
Nuclear Reactions

ना�भक�य अ�भि�या

ंअ��ा� �क�णन�  अ�भि�याओ के मा�म से ��ू�ऑन-ना�भक 
अतंःि�या क� जाचं 

साराशं
16 16इस आलेख म�, हम 8-16 MeV क� �ोटॉन ऊजा � हते  ु O(p,p�g) O अ�भि�या से 6.13, 6.92 एवं 

ं ं7.12 MeV g-िकरणो के पूण � उ�ादन अनु�� काट क� �रपोट� करत ेह।�  तीन γ-िकरणो के कोणीय 
ं ं�वतरण को 9 MeV पर सात कोणो से मापा गया। अनु�� काट आकड़ो का �व�ेषण करने के �लए 

16एक �व�तृ फेनोमेनोलॉ�जकल ऑ��कल मॉडल पोट��शयल (ओ. एम. पी.) �ा�पत िकया गया। O
ं ंक� �नचली ���तयो को जोड़ा गया और �व�पण मापदंडो का उपयोग करके ऑ��कल �मता को �वकृत 

ंिकया गया। ना�भक�य संरचना �भावो क� गणना के �लए अनेक अनुनाद शा�मल िकए गए। आकंड़े के 
16ंसाथ गणनाओ क� तलुना चैनल य�ुन, p+ O �णाली म� अनुनाद एवं ���े ऊजा � के साथ अनुदैर�-

ंकाट क� �भ�ता म� ल� �व�पण क� जिटल भू�मकाओ को �कट करती ह।ै

6

Probing Nucleon-Nucleus Interaction 
through Inelastic Scattering Reactions

ABSTRACT

In this article, we report the absolute production cross-section of 6.13, 6.92 
16 16and 7.12 MeV g-rays from the O(p, p’g) O reaction for proton energy of           

8-16 MeV. Angular distributions of the three γ-rays have been measured for
seven angles at 9 MeV. A detailed phenomenological optical model potential

16(OMP) was set up to analyze the cross-section data. Low-lying states of O
were coupled and the optical potential was deformed using deformation
parameters. Several resonances were included in the calculations to account
for the nuclear structure effects. The comparisons of the calculations with the
data bring forth the rather complex roles of channel couplings, resonances in

16the p+ O system and target deformation in the variation of the cross sections
with projectile energy.

KEYWORDS: Optical model potential, Nuclear reactions, g-ray cross-section

6

Variation of the amplitude of central-
potential term with incident proton 

energy, with and without resonances.
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Introduction

Notwithstanding the overarching role of heavy-ion-induced 

reactions in nuclear physics, light-ion-induced reactions 

continue to have their own importance. A variety of light-ion- 

induced reactions, namely, elastic and inelastic scattering, 

capture, charge exchange, knock-out etc, are essential to 

probe the quantum structure of low-lying states, reaction 

dynamics and nucleon-nucleus interactions. Nucleon–nucleus 

(NA) scattering plays a significant role in studying how nucleon-

nucleon (NN) interaction dynamics and the structure of the 

target nucleus can give rise to complicated many-body NA 

scattering. Furthermore, the knowledge of NA scattering can 

be used to understand nucleus–nucleus (AA) scattering as a 

superposition of corresponding NA interactions [1]. Apart from 

the nuclear structure point of view, NA scattering 

measurements for light nuclei are also valuable for γ-ray 

astronomy [2]. Guided by these objectives, our group has 

completed a series of measurements to study the low-lying 
12 16 10,11

states of light nuclei such as C, O, B for insights into the 

nuclear structure and to contribute towards γ-ray astronomy 

[3,4]. It is worth mentioning that we have also measured alpha 

particle-induced scattering cross sections for comparative 

studies of isospin dependence of nucleon-nucleus interaction. 

In this brief report we discuss our measurements and 
16theoretical analysis of 16O(p,p’g) O reaction as a 

representative case of the larger body of work [5]. 

 The primary aim of this work is to measure the angular 

distributions and absolute production cross-sections of the 

three low-lying transitions, namely, 6.13, 6.92 and 7.12 MeV. 

Fig.1 shows the partial level scheme of these low-lying 
16transitions of O [6]. In the energy range of 8–16 MeV, only 

three groups (Dyer et al. [7], Boromiza et al. [8], Kiener et al. [9]) 

have reported production cross-sections of these transitions. 

However, owing to the thick target used by Boromiza et al, the 

uncertainty in proton beam interaction energy was quite large. 

This becomes problematic in low-energy regions where there 

are several resonances. Moreover, the cross-section for 6.92 

MeV γ-ray was not reported. The cross sections reported in [9] 

were normalised to previous measurements of Dyer et al [7] 

instead of absolute measurements. The absolute cross 

sections of 6.92 MeV have not been reported so far. 

We have attempted to measure the angular distributions 

and absolute cross sections of all these three transitions. The 

measured cross sections have been compared with our 

calculations using optical model potentials (OMPs) within the 

framework of coupled channel analysis and including several 
16resonances for the p+ O system. We have generated the OMPs 

from global fits to a large body of experimental data available in 

the literature. The potentials so generated, have been used to 

calculate the total and differential angular distribution cross 
16 16 16 16sections for both O(p,p’) O and O(p,p’g) O reactions. The 

comparisons of the calculations with the data bring forth the 

rather complex roles of target deformation, channel couplings 

16and resonances in the p+ O system.

Experimental Details

The experiment was performed at the TIFR-BARC 

Pelletron facility at TIFR, Mumbai. Self-supporting Mylar target 
−2of thickness 2.22 mg cm  was bombarded with protons at 15 

beam energies from 8 to 16 MeV. The γ-rays were detected by a 

large volume 3.5”×6” cylindrical Lanthanum Bromide detector. 

This large volume detector has been thoroughly characterised 

for γ-rays of energy ranging from a few hundred keV to         
0 022.5 MeV [10]. The detector was placed at angles of 45 , 60 , 

0 0 0 0 075 , 90 , 105 , 120 , and 135  with respect to the beam 

direction for angular distribution measurements. Fig.2 

presents a typical gamma-ray spectrum measured by the large 

volume detector at proton beam energy of 10 MeV. One of the 

crucial aspects of the data reduction and extraction of the 

absolute cross section is the accurate estimation of the 

background. The background is created by the tails of the 

multiple gamma rays and ambient radioactivity. We have tried 

to generate the background by rigorous Monte Carlo 

calculations using the GEANT4 package. The spectral shapes 

for a host of gamma rays produced from the reaction have been 

generated by the GEANT4. The GEANT4 generated background 

is shown in Fig.2. The absolute production cross sections of the 

three transitions were extracted from the efficiency corrected 

yields for all the beam energies. A fuller description of the 

theoretical analysis and reproduction of the measured cross 

sections are provided in the following section.

Theoretical Analysis

 Optical model analysis has played a central role in 

nuclear reaction studies. The OMP can successfully explain the 

scattering of the nucleon from medium to heavy mass (A > 40) 

target nuclei and at high incident projectile energy (> 40 MeV). 

However, this formalism has only been reasonably successful 

for low mass nuclei bombarded by low energy projectiles [11, 

12]. There have been instances when the conventional 

parameterisation of OMP has been found inadequate in 

describing the elastic scattering data for light target nuclei. The 

cause of these inadequacies has been assigned to resonances 

in the compound nucleus, limitations of Woods Saxon form 

factor, coupling of various channels, giant resonances, etc 
16 16[13]. The O(p,p'g) O scattering can be modelled as a two-step 

process; first, the excitation, followed by the de-excitation of the 

oxygen nucleus. The formal development of the theoretical 

optical potential allows for a clean separation between the 

elastic and inelastic channels and the relation between the two 

[14]. 

In essence, it is assumed in an optical model that if the 

elastic and the total reaction channels are well understood 

(Optical Theorem), then the other channels are mere details. 

The interaction of a nucleus with a proton projectile of energy in 

the 5–20MeV range poses challenges to theorists, even if only 

to describe the elastic scattering channel. To circumvent much 
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Fig.3 shows the fits to the elastic scattering angular 
16 16distributions for O(p, p) O reaction. The effect of nuclear 

structure on the scattering process manifest through nuclear 

deformation, coupling of states and inclusion of resonances in 
16the p+ O system. The macroscopic, phenomenological optical 

model is a good doorway to describe inelastic scattering 

considering collective nuclear excitation, namely, vibration and 

rotation. These vibration and rotation models have 

successfully described excitation bands in heavier nuclei. It 

assumes that the nucleus is non-spherical and has multi-pole 

deformations that are either causing an excited rotation and/or 

vibrational mode. It starts by expanding the radius, assuming a 

series of deformations.

Where βi’s are deformation parameters. In a rotational 

model, these are corresponding to quadrupole, octupole, and 

hexadecapole rotational modes, whereby symmetry, of only 

even modes are allowed [15, 1]. There is a partial wave-

dependent asymmetry in the polar angle separating r ⃗ 

and r  ⃗ ’ in coordinate space. The same common multi-pole

expansion can be performed on the optical potential, with,  

x=cos(θ) 

16Fig.1: Partial level scheme of O.

Fig.2: A typical measured γ-ray spectrum. Different full energy peaks from 
16

Fig.3: Optical Model fits to the elastic scattering data available in literature.

Fig.4: Variation of the amplitude of central-potential term with incident 
proton energy with and without resonances.

de-excitation of O nuclei and the corresponding 1st escape peaks are 
labelled. The overall smooth Compton background under the peaks used 
in the multi-peak fittings is shown by the dotted green line. The GEANT4 
simulated background is shown by the solid blue line.

of the theoretical challenge of this energy region, one can use 

phenomenological optical potentials, which are blatantly fit to 

the elastic scattering data. The trade-off for a good quality fit to 

the elastic channel data is a lack of physical insight. 

Microscopic notions of anti-symmetry, Pauli blocking, nucleon 

degrees of freedom, resonances, and nuclear matter 

properties all get absorbed into this macroscopic ‘cloudy ball’. 

The quality of the fits improves with increase in the number of 

parameters. Several intertwined steps are involved in 

calculating the cross-section, such as setting up the OMP, 

optimizing parameters, inclusion of resonances and 

deformations, coupling of channels, etc. These steps work 

simultaneously, rather than sequentially, to provide final cross-

section values. 

As mentioned in the introductory part we have generated 

the OMP for the reaction by fitting a large body of global data of 

elastic scattering, angular distributions, analysing powers 

etc. 
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where R=r  ⃗’- r ⃗ . The rotational bands are very common in

heavy nuclei but are rarely used by themselves in the oxygen 

nucleus, they are usually combined with vibrations. The 

vibrational mode looks similar:   

where 

μ  As can be seen the α contain deformation parameters λ
μ +(β ) and phonon creation  (b ) and destruction (b ) λ λ,-μ λ,μ

operators. With a vibrational mode the phonons can follow all 

allowed electric and magnetic transitions. One can then 

expand the potential in a Taylor series to first order as:  

So these phonon excitations are also derived from the 

non-spherical nature of the nucleus. The vibrational, rotational, 

and a combination of both models can be calculated by 

common distorted born approximation codes [16, 17, 18]. 

These codes take as input an elastic channel optical potential 

and then place it into the chosen vibrational/rotational mode, 

as the potential into the Schrödinger equation. In our 

calculations we have assumed a first order vibrator model and 

have considered the ground state and six excited states.

Next to the nuclear deformation, other critical features of 

such calculations are coupling of the channels and inclusion of 
17resonances that emanate from the F compound nucleus. As 

mentioned earlier, the OMP parameters, extracted from our 

global fits to existing data, have been used within a coupled 

channel formalism to calculate the cross sections. The 

importance and power of coupled channel calculations are, by 

now, very well established. The specific structures in the cross-

section plots appear only with the inclusion of channel 

couplings.  In addition to channel couplings, another important 

necessity is to consider the role of virtual resonance states in 
17 16the compound nucleus F. The O nucleus has a significant 

chance of entering a compound resonance with the projectile, 

which accentuates the interaction strength, thus raising or 

lowering the cross-sections of every channel in this energy 

region. Thus, the optical potential, in the energy range from 5 to 

20 MeV, did not always achieve great fits with a smooth 

function but was augmented with a series of seven resonances 

consistently. Many of these elastic data resonances are 
17caused by virtual states in F. We provide below the equations 

for the final optical potential, including these narrow energy 

resonances. Fig.4 presents variation of the amplitude of 

central-potential term with incident proton energy with and 

without resonances.

Fig.5 and 6 present our data along with the output of our 

OM calculations for the angular distributions of the gamma 

rays and total production cross sections, respectively [5]. Our 

calculations of the total cross-sections for the three γ-rays 

agree fairly well with the measured values. However, there still 

exist differences between theory and experiments regarding 

finer structures in the cross sections. It is observed that the 

value of the target deformation has a considerable effect on 

the total cross-sections. In the spirit of our phenomenological 

calculation, we acknowledge that the sensitivity upon 

deformation merits further study. The discrepancies that 

persist in terms of finer structure are very likely due to complex 

and connected structural effects which are yet to be fully 

understood. There are subtle roles played by both coupling of 

the channels and resonances, and what may surmise is that 

the calculation at these low energies loses much of its 

predictive power. The conclusion carries the unmistakable 

stamp of the complexity of the problem. It leaves much scope 

for further improvement in the calculation.  

Summary

Proton induced inelastic scattering reactions are of great 

importance in probing the quantum structure of low-lying 
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excited states in light nuclei. We have initiated a systematic 

study of the angular distribution and absolute cross sections of 

(p, p’g) reaction on different light nuclei. It is worth noting that 

unlike (p, p’) reaction there are dearth of data for (p, p’g) 
12 16 10,11reactions from nuclei, like, C, O, B etc. On the theoretical 

side, the reproduction of absolute cross sections from inelastic 

scattering experiments continues to be a formidable challenge 

due to the myriad complexities of nuclear structure and 

reaction mechanisms at low energy and low mass regions. In 

this report we have presented absolute production cross 
16

and relativistic descriptions of proton nucleus scattering Phys. 
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M. Patel, P.B. Chavan, A. K. Rhine Kumar and G. Anil Kumar,

Measurement of proton induced absolute production cross

section of 6.12, 6.92 and 7.12 MeV g-rays from 16O(p, p′g)16O

reaction, Journal of Physics G: Nucl. Part. Phys. 51 (2024) 045101
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light nuclei A = 16–17 Nucl. Phys. A 564 1–183
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induced reactions Phys. Rev. C 23, 1865
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Fig.5: Measured and calculated differential cross-sections for angular distribution of 6.13, 6.92 and 7.12 MeV γ-rays for 9 MeV proton. The coupled 
channel calculations have been performed with and without resonances.

Fig.6: Measured and calculated total cross-sections for production of 6.13, 6.92 and7.12 MeV g-rays.

sections of three transitions in O. The absolute cross section 

of the 6.92 MeV has been reported for the first time [5]. We 

have made serious efforts to develop a detailed theoretical 

analysis package within the framework of Optical Model 

formalism. The OM potentials have been generated from fits to 

a large body of global data. The analysis clearly reveals the 

complexity of the problem and the importance of channel 

couplings, resonances and nuclear deformations.
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