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Preface

Henri Becquerel’s 1896 discovery of radioactivity laid the foundation for the field of nuclear

physics. His accidental finding led to further research by Marie Curie, Rutherford, and

others, leading to the discovery of nucleus. Nuclear reactions, involving a projectile and a

target, help scientists to study nuclear interactions, structure, spin, and nature of forces

between nucleons. These reactions release ejectiles like neutrons, charged particles, and

radiation, while the residual nucleus often remains excited. Studying nuclear reactions

provides key insights into nuclear behavior. In 1936, Niels Bohr introduced the compound

nucleus model to explain nuclear reactions. It suggests that when a projectile and target

nuclei combine, they form an intermediate state (the compound nucleus), which decays to a

final state. This process occurs over a longer time scale (≈ 10−16). Bohr’s hypothesis, later

experimentally confirmed by S.N. Goshal in 1950, showing that the decay of the compound

nucleus doesn’t depend on how it was formed. However, the theory doesn’t explain certain

reactions at specific energies, where direct reactions occur faster and involve interactions

at the surface level, unlike the compound nuclear process, which involves many internal

collisions.

Photonuclear reactions are a type of nuclear reactions that involve photons as projec-

tiles interacting with atomic nuclei, causing the emission of particles such as photons,

protons, neutrons, or other charged particles. These reactions can be elastic or inelastic,

depending on the energy of the photon. Photonuclear reactions are studied using photon

sources like bremsstrahlung, with experimental data obtained through activation analysis,

which is essential for accurate measurements and applications. Other facilities such as

bremsstrahlung tagged photons, quasi-monoenergetic photons, laser Compton scattered

ii



photons are widely used as photon sources. Photonuclear data are used in various fields,

including nuclear medicine, radiation therapy, nuclear waste disposal, and nuclear astro-

physics. They also helps transmute long-lived radioactive waste into stable or short-lived

isotopes. However, the absence of high-quality data in photonuclear reactions represents a

substantial obstacle in advancing these domains. While photonuclear reactions have been

investigated across numerous elements and isotopes, much of the existing data often lacks

proper validation. The lack of accurate photonuclear data severely limits the development

of theoretical models. To overcome this, it is important to generate reliable experimental

data with proper theoretical validation.

In the nuclear medicine, photon-induced nuclear reactions are crucial as it can effectively

be used for producing medical isotopes used in diagnostics and therapy. Studying the

interaction of photons with biological samples are also important, as this can provide

the indepth effect of these radiations with the healthy cells. Curretly a large number of

isotopes, which are produced either using reactor or cyclotron facility are used for medical

diagnostic and therapeutic procedures. Short-lived isotopes like 18F and 99Tc are used

for diagnostics, while long-lived isotopes like 177Lu and 225Ac are used for therapy. The

cost in terms of production, management, storage, and transportation can significantly be

reduced if these isotopes are produced locally as per the demand.

99mTc, with 6-hours half-life, is widely used in medical imaging due to its emission

of 140 keV gamma radiation. It minimizes patient radiation exposure, as it does not

emit harmful beta or alpha radiation. 99mTc is produced from its parent isotope, 99Mo,

which has a half-life of 66-hours. 99Mo is typically produced through the fission of Highly

Enriched Uranium (HEU) in nuclear reactors. This process yields 99Mo, which is used

in Mo-Tc generators to produce 99mTc. However, the fission process also generates large

number of unwanted radioactive by-products, which further require transmutation into

stable or short lived products. While 99mTc is produced in hospitals using generators,

issues such as rapid decay and losses during transportation, storage, and processing limit

its availability for medical use. The metastable 99mTc will further decays to its ground

state after emitting 140 keV, which will be eventually discarded as radioactive waste due to
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its longer half-life. This thesis explores the re-utilization of 99Tc through photon-induced

processes as a potential solution to eliminate the accumulation of 99Tc as nuclear waste,

at the same time reducing the demand of production of fresh isotpe significantly.

18F is a key isotope used in positron emission tomography (PET) scanning because

it emits 97% positrons with a maximum energy of 635 keV and has a short half-life of

109 minutes. This allows for obtaining high-resolution PET images and quick reduction

of radiation exposure for the patients. 18F decays to stable 18O, preventing unwanted

radiation. 18F is currently produced by irradiating enriched water (H18
2 O) with protons in

a cyclotron at 18 MeV. This process produces a fluoride ion solution, but using the enriched

18O target, which has only 0.2% natural abundance, makes it expensive. The 18F is then

trapped in a quaternary ammonium column and eluted with an aqueous base. However,

there is a risk of contaminating the radioisotope with toxic hydrogen fluoride, which could

harm the patients. Additionally, the proton beam and energetic neutrons produced during

the process can create unwanted radioisotopes. Hence, we have investigated the possibility

of producing 18F through a photon-induced reaction and performed theoretical validation.

Photonuclear reactions plays a significant role in fission-fusion reactor technology. High-

energy gamma radiation is produced inside reactors due to inelastic collisions between

neutrons and atomic nuclei. Low-energy neutrons lead to capture reactions, while high-

energy neutrons cause nuclear breakup, resulting in the de-excitation of the nucleus and

the generation of energetic photons. These photons can interact with the reactor’s struc-

tural materials, causing damage. Structural materials like stainless steel, made primarily

of chromium, iron, and nickel, can undergo neutron-induced reactions, producing long-

lived unwanted isotopes. The energetic photons generated during reactor operation can

further induce reactions in these isotopes, leading to additional damage to the materials.

58Co(γ,xp) is a key reaction in the production of hydrogen isotopes. Major pathways for

the production of 58Co include 58Ni(n,p), 59Co(n,2n), and 60Ni(n,t). 58Co then undergoes

photon-induced reactions from gamma rays produced in the reactor. However, due to

the instability of 58Co, directly measuring this reaction is challenging. In this study, the

cross-section for 58Co(γ,xp) reaction was determined using the surrogate ratio method,
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and the optimization of the nuclear reaction code was performed.

With these objectives, the integral cross sections for 99Tc(γ, γ′)99mTc and 19F(γ,n)18F

reactions, for different bremsstrahlung endpoint energies, were measured employing the

activation technique. The experimental data for the monitor reactions were obtained from

the EXFOR nuclear data library. Also the indirect cross section of 58Co(γ,xp) reaction

was determined using the surrogate ratio method, employing 56Fe(6Li,α) reaction as the

surrogate reaction. Theoretical model calculations were performed using the statistical

nuclear reaction code TALYS 1.96, and the theoretical parameters were optimized based on

the presently obtained data. In summary, we found that the re-utilization of 99Tc through

the photon-induced reaction channel 99Tc(γ, γ′)99mTc is an effective way to reduce the

accumulation of 99Tc as nuclear waste. For 18F, we identified photon-induced reactions

utilizing bremsstrahlung photons from an electron accelerator as a alternative method for

its production. We have determined the cross section corresponding to 58Co(γ,xp), which

is useful during the design of reactor structural materials. The surrogate ratio method is

applied for the first time to determine photonuclear reactions. Our study also finds that,

for unstable medium-mass nuclei, the surrogate ratio method allows the investigation of

proton decay probabilities by populating the required compound nucleus, which can then

be used to determine the corresponding cross sections.

The overall content of the thesis are summarized as follows.

� Chapter 1 : Provides a foundational introduction to the thesis problem by discussing

the literature review and the study’s relevance.

� Chapter 2: Provides a detailed theoretical description of photonuclear reactions and

surrogate reactions.

� Chapter 3 : Provides a detailed description of the experimental setup, materials,

and methods used in the measurements.

� Chapter 4 : Provides a detailed measurement and analysis of the 99Tc(γ,γ′)99mTc

reaction, along with a comprehensive theoretical analysis.
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� Chapter 5 : Provide a detailed measurement and analysis of the 19F(γ,n)18F reac-

tion, accompanied by an in-depth theoretical analysis.

� Chapter 6 : Provide a detailed measurement and analysis of the 58Co(γ,xp) reaction,

along with a comprehensive theoretical analysis.

� Chapter 7 : Summarizes the thesis findings and discusses the future prospects of

this work.
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