is the rest-mass energy of 56Ni. In Fig. 6.2, the reconstructed
excitation energy of 56Ni is shown before (left panel) and after (right panel) efficiency cor-
rection.

Figure 6.2: Excitation energy of 56Ni. Left panel: before efficiency correction, right panel: after effi-
ciency correction. The inset in the right panel shows the zoom of the efficiency-corrected
spectrum from 8 MeV to 35 MeV.

The FWHM of the elastic-scattering peak is ∼4.5 MeV. It should be noted that the elastic-
scattering peak is broadened by the presence of the low-lying excited states. The efficiency-
corrected spectrum shows some structures in the region of the giant resonances (see the inset
in the right panel of Fig. 6.2). However, for a clearer identification of these states, one has to
observe the evolution of the excitation energy as a function of the scattering angle. This will
also lead to the reconstruction of the angular distribution and a complete understanding of
the giant resonances.
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CHAPTER 6. RESULTS AND DISCUSSION

6.2 Angular distribution

6.2.1 Normalization

For a given excitation energy interval, the differential cross section for a given CM angle can
be expressed as:

dσ

dΩ
(θCM) =

dN(θCM)

2π sin(θCM)dθCM
× 1

ε Ntarget Nbeam l
(6.2)

where:

• dN(θCM) is the number of events detected at θCM angle for a given energy interval dE.

• ε is the efficiency parameter and is calculated through the procedure described in the
previous chapter.

• Ntarget is the number of target particles in unit volume, i.e., target-particle density. The
target-particle density for 95% He and 5% CF4 at 500 mbar pressure is 1.15×1019/cm3.

• Nbeam is the number of incoming beam particles. Since in our experiment, the dia-
mond detector which acts as a beam stopper was not working, we could not extract any
information from it. However, since wire#17 is parallel to the beam, the scaler, counting
the frequency of events for wire#17, is used to count the number of incoming beam parti-
cles, taking into account the dead time. Furthermore, the incoming beam particles can be
identified by looking into the time-of-flight of particles between the Micro-Channel-Plate-
Analyzer (MCPA) and the plastic scintillator detector (see Fig. 3.3). It is clear from Fig. 4.26,
that the peak in between channel number 4300 and 5800 corresponds to 56Ni. By taking
appropriate ratios of the 56Ni peak and the whole spectrum, the number of incoming beam
particles can further be corrected.

• l is the length of the active area in MAYA. This corresponds to the selection condition
for vertex of interaction (see Fig. 4.28). Furthermore, the length of the active area varies
depending on the extracted excitation energy of 56Ni (see Fig. 5.15).

To obtain the efficiency correction, simulations have been performed and described in Chap-
ter 5. The efficiency correction is performed bin-by-bin with a binning size in θCM of 1◦ and
in excitation energy of 1 MeV. Although our main aim is to obtain the angular distributions
of structures in the giant-resonance region in 56Ni, efforts are also put to obtain the elastic-
scattering cross section. Information on the elastic-scattering cross section can be useful to
obtain a proper normalization which is necessary for the absolute cross sections of the giant-
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6.3. ELASTIC SCATTERING OF 56NI

Figure 6.3: Efficiency plot for elastic scattering of 56Ni. Left panel: before efficiency correction, right
panel: after efficiency correction.

resonance states of 56Ni. This chapter is further divided into two parts: elastic scattering of
56Ni and inelastic scattering of 56Ni.

6.3 Elastic scattering of 56Ni

Elastic scattering is the most favorable process in most of the scattering experiments. Elastic
scattering describes a process where the total kinetic energy of the system is conserved.
Since the first-excited state of 56Ni is at 2.7 MeV, for analysis of elastic scattering, a cut
has been applied to the excitation-energy spectrum of 56Ni which extends from −2 MeV
to 2 MeV taking into account the experimental resolution. Due to favorable statistics, only
for the elastic scattering analysis, the bin size for θCM has been decreased to 0.4◦ and the
bin size for excitation energy to 0.4 MeV. In Fig. 6.3, the θCM angle versus the excitation
energy is shown for elastic scattering before (left panel) and after (right panel) the efficiency
correction. A threshold of efficiency correction greater than 10% has been considered in the
present analysis. Therefore, although there are events below 4◦ and above 8◦ CM angle
before efficiency correction (see the left panel of Fig. 6.3), after efficiency correction (see the
right panel of Fig. 6.3) those events are not considered because of efficiency being lower
than 10%.

From the efficiency-corrected plot, data are projected onto the CM axis and Eqn. 6.2 was
used to obtain the differential cross section. In Fig. 6.4, the angular distribution for elas-
tic scattering of α-particles from 56Ni is shown. The theoretical calculations have been per-
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CHAPTER 6. RESULTS AND DISCUSSION

Figure 6.4: Cross section for elastic α-particle scattering off 56Ni. The dashed line represents the
optical-model calculations performed with the CHUCK3 code. The red points show the
obtained elastic-scattering cross section using Eqn. 6.2. Data, multiplied by a normaliza-
tion factor of 1.3, are shown as blue points (see text).

formed using the CHUCK3 code [59] and the parameters used for optical potential are listed
in Chapter 2.

In Fig. 6.4, the obtained elastic-scattering angular distribution using Eqn. 6.2 is shown by
the red points. The black dashed curve represents the optical-model calculations performed
with the CHUCK3 code. To obtain absolute cross sections for the giant resonances of 56Ni,
we have multiplied the elastic-scattering cross section data by a factor 1.3 to match with the
theoretical prediction for the data points above 6◦ CM angle which correspond to events
having long tracks. These data points, multiplied by 1.3, are shown as blue points.

To obtain the data points (shown in red) in Fig. 6.4 , efficiency factors between 2 to 4 have
been applied to account for track-reconstruction inefficiencies, in particular for short tracks
as well as acceptance corrections for both track types. From Fig. 6.4, it is clear that below 5◦

CM angle, there is a discrepancy between the optical-model calculations and experimental
data. It is due to the fact that for elastic scattering below 5◦ CM angle, the events corre-
spond to the short recoil tracks whose reconstructions are more difficult as they are closer
to the beam-passage region. Furthermore, as can be seen from Fig. 6.1 the events around 4◦

CM angle for the elastic scattering have energies below 1 MeV. The error bars are calculated
taking into account only the statistical fluctuations in the data and errors in the efficiency
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Figure 6.5: Ratio of number of short and long recoil α-particle tracks for elastic scattering.

correction. Above 6◦ CM angle, there is a good agreement with the optical-model calcula-
tion as this angular region corresponds to the long recoil α-particle tracks. There are no data
below 4◦ CM angle and above 8◦ CM angle due to the acceptance of the detector.

In Fig. 6.5, the ratio of the numbers of short and long tracks is shown versus the accessible
CM angle for elastic scattering. Above 6.2◦ CM angle, there are only long recoil tracks. The
ratio is shown for both the simulated events and the data. From this figure, it is clear that the
ratio of the numbers of short and long tracks for simulation are comparable with the data.
Therefore, the efficiency correction obtained from the simulation without distinguishing
long and short tracks is reliable.

6.4 Inelastic scattering of 56Ni: Giant resonances

After track and scattering-angle reconstruction and applying the same filter as mentioned in
Chapter 4, the events are plotted as a function of reconstructed excitation energy of 56Ni and
CM angle. They are shown in Fig. 6.6 before (left panel) and after (right panel) the efficiency
correction. One has to note here that in the analysis of inelastic scattering, the bin size for
θCM axis has been changed to 1◦ and that of the excitation-energy axis to 1 MeV.

From the efficiency-corrected histogram (right panel in Fig. 6.6), it is possible to study the
angular distributions for the giant resonances in two different ways:

99



CHAPTER 6. RESULTS AND DISCUSSION

Figure 6.6: Efficiency plot for all events (elastic and inelastic scattering of 56Ni). Left figure: before
efficiency correction, right figure: after efficiency correction. The bin size in θCM axis is 1◦

and that in excitation energy axis is 1 MeV. Note that the binning sizes are larger than that
are used for elastic scattering as shown in Fig. 6.3.

• The Gaussian peak-fitting method, where the events are considered for a given CM an-
gle interval and data are projected on the excitation energy axis. The peaks in the excitation
energy spectrum are then fitted with Gaussian functions. The areas of the peaks then lead
to the cross sections.

• The Multipole-Decomposition Analysis (MDA), where the events are considered for a
given excitation-energy interval and data are projected on the axis of the CM angle. The
angular distributions of events for each excitation-energy interval are fitted with linear
combinations of theoretical angular distributions for the lowest four multipoles (L = 0, 1,
2, 3). However, before MDA analysis is performed, a background is subtracted from the
excitation-energy spectrum obtained from the Gaussian method.

6.4.1 Gaussian peak-fitting method for 56Ni(α, α’)56Ni* reaction

The excitation-energy spectra have been obtained for several CM angles starting from 3.5◦

CM angle to 8.5◦ CM angle. Below 3◦ CM angle, it is impossible to reconstruct events as
the recoil particles have very low energies and they barely come out of the beam-passage
region. Above 9◦, the recoil particles have high energies and they punch through the MAYA
volume (see Fig. 6.6). The six excitation-energy spectra were fitted with Gaussian peaks and
a continuous background. Fitting of the excitation-energy spectra for all CM angle intervals
was limited to a region between 5 MeV and 35 MeV. Estimation of the background shape
has been done in two different ways as described in the following.
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6.4. INELASTIC SCATTERING OF 56NI: GIANT RESONANCES

Method 1: Fixing of the background shape manually

The shape of the background is fixed manually through the minima of the giant-resonance
region. The shape of the background is chosen in a way such that it incorporates the ex-
tension of the elastic-scattering peak and few low-lying excited states into the inelastic-
scattering region above 5 MeV. After fixing the shape of the background, it is then parame-
terized with a polynomial of order 4 (except for spectra obtained at 3.5◦ and 8.5◦ CM angles
where a polynomial of order 2 has been taken into account). After parameterization with the
polynomial, another scaling parameter has been added to the polynomial. While fitting the
spectra with Gaussian functions along with the background, the shape of the “background”
polynomial is kept fixed while the extra added parameter is kept free which can eventually
determine the height of the background from the total fit (Gaussian peaks and background).

The width of a Gaussian peak is kept free for a CM angle where the corresponding peak is
prominent. After obtaining the width parameter, it is kept fixed for other CM angles where
the corresponding peak height is not pronounced. The centroid of a peak is also kept free
within a window of 2 MeV. This procedure has been applied for all peaks under consider-
ation. However, for the first peak around 8.7 MeV, the width has been fixed to the width
obtained from the interpolation of the FWHM for the long tracks as can been seen from
Fig. 5.14. In Fig. 6.7, the fitted excitation-energy spectra are shown for CM angles 3.5◦ to
8.5◦. For all CM angles shown in Fig. 6.7, the green dashed line is the background which
is fixed manually. The blue dashed line is the parameterized background which is practi-
cally the same as the green-dashed line. An extra parameter is added to this parameterized
background and is kept free for the total fit. The green solid line shows the final background
obtained from the total fit. See the legend in the figure to identify various peaks for different
CM angles.

Method 2: Background shape obtained from fitting of excitation-energy spectra assuming
no giant-resonance structures

In this method, the background shape is not fixed manually but with a polynomial fit of
order 4 (expect for spectra obtained at 3.5◦ and 8.5◦ CM angles where a polynomial of or-
der 2 has been taken into account) to the excitation-energy spectra assuming that there are
no giant-resonance structures. After this fit, the background shape is kept fixed and then
another parameter is added to this polynomial. This extra additive parameter is kept free
during the total fit of the excitation energy spectra with Gaussian peaks. In the same way as
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Figure 6.7: Excitation-energy spectra for different CM angles. The shapes of the backgrounds have
been fixed manually (see text).
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6.4. INELASTIC SCATTERING OF 56NI: GIANT RESONANCES

Figure 6.8: Excitation-energy spectra for different CM angles. The shapes of the backgrounds have
been obtained from the fitting of the spectra assuming no structures of giant resonances
(see text).
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CHAPTER 6. RESULTS AND DISCUSSION

described above, the width of a Gaussian peak is kept free for a CM angle where a peak
is prominent and is kept fixed at the obtained value for all other CM angles where the
corresponding peak height is not pronounced and the centroid parameters of the peaks are
kept free within a window of 2 MeV. In Fig. 6.8, the fitted excitation-energy spectra are
shown for CM angles 3.5◦ to 8.5◦. For all CM angles shown in Fig. 6.8, the green dashed
line is the fitted background on the excitation energy spectra considering that there are no
giant-resonance structures. The green solid line shows the final background obtained from
the total fit. See the legend in the figure to identify the peaks for different CM angles.

From the fits, the centroid and FWHM of each Gaussian peak are obtained for each CM
angle. In both methods of determining the background shape, the reduced χ2 ranges from
0.5 to 1.5. The values of the centroid and FWHM for each peak are averaged over for all CM
angles. These averaged values of the centroid and FWHM for each peak, obtained from the
two different methods of fixing the shape of the background, are listed in Table 6.1.

Centroid FWHM

Method 1 Method 2 Method 1 Method 2

Peak 1 8.7±0.8 MeV 8.7±0.7 MeV 2.1 MeV 2.1 MeV

Peak 2 (L = 2) 11.1±0.4 MeV 11.0±0.5 MeV 2.2±0.8 MeV 2.0±0.3 MeV

Peak 3 (L = 2) 14.4±0.5 MeV 14.4±0.5 MeV 2.0±1.4 MeV 2.2±0.2 MeV

Peak 4 (L = 1) 17.3±0.7 MeV 17.4±0.7 MeV 2.2±0.6 MeV 2.2±0.6 MeV

Peak 5 (L = 0) 19.2±0.6 MeV 19.1±0.5 MeV 2.2±1.1 MeV 2.0±0.3 MeV

Peak 6 22.3±0.8 MeV 22.3±1.0 MeV 2.5±1.1 MeV 2.5±1.4 MeV

Peak 7 25.7±0.5 MeV 25.7±0.5 MeV 2.6±1.4 MeV 2.4±1.3 MeV

Peak 8 28.8±0.9 MeV 28.8±0.7 MeV 2.0±0.9 MeV 1.9±1.1 MeV

Peak 9 33.3±1.2 MeV 33.1±0.7 MeV 3.9±2.4 MeV 2.6±1.3 MeV

Table 6.1: Centroids and FWHM of the fitted peaks with two different methods of background-shape
determination.

From Table 6.1, it is clear that there is not much difference (at least within the error bars)
in the centroid positions and FWHM for the fitted peaks obtained from the two different
methods of determining the shape of the background. For cross-section calculation, area of
the Gaussian peak under consideration is calculated for each CM angle. After proper nor-
malization as described in Eqn. 6.2 and also using the normalization factor of 1.3 obtained
from the elastic scattering angular distribution, it is possible to reconstruct the angular dis-
tribution of the peaks under consideration. Figure 6.9 shows the angular distributions of
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E* = 33.5 MeV, L = 1 

E* = 22.5 MeV, L = 1 

E* = 14.5 MeV, L = 2 

E* = 28.5 MeV, L = 1 E* = 25.5 MeV, L = 1 

E* = 17.5 MeV, L = 1 E* = 19.5 MeV, L = 0 

E* = 11.5 MeV, L = 2 E* = 8.5 MeV, L = 1 
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Figure 6.9: Angular distributions of different Gaussian peaks corresponding to different excitation en-
ergies. The dashed lines are DWBA predictions for the given excitation energy and multi-
pole calculated with the CHUCK3 code. The parameters for the optical potential are given
in Chapter2.

all fitted peaks in the Gaussian peak-fitting method. It is to be noted here again that for
cross-section calculations, the proper lengths of the active area of MAYA have been consid-
ered for each peak according to the energy of the outgoing particle (see Section 5.4). For

105



CHAPTER 6. RESULTS AND DISCUSSION

error calculations, the error of the free parameter of the background has also been taken
into account for each CM angle. The theoretical differential cross sections were calculated
within the DWBA framework using the CHUCK3 code. The parameters used for the optical
potential are listed in Chapter 2. In theoretical calculations, it has been assumed that there is
100% exhaustion of the energy-weighted sum rule (EWSR). In Fig. 6.9, for a given excitation
energy a multipolarity is taken which is the best fit for the obtained angular distribution for
that excitation energy. It is to be noted here that instead of an additive extra parameter in
determining the height of the background, a multiplicative parameter has also been consid-
ered for the background. The results are consistent with the results mentioned here within
the error bars. From Fig. 6.9, it can be seen that below 23 MeV, the angular distributions
are similar to the corresponding theoretical calculations. However, for excitation energies
higher than 23 MeV, multipoles other than the L = 1 mode start contributing. This will be
clarified by MDA analysis in the following.

6.4.2 Multipole-decomposition analysis (MDA) for 56Ni(α, α’)56Ni* reac-
tion

From the Gaussian peak-fitting method, it is clear that the cross sections of different peaks
obtained taking the shape of the background from the second method are systematically
smaller (except for one data point for the L = 1 and L = 2 modes) than those from the first
method (see Fig. 6.9). As seen from the figure, the data points are generally higher than the
theoretical curves (which exhausts 100% of the EWSR) and therefore, for MDA analysis only
the background shape, which is obtained from the fitting of the excitation-energy spectrum
assuming no structures, is considered. Furthermore, due to low statistics, instead of 1 MeV
bin size, 2 MeV bin size in the excitation energy has been considered. After background sub-
traction, the angular distribution for each 2 MeV excitation-energy interval is obtained from
the efficiency-corrected data using Eqn. 6.2. The obtained angular distributions for each
energy interval are also normalized with a factor of 1.3 obtained from the elastic-scattering
angular distribution. The obtained angular distribution for each energy interval, is then
fitted with the following function:

d2σ

dΩ dE
(θCM, E∗)

∣∣∣∣
exp

=
L=3

∑
L=0

aL(E∗)
d2σL

dΩ dE
(θCM, E∗)

∣∣∣∣
theory

(6.3)
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E* = 9 MeV E* = 11 MeV E* = 13 MeV 

E* = 15 MeV E* = 17 MeV E* = 19 MeV 

E* = 21 MeV E* = 23 MeV E* = 25 MeV 

E* = 27 MeV E* = 29 MeV E* = 31 MeV 

E* = 33 MeV E* = 35 MeV 
L = 0 
L = 1 
L = 2 
L = 3 
Fit to the data 

Figure 6.10: Fits to the angular distributions of the 56Ni cross sections for excitation energy ranging
from 9 MeV to 35 MeV with 2 MeV bin size. The theoretical angular distributions are
obtained from DWBA calculations for the given excitation energy and multipole using
the CHUCK3 code [59]. The parameters for the optical potential are given in Chapter2.
For each figure, the contributions of the corresponding multipoles are also given.

where d2σL
dΩ dE (θCM, E∗)

∣∣∣∣
theory

is the angular distribution obtained from a DWBA calculation

for a given excitation energy (E∗) and for multipoles L = 0, 1, 2 and 3. In theoretical calcu-
lations, it has been assumed that there is 100% exhaustion of the EWSR for each multipole.
Figure 6.10 shows the results of the MDA analysis. For each energy interval, the obtained
cross section is fitted with a linear combination of multipoles relevant to the energy interval
under consideration. For example, the monopole mode contributes mainly between 10 MeV

to 25 MeV as can be seen from Refs. [50, 52] for 58Ni. Similarly, the main contribution of
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Figure 6.11: Percentage of EWSR exhausted for monopole (top left panel), dipole (top right panel),
quadrupole (bottom left panel) and octupole (bottom right panel) obtained from MDA of
spectra of inelastic α-particle scattering from 56Ni.

the quadrupole mode ranges from 10 MeV to 18 MeV [50, 52, 53]. The dipole mode is more
or less present throughout the whole excitation energy [50, 52]. The octupole mode starts
contributing above 18 MeV. Since the angular domains in the phase-space limited MAYA
detector are very narrow (from 3◦ upto 9◦ CM angle) the number of the data points in the
obtained angular distributions is around 4 to 6. Therefore, the number of the parameters
in the fits should be limited. Hence, in MDA, the multipoles which are relevant at a given
excitation-energy interval are considered in the fitting instead of considering the contribu-
tions of all multipoles for all excitation-energy intervals. Furthermore, for MDA analysis,
only the excitation energy upto 35 MeV has been considered because the data above 35 MeV
suffer from the low acceptance of the MAYA detector.

The coefficient aL is the fraction of EWSR for a multipolarity L at an excitation energy E∗.
The coefficients for each multipole are plotted as a function of excitation energy of 56Ni and
are shown in Fig. 6.11.

108
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Error bars of the data are the square roots of the quadratic sums of errors due to statistical
fluctuations, errors due to efficiency calculations and errors in the background heights. It
can be noticed from Fig. 6.11 that the quadrupole modes contribute below 17 MeV and
octupole modes contribute above 18 MeV. The dipole mode is more or less everywhere from
10 MeV to 35 MeV with an increase in percentage of EWSR at the higher excitation energies
above 20 MeV. The monopole mode peaks around 19 MeV.

6.5 Discussion

For the first time, the giant resonances in 56Ni have been studied through inelastic α-particle
scattering using an active target. Since the α-particle has zero spin and isospin, predomi-
nantly the electric isoscalar modes are excited. For the following discussion, only the results
from the Gaussian peak-fitting method and the MDA for the background shape obtained
from fitting of the excitation-energy spectra assuming no structures are presented.

Monopole mode, L = 0

Both from the Gaussian peak-fitting method and MDA, the presence of the L = 0 mode has
been established. In Table 6.2, the values of the peak positions and widths for the L = 0
mode obtained from this analysis along with the results obtained for the L = 0 mode from
different reactions involving different isotopes of Ni are summarized.

From Table 6.2, it is clear that both the Gaussian peak-fitting method and MDA results are
consistent in the centroid energy and the width of the L = 0 mode. The peak position of
the monopole mode from this analysis (both Gaussian peak-fitting method and MDA) is
consistent with that obtained from deuteron and α-particle scattering for 56Ni and 58Ni,
respectively, and also with quasi-particle RPA calculations [49]. However, the width of the
monopole mode obtained from this analysis is smaller than what has been observed by
Monrozeau et al. [30]. A similar effect has also been observed by Vandebrouck et al. [54]
from Lorentzian fits of excitation-energy spectra of 68Ni obtained with inelastic α-particle
scattering.

From the centroid value of the monopole mode, it is possible to calculate the nuclear in-
compressibility (KA) for a finite nucleus using Eqn. 2.15. The rms radius (

√
< r2 >) of the

charge distribution for 56Ni can be approximated by that for 58Ni. From the Fermi charge-
distribution model, the rms value of the radius of the charge distribution for 58Ni is given as
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Gaussian fitting MDA Reaction
E* FWHM m1/m0 rms

[MeV] [MeV] [MeV] [MeV]

L = 0 19.1±0.5 2.0±0.3 18.4±1.8 2.0±1.2
56Ni(α,α′)56Ni*

(this work)

L = 0 19.5±0.3 5.2 19.3±0.5 2.3
56Ni(d, d′)56Ni*

[30, 53]

L = 0 18.43±0.15 7.41±0.13 19.2+0.44
−0.19 4.89+1.05

−0.31

58Ni(α,α′)58Ni*
[50]

L = 0 - - 19.9+0.7
−0.8 -

58Ni(α,α′)58Ni*
[52]

L = 0 17.62±0.15 7.55±0.13 18.04+0.35
−0.23 4.5+0.97

−0.22

60Ni(α,α′)60Ni*
[50]

L = 0 21.1±1.9 1.3±1.0 23.4 6.5
68Ni(α,α′)68Ni*

[54]

Table 6.2: Results obtained from the Gaussian peak-fitting method and MDA for the L = 0 mode from
different reactions and for different isotopes of Ni. For the last entry of the table, the peaks
in the excitation-energy spectrum were fitted with Lorentzian functions instead of Gaussian
functions. The rms is the root-mean-square width of the multipole strength as obtained
from MDA. In MDA, the excitation energy of a multipole is defined by the ratio m1/m0. See
Chapter 2 for definitions of m1 and m0.

3.764(10) fm [83]. The value of KA thus obtained from the Gaussian peak-fitting method is
125.1(4.4) MeV whereas from MDA, the value of KA has been calculated as 116.0(11.5) MeV.

Dipole mode, L = 1

From Fig. 6.11, it is evident that the dipole mode is present everywhere in the excitation-
energy range from 10 MeV to 35 MeV. Due to the uncertainty in subtracting the background,
possible contributions from the continuum due to knock-out reactions could also be there.
However, the events at higher energies also suffer from low-efficiency.

The fingerprint of the low-lying L = 1 mode has been found both in the Gaussian peak-
fitting method and MDA at an excitation energy of around 17 MeV. According to Refs. [50,
52], there is evidence of a low-lying dipole mode for 58Ni around 16 − 17 MeV which is
higher than the 1h̄ω component of ISGDR leading to the bi-modal nature of ISGDR with
the centroid of the high-energy component appearing around 30 MeV. From quasi-particle
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6.5. DISCUSSION

Figure 6.12: Comparison of the experimental ISGDR strength distribution (blue data points) in 56Ni
with the prediction of recent HF-RPA calculation (red solid line) [80]. The theoretical
prediction has been convoluted with the experimental resolution (black dashed line).

RPA calculations [49], a similar behavior of the ISGDR has been found with the low-lying
component for L = 1 appearing around 16 MeV.

The MDA was carried out for excitation energies upto 35 MeV because in the present ex-
perimental setup the events at higher excitation energies suffer from low acceptance of the
detector. Therefore, the drop of the percentage of EWSR for the dipole mode at 35 MeV
is most probably due to the acceptance. To get a quantitative understanding of the ISGDR
strength distribution, the experimental strength distribution (for strength calculation see
Appendix B) has been compared with the predictions from Hartree-Fock- (HF-) based RPA
calculations [80] as shown in Fig. 6.12.

In Fig. 6.12, the ISGDR strength distribution for 56Ni is convoluted with the experimental
energy resolution as shown in black dashed line. The evolution of the experimental data is
more or less the same as the convoluted theoretical prediction but with large errors. Also the
data points are scaled down by factor 4 which leads to the fact that in the present analysis
the observed EWSR exceeds 100% of the theoretical sum rule by a factor of 2 to 4 as can be
seen also from Fig. 6.11. Since in the present analysis no events have been analyzed above
35 MeV, there are no data points above 35 MeV in Fig. 6.12.
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CHAPTER 6. RESULTS AND DISCUSSION

Gaussian fitting MDA Reaction
E* FWHM m1/m0 rms

[MeV] [MeV] [MeV] [MeV]

L = 2 11.0±0.5
14.4±0.5

2.0±0.3
2.2±0.2 13.4±0.9 2.3±0.7

56Ni(α,α′)56Ni*
(this work)

L = 2 16.5±0.3 5.2 16.2±0.5 1.7
56Ni(d, d′)56Ni*

[30, 53]

L = 2 16.64±0.12 5.81+0.16
−0.11 16.31+0.17

−0.10 2.45±0.10
58Ni(α,α′)58Ni*

[50]

L = 2 - - 16.3+0.8
−0.9 -

58Ni(α,α′)58Ni*
[52]

L = 2 16.05±0.12 6.61+0.16
−0.11 15.84+0.18

−0.10 2.92±0.10
60Ni(α,α′)60Ni*

[50]

L = 2 15.9±1.3 2.3±1.0 16.2 1.0
68Ni(α,α′)68Ni*

[54, 69]

Table 6.3: Results obtained from the Gaussian peak-fitting method and MDA for the L = 2 mode from
different reactions and for different isotopes of Ni. For the last entry of the table, the peaks
in the excitation-energy spectrum were fitted with Lorentzian functions instead of Gaussian
functions.

Quadrupole mode, L = 2

The presence of the L = 2 mode has also been found from the Gaussian peak-fitting method
and MDA. In the Gaussian peak-fitting method, the differential cross sections of peaks #2
and #3 (see Figs. 6.7, 6.8 and 6.9) are found to be best fit by a quadrupole angular distribu-
tion. In Table 6.3, the values of the peak positions and widths for the L = 2 mode, obtained
from this analysis along with the results obtained for the L = 2 mode from different reactions
involving different isotopes of Ni, are summarized.

From Table 6.3, it is clear that the peak position for the quadrupole mode is lower than that
for 56Ni with inelastic deuteron scattering and is also lower from the peak positions of the
quadrupole mode for 58Ni by almost 2 − 3 MeV. However, the results obtained from the
Gaussian peak-fitting method and MDA are consistent with each other. The rms width of
the L = 2 mode is consistent with the rms widths for the different isotopes of Ni except for
the last one.
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Octupole mode, L = 3

In MDA analysis, the L = 3 component has also been considered for excitation energies
greater than 18 MeV. The percentage of EWSR for the L = 3 mode increases above 20 MeV.
The same effect has also been observed by Lui et al. [50] for 58Ni with inelastic α-particle
scattering.

In the present analysis, the EWSR is not mentioned for any of the multipole giant reso-
nances. As can be seen from Figs. 6.9 and 6.11, the percentages of EWSR, mainly for the
L = 0 (which is in this case 236%) and the L = 1 (which is in this case 3862%), exceed 200%,
which is hardly physical in spite of the large error bars. This could be due to the fact that the
background shape is not estimated properly. Furthermore, from Fig. 6.2, it can be seen that
the overall statistics is very poor. Due to the large errors, the percentage of EWSR cannot be
measured reliably.
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