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ABSTRACT 
 

Recently there has been steady increase in the global energy demands over 

past couple of decades due to rapid advancement in technology and modern 

society. Rising energy demands with focus on developing green technologies 

to address global climate challenge is inevitably coupled with surface 

degradation phenomena like friction and wear. Increased greenhouse gas 

emissions from presently available non-renewable sources have resulted in 

global shift towards a foreseeable advancement in renewable technologies in 

coming few decades. Advancement of newer technologies will certainly 

comprise of multiple mating components, machineries and equipments for 

increased efficiency and output. Investigation of precise friction, wear and 

other surface degradation process leading to economic loss is need of concern 

in coming days. There are several well established tools and techniques for 

monitoring performance of machine components subjected to friction and 

wear phenomena. Tribology forms the backbone for investigation of frictional 

and wears losses in industry. Several tribology set-ups such as pin-on-disc, 

pin-on-plate, ball on disc, twin disc, continuous abrasion, taber abrasion, 

tumbler, jet impingement etc coupled with electrical set-ups and sensors have 

been successfully tested and used for estimating amount of wear induced in 

various industrial applications. The existing research and industries have come 

up with many tools (hard-ware and software) coupled to the tribological 

investigation set-ups for improvised monitoring of surface degradation in 

materials subjected to friction and wear. Acoustic emission signal analysis has 

been a success in monitoring tool wears condition in machining operations 

such milling and turning. Even with availability of many tools and techniques 

there is a need of new solution which can be helpful in monitoring surface 

degradation very easily across multidisciplinary fields and various materials. 

Investigation of wear by a new technique capable of ousting these issues is 

needed and is demand of current scenario. Thin Layer Activation is a very new 

tool and approach for estimating precise amount of wear in any industrial 

component or material subjected to surface degradation phenomena. Thin 
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Layer Activation has gained a significant importance in past few years due to 

its precise and accurate measurement of wear and other surface phenomena in 

various industries In the present work, an attempt has been made to explore 

feasibility of a very new approach of measuring surface activity in some 

strategically important rare earth materials viz; Terbium, Thullium & 

Tantalum alongwith Nickel material having wide range of industrial 

applications and significance. Irradiations with these materials were done to 

observe nuclear interactions and systematics through direct measurement 

method in which stacks of respective target materials have been irradiated 

with heavy ion Oxygen beam available at one of the national laboratory which 

is Inter University Accelerator Center, New Delhi, India for carrying out 

irradiation studies. The standard beam energy range available at accelerator 

facility was ≈ 70-110 MeV. Data obtained through irradiations have been 

further used to explore the feasibility of TLA based applications to identify 

specific reaction products in a very thin layer of the material. The results 

showed that the proposed methodology of measuring surface activity in 

materials is feasible with high accuracy, precision and can be used in 

industrial applications to estimate surface degradation phenomena’s ranging 

from few micrometers to nanometers By using TLA, surface degradation in 

materials can be estimated in few hours as compared to that of the 

conventional techniques in which component or material specimen are 

subjected for longer cycles of operation to deduce results. The proposed 

methodology uses offline γ-spectroscopy arrangement coupled with High 

Purity Germanium Detector set-up for detection of worn out fraction mass of 

particles after irradiation. The relative activity induced across the overall 

thickness of target materials after beam irradiation is the rate of interaction. 

The rate of interaction between beam and material further estimates the 

maximum yield and surface activity distribution in material across the entire 

depth of stack. Results showed the maximum depth of interaction in the form 

of activity ranges from 12-16μm in rare earth materials specimen of Terbium, 

Thulium, Tantalum in standard operating accelerator conditions using Oxygen 

beam & 25μm in Nickel material while using Alpha beams.  
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CHAPTER 1 
INTRODUCTION 

 
1.1 BACKGROUND 
 
Role of materials has been pivotal in progress of human civilizations right 

from the beginning of Stone Age followed by Bronze & Steel Age. Influence 

of physical properties of any material affecting the thermodynamic 

characteristics in an atomic structure has led to development of metallurgical 

sciences through mining in 19th century [1-2]. Rapid progress in science and 

space technology has resulted in development of modern materials for 

industries like space, defense, power etc. Advancement of materials has a 

significant role in development of science & technology at faster rate. The 

swift progresses in evolvement of materials have improved our lives from all 

aspects through improvisation and development of existing products and new 

technologies [3-4]. Any material in use today is made of combination through 

several elements existing in nature [5-6]. These elements in the purest form 

lack the required physical, chemical, mechanical, thermal, electric and 

magnetic etc. properties which serve as a pre-requisite for selection of 

appropriate material before any practical application. Hence, it is very 

important to understand properties and classification of materials depending 

upon the applications. Engineering materials can be broadly classified into two 

main categories known as Metals and Non-Metals. Further sub-classification 

of these categories is presented in Fig. 1[5-6]. Recent advancement in Science 

& Technology has led to a positive shift towards establishment and growth of 

industries such as heavy engineering, conventional and/or nuclear power 

plants, manufacturing & processing industries. Machines and equipments used 

in industries like power plants, process & transportation systems are 

substantially influenced by surface degradation phenomena’s such as erosion, 

corrosion and wear in materials, limiting the endurance and performance 



2 
 

reliability [7–10]. The functioning of the conventional power plants at 

elevated temperatures for increased efficiency and demand is often coupled 

with challenges such as degradation of structural materials subjected to 

extreme temperature and pressure operating conditions [8–10]. The materials 

used in pipelines in the nuclear power plants are often subjected to accelerated 

flow corrosion and thinning of welds at heat affected zones leading to failure 

of systems [11]. 

 
  

Fig. 1. Classification of Engineering Materials 
 

Electric power industry and plants have been reported an estimated loss of 

around 150 million US$ in a year in terms of efficiency, forced outages and 

repair costs due to solid particle erosion resulting mainly due to degradation of 

materials in use [12]. Various conventional non-destructive methods and 

techniques are available but with limitations to measure the material properties 

and surface defects occurring in various industries like; aerospace, 

manufacturing, process industries, military and defence, nuclear industry etc. 

[13]. Installation of offshore wind plants due to climate change has gained 

importance over a couple of years [14]. The materials used in monopile 

foundation and its components are subjected to varying wind currents leading 

to surface degradation and wear. Determination of reliable measurement 

methods for analysing material performance in such fluctuating conditions in 

offshore wind plants is an emerging challenge [14]. Some of the commonly 
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adopted non-destructive methods are visual inspection, microscopy, 

radiography, dye penetrant, ultrasonic, magnetic particle testing, eddy current 

for metals, acoustic emission testing etc [15]. New developments and 

sustainable solutions in medical field such as artificial joints replacement are 

gaining significant importance. In one of the recent studies, wear evaluation of 

artificial hip joints for wear couples of 28 mm CoCrMo femoral heads, against 

conventional and X-linked Ultra-High Molecular Weight Polyethylene 

acetabular cups were subjected to more than several million cycles to get 

desired results using gravimetric analysis [16]. Studies employing gravimetric 

analysis for measurement of wear in knee implants subjected to as many as 3 

million working cycles for effective results [17]. In case of visual inspection 

and microscopy only macroscopic and small surface flaws can be detected. 

Radiography and dye penetrant testing are not suitable for porous materials. 

For ultrasonic testing material subjected under test necessarily needs to be 

good conductor of sound. Magnetic particle testing is applicable to its best 

only with ferromagnetic materials. Eddy current is limited only for metals and 

acoustic emission involves cost implications for testing of a component [18]. 

Assessment of non-contacting optical methods was carried out and 

successfully developed technique for measurement of wear up to 0.0001 mg in 

ceramics [19].  

 
A very high sensitive and reliable tool technique is required to investigate the 

near surface phenomenon. Strategically important industries such as space, 

defense, power and other process industries comprise of various equipments 

and mating components. The materials with which parts of such components 

are fabricated are often subjected to friction and wear conditions. These 

working conditions account for considerable amount of economic losses 

which can be avoided by adapting newer technologies and appropriate 

tribological set-ups. Ever increasing population, globally growing energy 

demands coupled with control in CO2 emissions have recently led to lot of 

progress in surface technology, lubricants, smart materials and tribological set-

up designs to overcome losses incurred due to wear and friction in industries.  

Some of the widely used tribological set-ups for analysing performance, 
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characteristics and properties of materials subjected to different operating 

conditions are listed below; 

 
 BALL ON DISC [BOD] SETUP 

 

 
Fig. 2. Ball On Disc Setup (BOD) 

 
In this setup, a ball of size as per the set standards is subjected to 

rolling/sliding motion against the rotating disc. The speed and force can be 

varied according to required testing conditions. Components such as drive 

splines on drive shafts, wheels at the lug bolt interface, and cylinder head 

gaskets which are often subjected to fretting wear due to varying thermal 

stresses under cyclic loading operated conditions can be tested with the help of 

BOD [20-24].  

 
 BLOCK ON RING [BOR] SETUP 

 

 
 

Fig. 3. Block On Ring Setup (BOR) 
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BOR is another form of tribological setup used for investigating wear studies 

in rollers, bearings, tyres, camshafts, pulleys with varying load, speed, 

temperature and other parameters etc [25-28]. 

 
 PIN ON DISC (POD) SETUP 

 

 
Fig. 4. Pin On Disc Setup (POD) 

 
POD setups are generally used for estimating amount of wear incurred 

between two materials subjected to sliding action. Parameters influencing 

wear such as speed, velocity, lubricants properties, friction, temperature etc 

can be studied with the help of POD. Wear studies in wet clutch system, brake 

pad material, Diamond like Coating materials subjected to different kinds of 

loads and speeds are effectively measured with the help of POD setup [29-32]. 

 
 TABER ABRASION TEST (TA) 

 

 
 

Fig. 5. Taber Abrasion Setup  
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TA or Abrasion Resistance Tester (ART) is a machine that consists of two 

abrasive wheels with a rotating stage. Materials and coatings have gained 

significant importance in various industries to cut down costs due friction and 

wear. With the help of TA, testing the resistance of materials and coatings 

subjected to abrasion wear can be done. Test specimens can be circular or 

square in shape [33-36]. 

 
 FOUR BALL TESTER (FBT) 

 

 
 

Fig. 6. Four Ball Tester (FBT) 
 

FBT also known as Ball on 3 Balls tester (B3B) is a Tribology set-up used for 

determination of wear scar properties and coefficient of friction of lubricating 

grease. Different kinds of lubricants can be tested for the wear resistance 

properties under high load operating conditions. The set-up consists of 4 balls; 

one ball is rotated against 3 lubricated stationary steel balls under specified 

testing conditions to evaluate wear resistant properties of various lubricants 

and grease applicable in extreme pressure conditions. Steel bearings under 

different load, temperature and operating conditions have been tested for wear 

scar properties using B3B set-up [37-40]. 

 
 
 
 



7 
 

 TWIN DISC TRIBOMETER 
 

 
Fig.7. Twin Disc Tribometer Setup 

 
TDT consists of two similar kinds of disc samples which are subjected to 

motion under different load and operating conditions. This kind of set-up is 

mostly used for investigating of wear between rail wheels and track. Since set-

up involves symmetrical discs, even various materials can be investigated for 

wear behaviour and performance [41-44]. 

 
 JET IMPINGEMENT TESTER (JIT) 

 
JIT set-up consists of ejector & nozzle typically used for measuring corrosion 

wear studies on various materials applicable in flow accelerated environments. 

Behaviour of various materials especially used in flowing medium like slurry 

& pipeline industry can be investigated for corrosion studies under different 

set of operating conditions [45-48].  

 

 
Fig.8. Jet Impingement Tester 
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Researchers have carried out myriad studies for investigation of materials, 

coatings, lubricants and other mechanical properties of various metals 

subjected to wear conditions using above mentioned setups. Though so many 

customised wear monitoring set-ups existing, it is very difficult to estimate 

actual wear occurring in components when they are subjected to real time 

operating conditions as these setups are designed with scale down approach 

and simulations. Effective monitoring, detection and measurement of such 

processes are of great importance. Improvised detection and monitoring 

techniques can prevent catastrophic and breakdown losses which are 

inevitable during installation & operational phase in industries of strategic 

importance. Complex engineering structures are often not so easy to access & 

monitor efficiently on regular basis. In such situations, nuclear techniques 

such as Charged Particle Activation Analysis (CPAA) and Neutron Activation 

Analysis (NAA) are of great importance to effectively monitor and measure 

surface degradation in components due to wear and corrosion [49]. In 

activation analysis technique, a small part or a component prone to wear or 

corrosion is subjected to irradiation using suitable charged particles. Post 

irradiation characteristic γ-rays are captured using detector set-up. Neutron 

activation is carried out by placing the whole component or machine in 

nuclear reactors, where a homogenous distribution of activity is produced in 

the whole component. One of advantages of this process is that any 

component, equipment of interest can be activated in bulk under real operating 

conditions. Since it is bulk activation, the activity produced is far more as 

compared to that of measurable quantity of activity produced in the desired 

part of the component leading to excess radioactivity distribution [50]. With 

the help of charged particle activation, this excess amount of radioactivity 

distribution can be taken care of by selectively activating or irradiating a small 

desirable surface of component by using appropriate beams available at 

national & international accelerator facilities. This method known as Thin 

Layer Activation (TLA) or Surface Layer Activation (SLA) helps in increased 

sensitivity, precise measurements & accurate monitoring while keeping 

radioactivity levels very low. Surface layers of thickness in range of few 
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micrometres of the desired part or component to be tested can be activated 

using TLA [51]. Modern industries are constantly progressing in adapting 

newer and efficient radiotracer techniques for monitoring of wear and 

corrosion. Activation analysis depends on choice & properties of materials of 

interest. In case of polymers, CPAA is not feasible due to crystal structure and 

physical properties. In such cases, alternative methods like; isotope diffusion, 

recoil range activation, radioactive implantation, thermal spraying, galvanic 

deposition etc can be used [52-53].  

 

Modern times have led to increased demands in adapting newer technologies 

with high precision, safety and accuracy to fulfil the quality and safety 

requirements in industries of strategic importance. This has led to shift of 

research focus on TLA based studies employing light & heavy ion beams. A 

comparative analysis of TLA using all three viz; light ions, heavy ions and 

neutron beams with their characteristics have been presented in Fig 9. 

 

LIGHT ION BEAMS HEAVY ION BEAMS NEUTRONS 
Sensitivity ranges from 
mm to few microns 

Carbon, Oxygen, 
Fluorine, Lithium etc. 

Plutonium, 
Polonium, 
Amercium etc. 

Less energy is penetrated 
in a given surface area of 
activation 

Sensitivity ranges from 
microns to nanometers 

Sensitivity is high 

Requires more thickness 
to get better results from 
activated surface 

More energy is induced 
in a given surface area 
of activation 

Penetration power is 
very high 

Precision & accuracy is 
less as compared to that 
of heavy ions 

Requires less thickness 
to get better results from 
activated surface 

Proper radiation 
shielding is must for 
using such sources 

 Precision and accuracy 
is more as compared to 
that of light ions 

Applicable across 
wide range of 
industries 

 
Fig. 9. Characteristics of different Ion Beams   
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1.2 ACTIVATION METHODS 
 
1.2.1 BULK NEUTRON ACTIVATION 
 
NAA has been employed to effectively monitor wear components with the 

help of suitable radioactive isotopes generated through nuclear reaction post 

irradiation. It has been established process over couple of decades in which 

complete component or machine is activated inside the nuclear reactor. As the 

activation is carried out in bulk, it is also known as bulk neutron activation. 

Since, it is achieved by using research reactors, operating costs are less as 

compared to that of accelerators and as homogenous activity distribution 

achieved throughout the component, multiple parts of a component can be 

activated and tested in a single run. It is cost effective, precise and accurate 

which can measure wear rates less than 1 nm/h depending upon the specific 

activities induced and total fluid volume of test system [49].  

 

Research reactors came into existence from mid 19th century. Since then, 

neutron activation analysis has been successfully employed for testing of 

engine components. Engine components to be tested for wear analysis are seal 

packed inside water-tight canisters. These engine components are then 

subjected to neutron flux of the order 1012 - 1013 neutrons / cm2 / seconds by 

lowering the canisters or placing it in front of reactor core. Neutrons do not 

possess any charge which keeps them unaffected from the electron clouds and 

can easily penetrate through the desired component or material subjected to 

activation analysis. In this process, fraction of thermal neutrons interacts with 

atomic nuclei of the material through nuclear collisions. If the kinetic energy 

imparted through collisions is sufficient enough, it further results in nuclear 

reaction. Depending upon the target nucleus, specific reaction and resulting 

radioisotope are produced. One of the most widely used alloy material in 

manufacturing and fabrication of engine components is steel. Steel has 

maximum fraction of 58Fe (Iron) by weight. When thermal neutrons react with 
58Fe, resulting nuclear reaction is given by Eqn. (1). 

 
 



11 
 

                                               58Fe(n,γ)59Fe                                                 (1) 
 

For any nuclear reaction to be feasible for further applications or 

measurements, most important parameters are the half-life of the produced 

radio-isotope, cross-section and γ energy abundance. 59Fe has a half-life of 

44.5 days and emits two useful high energy gamma rays (1099 keV & 1291 

keV), when it decays [50]. Cross-section is measurement of interaction 

probability of thermal neutron with 58Fe in a given unit area per unit time in 

this typical case. Specific and total activity induced can be calculated by 

taking into consideration all the input parameters such as neutron flux, 

irradiation time, material elemental composition for the component 

undergoing test conditions. It can be stated with the help of Eqn. (2) 

 

 
                          𝑨 =  𝒎𝒘 ∗  𝜽 ∗ 𝟔. 𝟎𝟐𝟑 ∗  𝟏𝟎𝟐𝟑  ∗  𝝈 ∗  𝝓 ∗ 𝟏 − 𝒆 𝝀∗ 𝒕𝒊𝒓𝒓      (𝟐)                            
 
Where, 

A = activity (dps) 

m = total element mass in irradiated sample (g) 

w = atomic weight 

θ = isotope abundance 

σ = cross-section (barns) 

ф = neutron flux (n/cm2/sec) 

λ = decay constant (0.693/t1/2) 

t1/2 = isotope half-life (hours) 

tirr = irradiation time (hours) 

 

Due to bulk activation of the entire component, the whole component becomes 

radioactive. It is thus very difficult to descretize or measure the loss of activity 

from a specific part of the component due to high signal-to-noise ratio 

resulting from the surplus amount of radioactivity induced [51]. Hence, it is 

very important in case of neutron activation analysis, to use indirect method of 

measurement collected through accumulation in flow through systems.  
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There are several factors which have to be taken into account for setting up of 

experiments for wear analysis. These include: 

 Awareness of regulatory norms; 

 Knowledge of amount of expected activity to be induced; 

 Operational cost; 

 Metallurgical properties of testing component; 

 Exposure time; 

 Irradiation hours; 

 Detectors & Nuclear Electronics efficiency; 

 Volume of the fluid system. 

 Spectroscopic details (Half-life, γ-energy & abundance, cross-

section, reaction residues) 

 

Nuclear data collected through gamma spectroscopic arrangement can be 

converted to useful wear analysis & measurements of various engineering 

components & systems with the help of calibration. Relative measurements 

can be also carried out, in which calibration is not so necessary. By making 

appropriate time decay corrections, direct comparison can be done by 

considering counts per unit time obtained.  By pre-calibrating the detection 

and measurement set-up, experimental errors can be minimized for each 

specific parameter taken into consideration [52-55]. For efficient calibration, a 

prototype set-up can also be prepared in which the material of component 

placed inside the reactor is subjected to similar operating parameters and 

conditions. From comparative analysis between the two set-ups, radioactivity 

induced and amount of wear, corrosion are determined by monitoring loss of 

activity obtained through counts collected over a period of fixed time 

intervals. Series of such experiments can be repeated for measurement of 

collective wear, corrosion induced in the component with high level of 

precision and accuracy [56-57]. A linear regression is performed on the curve 

to determine the calibration factor. 
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1.2.2 RECOIL NUCLEI IMPLANTATION  
 
Rapid advancement and competitiveness in industries like power, automobile 

& transportation, metallurgy has led to continuous improvement on quality of 

the products on one hand alongwith productivity of production lines. In race of 

achieving better quality and quantity, use of new and innovative materials 

which are wear and corrosion resistant plays a vital role in endurance and 

durability of components by minimizing the losses from very early stages. To 

monitor such losses efficiently with high level of precision and accuracy, a 

very high sensitive technique which can measure material loss in few 

nanometers range is required. It is not feasible to radioactively label or 

activate some materials like plastics or some ceramics using NAA and CPAA. 

In such cases, Ultra Thin Layer Activation (UTLA) method is adapted to 

monitor losses with precision in nanometric scale. UTLA is achieved through 

implantation of heavy radioactive nuclei on a small area or piece of material 

which is further subjected to wear or corrosion in real operating conditions. A 

very thin foil of thickness ranging in few micrometers is subjected to 

irradiation with proton, deuteron or alpha ion beams. This can be explained 

through nuclear reaction as stated in Eqn. (3) 

 
                                                               A (a, b) B*                                        (3) 
 
Where, 

A      - Primary target material of the thin foil 

(a, b) - Ion beam and reaction channel 

B*    - Final resultant radio-isotope produced 

 

Resultant kinetic energy due to transfer reaction ranges from few hundreds of 

keV to MeV which further leads to recoil of some of the radioactive nuclei B* 

generated out of the target made of thin foils. Exposed material thus gets 

implanted by this sufficient excess kinetic energy possessed by recoil nuclei. 

Effective implantation is achieved by placing mask and maintaining tubular or 

annular geometry. Recoiling nuclei are implanted on material of interest by 

maintaining a fixed solid angle [Φmin, Φmax], where Φ is the angle between the 



 

velocity vector of the radioactive nucleus and the primary beam. 

incident beam is completely brought

nuclei generated in a Faraday cup [58

a fixed distance from thin target foils. 

 

Fig. 10. Recoil Nuclei Implantation [58
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specimen is taken out and subjected further to real time operating conditions. 

Loss of residual activity induced against the test time is estimated through 

direct measurement method. Further calibration curves are deduced int

rate by measuring and estimating the reduction in loss of activity over a period 

of testing or run time. For testing of materials, several such thin films having 

thickness of few micrometers are prepared on substrates by physical vapor 

deposition (PVD) technique. Thickness of each film is measured with the help 

of Rutherford Backscattering Spectroscopy (RBS) technique [60]. By 

subjecting these thin films to similar operating conditions and maintaining 

same angle of incidence 

to the initial activity A

cumulative thickness X is obtained. Correlation between the residual activity 

induced and surface loss incurred is determined through irradiation of 

such stacks of thin films Fig. 10

velocity vector of the radioactive nucleus and the primary beam. 

incident beam is completely brought to rest by collecting all the radioactive 

nuclei generated in a Faraday cup [58-59] moving in forward direction kept at 

a fixed distance from thin target foils.  

 
Fig. 10. Recoil Nuclei Implantation [58]. 

 
After ion implantation or activation of the desired surface or material, the 

specimen is taken out and subjected further to real time operating conditions. 

Loss of residual activity induced against the test time is estimated through 

direct measurement method. Further calibration curves are deduced int

rate by measuring and estimating the reduction in loss of activity over a period 

of testing or run time. For testing of materials, several such thin films having 

thickness of few micrometers are prepared on substrates by physical vapor 

VD) technique. Thickness of each film is measured with the help 

of Rutherford Backscattering Spectroscopy (RBS) technique [60]. By 

subjecting these thin films to similar operating conditions and maintaining 

same angle of incidence [Φmin, Φmax], ratio of relative loss of total activity A 

to the initial activity A0 i.e. (A/A0) against the depth of activation or 

cumulative thickness X is obtained. Correlation between the residual activity 

induced and surface loss incurred is determined through irradiation of 

such stacks of thin films Fig. 10.   
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to rest by collecting all the radioactive 

59] moving in forward direction kept at 

 

sired surface or material, the 

specimen is taken out and subjected further to real time operating conditions. 

Loss of residual activity induced against the test time is estimated through 

direct measurement method. Further calibration curves are deduced into wear 

rate by measuring and estimating the reduction in loss of activity over a period 

of testing or run time. For testing of materials, several such thin films having 

thickness of few micrometers are prepared on substrates by physical vapor 

VD) technique. Thickness of each film is measured with the help 

of Rutherford Backscattering Spectroscopy (RBS) technique [60]. By 

subjecting these thin films to similar operating conditions and maintaining 

lative loss of total activity A 

) against the depth of activation or 

cumulative thickness X is obtained. Correlation between the residual activity 

induced and surface loss incurred is determined through irradiation of various 
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The long step of measurement of the calibration curve could be considered as 

a brake of the extension of UTLA applications. An appropriate computer 

simulation code (IRIS: Ion Recoil Implantation Simulation) is given in 

literature to calculate A/A0 = f(X) [61-63]. 

 
 

Fig. 11. Calibration curve A/A0= f (x) with 56Co nuclei 
implantation into nickel (16 MeV protons, tubular geometry and 

acceptance cone [30°-38°]) [52]. 
 

 

The procedure is as follows: 

- Thin layer of material deposited on substrate; 

- Thickness (< 1μm) of film is measured by RBS; 

- Irradiation of samples; 

- Measurements of the total activity A0 of the film-substrate pair; 

- Chemical dissolution of film to measure A. 

 

1.2.3 RADIOACTIVE ION IMPLANTATION  
 
Polymer materials like PTFE, LDPE, HDPE, PP, and PVC so on, are very 

highly sensitive to radioactivity and thus require very less exposure of 

radioactivity levels when compared to that of metallic materials. In such cases, 
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Figure. 12. Principle of the 
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Figure. 12. Principle of the 7Be implantation [65]. 

16 

radioactive labelling by using proton, deuterons and alpha beams is not 

possible. Through radioactive implantation, activation or labelling of such 

Be ion beam is the most preferred for implantation 

ite materials as it has nearly 8 orders of less 

magnitude radioactivity affect when compared with charged particles like 

proton, deuteron and alpha ion beam. Since, the magnitude is so small, wear 

the thickness of 

activation ranges in few microns. With the advancement and ease in 

Be ions through Lithium material 

-life of 53.3 

energy peak at 478 keV. Cathode ion-source 

prepared through chemical and mechanical process is used for sputtering of 

target material. Target specimen is placed inside vacuum chamber and then 

V are impinged on target 

specimen. Typical arrangement of radioactive ion beam implantation is shown 

in Fig. 12, while Fig. 13 illustrates typical implantation depth and activity 

The activity 

handling limit. 

of such parts is very easy and no license is required for such 

in the sample than the implanted 

Be implanted into e.g. a bearing are 200 to 400 

 



 

 

Figure 13. 
 
1.2.4 THIN LAYER ACTIVATION METHOD (TLA)
 
Wear or corrosion in metallic materials and

using TLA technique. 
1H, 2H, 3He and 4He for activation of desired surface of a component or 

machine to be investigated. Considering a typical case of 

main constituent by % wt fraction in all kinds of steel alloys, by employing 

TLA using charged particles like protons and deuterons typical nuclear 

reaction induced is as shown in Eqn. (4) respectively.  

 
       56Fe(p,n)56Co                          
 

Fig. 14. Working principle of

 

 
Figure 13. 7Be distribution in a PTFE target [65]. 

1.2.4 THIN LAYER ACTIVATION METHOD (TLA) 

Wear or corrosion in metallic materials and alloys can be easily determined by 

 TLA is achieved by using suitably charged particles like 

He for activation of desired surface of a component or 

machine to be investigated. Considering a typical case of 56Fe which f

main constituent by % wt fraction in all kinds of steel alloys, by employing 

TLA using charged particles like protons and deuterons typical nuclear 

reaction induced is as shown in Eqn. (4) respectively.    

Co                          56Fe(d,n)57Co                                             (4)

 
14. Working principle of charged particle activation [66
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alloys can be easily determined by 

TLA is achieved by using suitably charged particles like 

He for activation of desired surface of a component or 

Fe which forms 

main constituent by % wt fraction in all kinds of steel alloys, by employing 

TLA using charged particles like protons and deuterons typical nuclear 

Co                                             (4) 

 

charged particle activation [66]. 
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The probability of nuclear interaction (cross-section) depends upon the 

amount of energy imparted by projectile on target specimen. TLA analysis can 

be done by activating surface or machine component directly and subjecting to 

real operating conditions or through off-line measurement using stacks of thin 

target foils backed by appropriate thickness of catcher foils. With the help of 

TLA, it is also possible to measure wear and corrosion during in-situ 

operations without affecting the operational parameters. For accurate and 

precise measurement, it is very important to achieve homogenized activity 

distribution alongwith length of linear activation region. Figure 8 presents an 

example for a measured activity-versus-depth distribution of 56Co in an iron 

alloy [68].  

 

All metallic alloys used in engineering components having elemental traces of 

Al, Co, Cu, Cr, Mo, Ni, Pb, Sn, Ti, V, W, Zn etc can be activated by using 

TLA for measurement of wear and corrosion. Each element when interacts 

with charged particles will result into different nuclear reaction and a radio-

isotope will be produced through nuclear decay. Cross-section of each element 

at varying energy obtained through nuclear interactions will vary. For efficient 

monitoring and precise measurement of wear and corrosion, it is necessary 

that cross-sections obtained across various energy points are measurable 

enough (typically ranging above 10 mbarns) alongwith measurable half-life 

and intense γ-energy lines. Depth of activation and activity distribution in 

thick target of activated surface is determined through yield and calibration 

curves. Range of activation may vary from few microns to millimeters. The 

necessary amount of activity for a given task of wear measurement can be 

estimated by knowing the main parameters of the measurements (detector 

type, detector-source distance, machine wall thickness and material, expected 

wear rate, expected wear depth, etc). 
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Fig. 15. Experimental measurements for the natFe(p,n)56Co  

Cross Section up to 50 MeV bombarding energy [67]. 
 

 
 

Figure 16. Example for a measured activity-versus-depth distribution   
of 56Co in an iron alloy [68]. 

 

To produce this activity in a given materials (metal, alloy, etc.) a deep physical 

knowledge is necessary. 

 
1.3 LITERATURE REVIEW: 
For a couple of years, TLA using charged particles has been preferred over 

conventional surface phenomena measurement methods due to many 

advantages [69–72]. With the help of TLA, surface degradation of multiple 
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components can be measured in a single go without influencing the operating 

conditions of system. It is also economically more feasible with increased 

level of sensitivity and reduced amount of radioactivity leading to easy 

handling of samples. The precision of TLA ranges from several hundred 

micrometers to few tens of nanometers [70–72]. Activity has been measured 

using heavy ions up to 110 MeV in a Cu target for determination of surface 

wear induced in a very thin layer (up to nanometers) [73]. Studies conducted 

in Titanium alloys using TLA with different beams viz; (Nitrogen, Carbon and 

light ions) lead to conclusion that wear measurement by TLA are more precise 

than conventional gravimetric analysis in Titanium and Chromium alloys [74]. 

With the availability of cutting edge research in the accelerator technology, it 

is now possible to activate the desired surface of the material with the help of 

light and/or heavy charged particles such as Proton, Deuterons, Alpha 

particles, Oxygen beams etc [75–77]. Since the charge particles quickly lose 

their kinetic energy as a consequence of intense interaction with the target 

atoms in a very thin layer, it is known as TLA and can be achieved either by 

activity loss measurement or collected activity measurement [75–77]. Wear 

analysis employing TLA with the help of light ions (Proton, Deuteron and 

Alpha particles) in Molybdenum was carried out, which is used as alloying 

elements in Steel to increase corrosion resistance [78]. TLA was employed for 

measurement of wear induced in piston ring and cylinder of automobile [79]. 

In one of the investigation conducted, it was concluded that Platinum and 

Platinum alloys can be activated in a very thin layer with most suitable radio-

isotopes being 197Au & 196Au [80]. In of the studies, TLA was employed to 

study pseudoelasticity effect on Nickel-Titanium alloys used for orthodontic 

applications [81]. Recent studies conducted in Niobium alloys could be 

employed in TLA by measuring cross sections as Niobium alloys are 

commonly used in industries like nuclear and medicine [82]. For investigation 

of wear and erosion specimens containing Tungsten it was concluded that 
183Re and 184Re are the most suitable ones by employing TLA [83]. In one of 

the studies conducted, calibration curves were deduced indicating amount 

residual activity induced in Rhodium & Rhodium alloys [84].  
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Table 1 List of Deuteron induced TLA reactions in  

various Metals / Elements 
 

SL  
NO 

    METAL/ 
  ELEMENT 

REACTION ENERGY   
RANGE  (MeV) 

1 B natB(d,x)7Be 2-9 

2 C natC(d,x)7Be 22-61 
 
3 
 

 
Al 

22Al(d,x)22Na 19-58 
27Al(d,x)24Na 8-50 

 
4 

 
Ti 

natTi(d,x)48V 2-41 
natTi(d,x)46Sc 2-49 

5 V natV(d,x)51Cr 3-46 
 
6 

 
Cr 

natCr(d,x)51Cr 2-13 
natCr(d,x)54Mn 2-49 

7 Fe natFe(d,x)57Co 2.2-21 

8 Ni natNi(d,x)56Co 3-48 
 
9 

 
Co 

59Co(d,x)60Co 0.8-47.8 
59Co(d,x)58Co 14-58 

10 Cu natCu(d,x)65Zn 4-47 

11 Zn natZn(d,x)65Zn 2-47 
 

12 
 

Zr 
natZr(d,x)92mNb 3-48 
natZr(d,x)91mNb 2-20 

 
13 

 
Nb 

93Nb(d,x)92mNb 1-38 
93Nb(d,x)91mNb 28-48 

 
14 

 
Mo 

natMo(d,x)96Tc 4.5-37 
natMo(d,x)88Zr 29-49 

 
15 

 
Rh 

103Rh(d,n)102gRh 1-39 
103Rh(d,n)103Pd 4-39 

16 Pd natPd(d,x)110mAg 4.5-20 

17 Ag natAg(d,x)105gAg 26-48 
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18 

 
Yb 

natYb(d,x)175Yb 4-20 
natYb(d,x)173Lu 4-47 

19 Ta 181Ta(d,p)182Ta 6-39 
 

20 
 

W 
natW(d,x)183Re 6-49 
natW(d,x)184Re 6-49 

21 Re natRe(d,x)185Os 9-38 

22 Os natOs(d,x)192gIr 5.2-20.5 
 

23 
 

Ir 
natIr(d,x)191Pt 5.8-21 
natIr(d,x)192gIr 2-37 

 
24 

 
Pt 

natPt(d,x)195gAu 7-38 
natPt(d,x)196Au 6-38 

 
 

Table 2 List of Proton induced TLA reactions in  
various Metals / Elements 

 
SL  
NO 

METAL/ 
ELEMENT 

  REACTION ENERGY 
RANGE  (MeV) 

1 Al 
27Al(p,x)22Na 

 
26-50 

2 Ti natTi(p,x)48V 5-50 

3 V natV(p,x)51Cr 1.6-33 

4 Cr natCr(p,x)52Mn 5-29 

5 Mn 55Mn(p,x)54Mn 9.3-50 

6 Fe natFe(p,x)56Co 5.2-35 
 
7 

 
Ni 

natNi(p,x)57Ni 13-49 
natNi(p,x)57Co 7-64 

 
8 

 
Co 

59Co(p,x)57Co 15-74 
59Co(p,x)58Co 11.7-50 

9 Cu 
natCu(p,x)65Zn 

 
2-50 

10 Zn natZn(p,x)65Zn 11-42 
11 Y 89Y(p,2n)88Zr 9.7-50 
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12 Zr natZr(p,x)92mNb 2-18 
13 Nb 93Nb(p,x)92mNb 10-51 
 

14 
 

Mo 
natMo(p,x)96Tc 4.5-37 
natMo(p,x)88Zr 20-79 

15 Rh 103Rh(p,n)103Pd 3-39 
 

16 
 

Pd 
natPd(p,x)105Ag 5-50 

natPd(p,x)110mAg 3-36 

17 Ag natAg(p,x)105gAg 23-78 

18 Cd natCd(p,x)114mIn 3.6-18.5 

19 In natIn(p,x)113Sn 2.5-19.5 

20 Sn natSn(p,x)124gSb 3-34 

21 Sb natSb(p,x)121gTe 3-23 

22 Te natTe(p,x)126I 3-20 

23 W 
natW(p,x)183Re 6.5-38.5 
natW(p,x)184Re 7-50 

24 Re natRe(p,x)185Os 4-21.5 

25 Pt 
natPt(p,x)195gAu 7-27 
natPt(p,x)196Au 6-45 

26 Tl natTl(p,x)202Tl 15-44 
 

27 
 

Pb 
natPb(p,x)206Bi 8-51 
natPb(p,x)205Bi 17-48 

 
Table 3 List of Alpha induced TLA reactions in  

various Metals / Elements 
 

SL  
NO 

METAL/ 
ELEMENT 

  REACTION ENERGY 
RANGE  (MeV) 

1 Be 9Be(3He,αn)7Be 5-26 

2 C natC(3He,x)7Be 12-27 

3 Al 
27Al(3He,x)22Na 8-50 

27Al(a,x)22Na 7.5-48.5 
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4 

 
Ti 

natTi(3He,x)48V 4.5-37.5 
natTi(a,x)51Cr 5-48 

5 Fe natFe(a,x)58Co 7.5-48.5 

6 Cu 
natCu(a,x)65Zn 15-43 
natCu(a,x)67Ga 15-50 

7 Cd natCd(α,x)113Sn 11-50 

 
8 

 
Sn 

natSn(α,x)121gTe 12-37 
natSn(α,x)121mTe 15-37 

9 Ta 181Ta(a,2n)183Re 15.5-44.5 
 
Reactions produced with various Metals/ Elements with the light ion beams 

viz; Deuteron, Proton, 3Helium & Alpha with their respective energy range 

have been mentioned Table 1-3 respectively [85]. Further the factors affecting 

the TLA and its applications have been discussed in detail in later sections. It 

is clearly evident from the tabulated data that there are several studies carried 

out with TLA using light ion beams. 

 

1.4 RARE EARTH & STRATEGICALLY IMPORTANT MATERIALS 

FOR OUR RESEARCH & THIER IMPORTANCE 
REE, metals or oxides are group of seventeen metallic elements. In these 15 

elements are classified as Lanthanides alongwith Scandium and Yttrium [86]. 

REE’s have diverse range of industrial applications and form an essential part 

in fabrication and production of high-tech devices such as lasers, mobiles, 

phosphors, magnets, hybrid vehicles and other industrial processes. REE’s 

also play vital role in industries of strategic importance such as defense 

applications which include radar & sonar systems, missile guiding systems 

and other electronic devices such as capacitors and display units. Since it is 

very difficult to find traces of these elements naturally like iron and aluminium 

which are present in abundance, properties and characteristics of these 

elements are not so familiar. One of the most extensive applications of 

lightweight rare earth element Neodymium is in production and manufacturing 

of REM’s which forms part of hybrid vehicles and wind turbines has been of 
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great importance from research and industrial applications point of view [87]. 

Over a couple of years, there has been an increasing demand in consumption 

of REE’s due to their unique properties and unparalleled application 

advantages. 

 
 

Fig. 17. Rare Earth Materials  
(Ref: https://sciencenotes.org/rare-earth-elements/) 

 

Major consumption of REE’s globally has been found in manufacturing of 

catalyst and REM’s. Applications of various REE’s sector wise is shown in 

Figure 18 and their consumption globally have been presented with the help of 

Pie Charts as shown in Figure 11[88] & 12 [89] respectively. 
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Fig. 20 represents rare earth materials consumption in various industrial 

sectors by United States for year 2018. Current research work reports 

investigation of TLA in spectroscopically pure (

Tantalum and natural Nickel material. Terbium and Thulium are classified as 

rare earth materials while Tantalum and Nickel are of great significance in 

various industrial applications due

properties [90-93]. Details and significance of these materials has been 

discussed in further sections. 
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Nickel is one of the most widely used alloying elements due to its attractive 

temperature and corrosion resistant properties. Pure or natural nickel in the 

form of coatings is plated on metal parts to protect them from chemical 

attacks, high temperature and resist surface degradation in material. Toasters 

& Electric Ovens use Nichrome alloy which is combination of Nickel and 

Chromium alongwith small amounts of Silicon, Manganese and Iron to resist 

corrosion even when red hot conditions are achieved. In desalination plants, 

while conversion of seawater into fresh water, material surfaces in direct 

contact with fluid medium are prone to corrosion and erosion due to presence 

of salt and other impurities. In order to resist these phenomena, materials made 

of Copper-Nickel alloy are preferred. Weapons and armours use Nickel 

coatings to resist corrosion. Turbine blades and propeller shafts used in cruise 

ships are subjected to accelerated flow erosion and corrosion phenomena 

which are minimized by using appropriate Nickel alloys. Nickel in hybrid 

batteries prevents from high temperature acidic corrosion conditions. Terbium 

is REM mostly used in solid-state devices. Calcium Fluoride, Calcium 

Tungstate and Strontium Molybdate are doped with Terbium in order to 

improve performance of solid-state devices. Due to its advantageous 

fluorescence properties, terbium salts are used in laser devices, light bulbs, 

mercury lamps and in improvement of medical x-rays with reduced 

radioactivity exposure. Sound boxes are prepared with alloy consisting of Iron, 

Dysprosium and Terbium which forms basis of audio in speakers. Thulium is 

also a REM having good fluorescence properties, which is used in medical x-

rays, lasers and surgical applications.  Tantalum is one of the strategically 

important materials having wide range of applications in electronic, defense, 

space, medical, aerospace and metallurgical industries due to its excellent 

thermal, mechanical and chemical properties. Due to its high capacitance, 

Tantalum has been successful in finding its applications in form protective 

coatings in capacitors used in space technology. As Tantalum is non-toxic, it 

has also found significant importance in surgical instruments, implants, repair 

of muscles wear and tear in the form of foil or wire. 



 

Tantalum alloys are extremely temperature and corrosion resistant alongwith 

good mechanical streng

nozzles, turbine blades and nose caps for supersonic aircrafts [94

important mechanical, thermal, physical properties of these materials have 

presented in Table 4. 
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Tantalum alloys are extremely temperature and corrosion resistant alongwith 

th which makes them suitable candidate materials for 
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important mechanical, thermal, physical properties of these materials have 
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Table 4 Important properties for Terbium, Thulium, Tantalum and 
Nickel material 

 
PROPERTIES TERBIUM  

(Tb) 
THULIUM 

(Tm) 
TANTALUM 

(Ta) 
NICKEL 

(Ni) 

Atomic number 65 69 73 28 

State at 20°C Solid Solid Solid Solid 

Melting point   1359°C, 
1632 K 

  1545°C, 
1818 K 

  3017°C, 
3290 K 

 1455°C, 
1728 K 

Boiling point   3230°C, 
3503 K 

 1950°C, 
2223 K 

 5455°C, 
5728 K 

 2913°C, 
3186 K 

Density (g cm−3) 8.23 9.32 16.4 8.90 

Specific heat 
capacity 
(J kg−1 K−1) 

182 160 140 444 

Young's modulus 
(GPa) 

55.7 74 185.7 ≈ 200-220 

Bulk modulus 
(GPa) 

38.7 44.5 - ≈ 177-187 

Shear modulus 
(GPa) 

22.1 30.5 69.2 ≈ 76-84 

 
1.5 MOTIVATION, RESEARCH GAP & OBJECTIVES 
 
Significance and applications alongwith its attractive properties of the 

materials chosen for our research work has been already discussed in previous 

sections. To capitalize and fulfil the global energy demands through advanced 

technology and shifting from Carbon based to Green Energy solutions, it is 

very necessary to figure out efficient and durable materials for smooth 

functioning of industries having strategic importance. Terbium, Thulium, 

Tantalum and Nickel have unique blend of characteristic advantages and it is 
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also very difficult to find a reliable substitute of these materials due to their 

enhanced physical, chemical and mechanical properties. It is also noteworthy 

to investigate the material performance with newer and more efficient 

detection techniques like TLA clubbed with other conventional techniques for 

more reliable results. Industries such as defense, space, power etc are very 

critical and small defect in functioning of materials might lead to huge 

economic losses coupled with catastrophic effects. To make effective 

utilisation of modern accelerator technology for TLA based studies, it is very 

important to primarily estimate the amount of residual or remnant activity 

thickness in the material of choice through calculated cross section and 

obtained yield. Till date activity measurement using nearly 100 charged 

particle beams on more than 50 elements has been successfully carried out. 

Most of the TLA based studies are carried using light ion beams. In current 

research work, Terbium, Thulium and Tantalum have been irradiated with HI 

Oxygen beam and Nickel with α beam. Activity measurement has been done 

in completely new set of energy range and other standard operating conditions. 

Till date there are no literatures reported for activity measurement of the above 

mentioned materials in the energy range, we have achieved by using HI 

beams. These results in completely new set of nuclear data to be used for TLA 

based studies in such materials having vital role in wide range of industries. 

Based on extensive literature and identified research gap, motivation of 

investigating activity distribution in such significant materials using heavy ion 

beams is carried out with the help of following objectives as mentioned below; 

 

 To investigate TLA feasibility in Terbium, Thulium (Rare Earth 

Materials) and Tantalum, Nickel having strategic importance from 

industrial perspective using Heavy Ion beams. 

 To measure Cross-Section and Yield in Terbium, Thulium, Tantalum 

and Nickel materials for Thin Layer based studies. 

 To measure residual activity distribution and maximum depth of 

penetration in above mentioned materials for TLA applications. 
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mechanism has been illustrated in Fig 2.1 with industrial application

automobile industry. TLA has been employed to detect wear or erosion 

between piston rings and piston cylinder arrangement. A thin layer of interest 

near Top Dead Center (TDC) of the cylinder is activated with the help of 

suitable charged particles. Iron being one of major elemental constituent leads 

to typical nuclear reaction when protons obtained from accelerator interacts 

with the surface of material. As a result of which characteristic γ-emissions are 

obtained from the activated thin layer. Amount of wear or erosion is 

determined by monitoring residual activity induced in the activated zone with 

the help of detector by capturing γ-emissions placed at appropriate distance. 

Fig 2.2 represents simplified activity [calibration curve] obtained through

eraction of charged particles with activated material surface. 

Fig. 2.1 Illustration of TLA mechanism [1]. 
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 Figure 2.2 TLA calibration curve (total activity  

        versus material depth) [1]. 
 
2.2 TLA THEORY 
When a material is subjected to irradiation of charged particles obtained from 

accelerator, particles interact as result of transfer of kinetic energy. It is but 

obvious that at a certain depth of thickness, interaction probability between the 

material surface and ion beam will completely come to rest as loss of kinetic 

energy due to attenuation in charged particles. Interaction of charged particles 

with various elements present in a material surface, results in production of 

radio-isotopes having very less concentration with very low radioactivity 

levels typically ranging from 100 kBq to few MBq [2]. To make effective use 

of TLA for industrial applications, it is very important to be aware of certain 

basic factors influencing total activity levels induced in sample materials. 

Factors such as elementary composition of material, choice of ion beam, 

threshold energy and range of ion beam interactions, radionuclides produced, 

nuclear reaction maximum yield, irradiation time and measurement method 

needs to be taken care of well in advance for TLA based investigations. 
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Interaction of charged particles in different elements is well known to ensure 

feasibility of the TLA based investigations while considering all the above 

mentioned factors [3]. To address a specific problem, suitable charged 

particles can be used for creation of specific radio-isotope or reaction product 

through which desired levels of activity and depth of activation can be 

achieved. Range of ion beam interaction in elements, compounds and alloys 

can be obtained through Braggs’s formula [4]. Other factors influencing TLA 

such as threshold energies, depth of interaction, Q-value of reaction can be 

referred through tabulated data available in literature [5]. When a charged 

particle interacts with an element or alloy, various nuclear reactions can be 

initiated. In order to determine the most suitable reaction for TLA 

applications, yield of reaction needs to be determined [6-9]. Unit of yield Y is 

expressed in μAh which can be obtained through eqn (1-2). 

 
 

                                            𝑌 =                                             (2.1) 

 
Where: 

λ = decay constant (s-1) 

I = beam intensity (μA) 

Ao = activity of reaction product after irradiation 

ti = irradiation time (s) 

Maximum Yield which is the measure of TLA feasibility in a particular alloy 

is expressed through eqn 2, 

 
 

                                      𝑌 =  𝑌   x  𝜂 𝑖                                        (2.2)  
                                                          
Y∑ = yield obtained from the alloy 

Yi  = yield obtained from pure element i 

ղii  = proportional weigh of element i in comparison to that of alloy. 
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2.3 ADVANTAGES OF TLA COMPARED TO CONVENTIONAL 
TECHNIQUES 
Most widely adopted methods across various industries for monitoring and 

detection of wear, erosion, corrosion and surface degradation phenomenon is 

achieved through dimensional and visual inspections. In this method, 

dimensional checks are done before and after testing of materials or 

components after being subjected to long running cycles. Amount of loss in 

material or component before and after testing is identified through 

dimensional checks, but one cannot be sure about the exact occurrence of 

these degradation phenomena’s with respect to different time scale in one 

testing cycle. The amount of loss determined is measure of total loss for 

complete duration of total operating hours.  

 

Even the best monitoring techniques have limited efficiency and accuracy to 

detect the loss upto few tens of micrometers. Materials and components fitted 

in complex engineering structures and applications are already assembled with 

very less tolerance fits to get maximum efficiency while operating. To monitor 

loss through conventional methods, these complex parts needs to be 

dismantled first for checks and again needs to be assembled back to operate. 

While doing so, it may lead to more human errors and also lower the precision 

and accuracy of monitoring techniques. Through TLA, this can be overcome, 

as it is a non-destructive remote monitoring technique.  Activation technique 

has also added advantage of simultaneously monitoring multiple parts or 

material surface of interest for measurement and detection of surface 

degradation. Operations in critical industries such as nuclear, space 

technology, transportation and others cannot be stopped at intermediate levels. 

In such cases components or material coatings used in these industries can be 

monitored effectively while being operational. Through activation technique, 

monitoring of complete cycle can be achieved at very regular time intervals 

without disturbing the operating conditions which is almost impossible to 

achieve through conventional methods. Precision and accuracy in detection of 

loss upto nanometers can be achieved by using TLA. It is possible to exactly 



 

trace the origin of loss oc

without affecting the operational stability through activation technique. For 

conventional methods, it is necessary to develop a prototype bench test rigs for 

monitoring of wear, erosion or corrosion etc. B

technique, optimization of this testing time can be achieved which further 

reduces overall operating costs, otherwise usually is not possible to achieve 

through conventional methods. 
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Figure 2.3 is simplified illustration for direct measurement set

represented having four major steps of monitoring the activity. 
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 After irradiation, precalibrated detector is used to capture the emitte

characteristic γ

trace the origin of loss occurred, while fast changing transient conditions, 

without affecting the operational stability through activation technique. For 

conventional methods, it is necessary to develop a prototype bench test rigs for 

monitoring of wear, erosion or corrosion etc. By making use of activation 

technique, optimization of this testing time can be achieved which further 

reduces overall operating costs, otherwise usually is not possible to achieve 

through conventional methods.  

MEASUREMENT METHODS 

2.4.1 DIRECT MEASUREMENT TECHNIQUE 

Schematic illustration of Direct Measurement Technique

Figure 2.3 is simplified illustration for direct measurement set

represented having four major steps of monitoring the activity.  

In this step material surface area of concern for investigation and 

monitoring for amount of surface degradation is identified and 

activated with suitable charged particles obtained through the 

After irradiation, precalibrated detector is used to capture the emitte

characteristic γ-radiations from the activated surface. 
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Figure 2.4 shows simplified illustration for indirect measurement set

having five major steps of monitoring the activity. In case of indirect 

measurement set-up, principle and monitoring of thin layer activated surface 

almost remains same other than a lubricant / cooling circuit. 

 Apart from this ensuring the positioning of detectors at right distance 

from the surface and component is also a challenge as detectors are 

highly sensitive to the fluctuations in operational parameters. 
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highly sensitive to the fluctuations in operational parameters.  
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 With the help of indirect measurement, this limitation can be overcome 

by providing additional flowing medium circuit in which detector of 

desired efficiency and accuracy is placed as shown above.  

 In this case, the worn out particles flow along with the fluid medium 

and are collected in a detector gas chamber at regular intervals for 

detection activity induced with respect to thickness. Increase in the 

level of activity over a period of time is the measure of volumetric or 

mass loss.  

 In this case, care needs to be taken off for regularly removing the 

accumulated worn out particles after each operating cycles so that the 

precision and efficiency remains high. This can be also done by 

installing appropriate filter in the flowing circuit to absorb gamma 

rays.  

Eventhogh precision and accuracy of higher order can be achieved through 

this method; utmost care needs to be taken while calculating specific activity 

influenced by variable parameters such as fluid medium, transportation, 

detector efficiency etc. 

 
2.5 PRE-REQUISITES FOR TLA INVESTIGATIONS 
 
2.5.1 RADIOACTIVITY DETECTION 
TLA investigations can be achieved both through direct and indirect 

measurement methods. As discussed earlier, in industrial applications where 

dry surface degradation phenomena are prominent, direct measurement 

method is more suitable while in case lubrication parts or surfaces indirect 

measurement method turns out to be more effective. In both cases, challenge is 

to achieve precision and accuracy in capturing signals through detectors from 

the ionizing particles after irradiation of material samples. Range of 

penetration for α and β particles is poor as compared to that of γ-radiation that 

is why; it is the best choice for monitoring of surface degradation related 

measurements. Some of technical issues [12] which are to be taken into 

consideration in TLA investigation are as follows; 
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1) Background Irradiations: Remnants of naturally occurring radiations such 

as terrestrial, cosmic and radon background irradiation can influence the 

precision and accuracy while measuring the specific activity induced in the 

activated surface of material or components under investigation. This can be 

overcome by using a precalibrated detector set-up for measuring the radiation 

levels without and with source through comparative analysis. 

2) Wear measurements through Calibration Curves: As discussed in previous 

chapter, activation of surface through charged particles results in a number of 

nuclear reactions which results in several reaction products. As a result of 

which, it is difficult to trace the one particular radiation being emitted after 

activation. Variable factors like position of detector from the activated surface, 

type of fluid, transportation and detector type and efficiency also influence the 

authenticity of obtained measurements. This can be managed through pre-

calibration of the whole set-up using standard radiation sources.  

3) Ion beam energy range: Gamma radiations obtained from irradiated 

material surface is one of primary input to check the feasibility of interaction 

probability and resulting amount of mass / volumetric loss. Gamma rays 

having less energy are not feasible as they will attenuate quickly in the 

shielding barriers and appropriate γ-energies might just pass the detector 

surface without any interaction. Hence, it is very important to consider 

threshold energy range of interaction between ion beam and material. 

4) Detector intrinsic efficiency: Detector efficiency can be simple given by 

ratio of number of events captured to that of number of gamma rays emitted. 

This depends on the material of the detector, design and working principle. 

There are many commercially available detectors which can be used for 

measurements in suck kind of set-ups. Details regarding material efficiency, 

positioning and energy of ion beams are available in the form of data sheets 

which can be considered before setting up of experiments [13]. 

 
2.5.2 DETECTORS SELECTION 
For TLA based investigations, capturing of γ-rays of specific energy plays a 

vital role in analysis and measurement of surface degradation phenomena in 
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various industrial applications. This challenge can be addressed through 

spectroscopic analysis of characteristic gamma rays used to identify the 

specific reaction residue alongwith its sensitivity [14]. Detector setups are 

usually a complete line supported with electronic system either installed near 

to the equipmental set-up or may be at some distance away. During the 

operations, detector facility is also subjected to background irradiations, 

vibrations, temperature like variable parameters affecting the overall 

performance of the detection system. Thus it is very important that the 

detection facility turns out be cost-effective, reliable, sensitive coupled with 

high accuracy and precision. Commercially available detectors are mainly 

classified in two categories; inorganic scintillation and semiconductor 

technologies. 

 
2.5.2.1 SCINTILLATION DETECTORS 
Alkali Halides (NaI and CsI) or Bismuth Germanate (Bi4Ge3O12 or BGO) 

based inorganic scintillators are widely used in various industrial applications. 

By mounting these detectors on Photo Multiplier Tubes (PMT) and conversion 

of scintillation light into electronic pulses is achieved. Bismuth Germanate is 

having higher density as compared to that of Sodium Iodide (NaI) but its 

energy resolution as compared to that of NaI turns out to be two times lower. 

One of main limitation with NaI is its low energy resolution, which cannot be 

used in such applications where multiple reactions are initiated after 

activation. NaI detectors turns out to be cost effective, and can be easily 

mounted on industrial test benches and also effective under vibrations and 

shocks and can be cooled at room temperature also. Some of new detector 

technologies with improved resolution are in demand coming from family of 

Lanthanum Halides LaCl3(Ce) whose energy resolution is two times better in 

comparison to NaI but higher operational cost is one of the limitations at this 

stage. 
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2.5.2.2 SEMICONDUCTOR DETECTORS 
As NaI are cost effective but offers very low energy resolution, High Purity 

Germanium detectors (HPGe) are one of its kind detector technologies with 

very energy resolution. These detectors are cooled with liquid Nitrogen which 

turns out to be little complicated while being in use at facilities. Advance 

portable commercially available electric cooled HPGe detectors are also 

available which can be used as a substitute for nitrogen cooled HPGe. 

Spectroscopic resolution of the detectors plays very vital role in indentifying 

properties of reaction products obtained post irradiation. In case of natural 

elements or simple alloy composition matrix, NaI detectors can be used for 

identification and analysis purpose. In case of complex composite matrix of 

material or alloy, lot of reactions are initiated through irradiation of charged 

particles. This results in overlapping of peaks through which identification of 

properties at specific time interval becomes very difficult for a given sample 

of material. HPGe detector turns out to be very effective in such industrial 

applications due to its high resolution. 

 
2.6 TLA ELECTRONICS FOR DETECTION 
 

 
          

Fig. 2.5 Schematic illustration of TLA electronics system. [15] 
 

Fig 2.5 illustrates electronic system set-up required for TLA investigations. 

Major electronics are detector, PMT, Amplifier, Analog to Digital Converter 

(ADC), Multi Channel Analyzer (MCA), high voltage source and system to 
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record output. Cost-effectiveness of this system depends upon the volume of 

experiments or TLA investigations and also the precision and accuracy needs 

of specific industry. In some cases, MCA can be replaced with Single Channel 

Analyzer in which specifically gamma emissions of one particular reaction can 

be recorded. High voltage source is connected to the detector set-up which is 

placed in front of the investigating sample to capture the γ-emissions obtained 

after activation. These γ-emissions are captured; pre-amplified and then 

amplified using amplifier. The signals recorded are in the form of pulse which 

is a unipolar output. This is further connected to MCA unit from which 

spectroscopic details of a particular reaction can be identified. This is finally 

connected to system output, which records the spectrum of reactions induced. 

For spectrum analysis, various in-house built software packages can be used 

for analysis of the captured data.  
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CHAPTER 3 
 EXPERIMENTAL METHODOLOGY 

 
TLA (thin layer activation) is an important and unique nuclear technique 

through which analysis of material properties, behaviour and monitoring of 

surface degradation can be achieved which are of great importance in 

industrial applications. In TLA mechanism, when a beam of certain energy 

impinges on the material or target specimen, under investigations, initiates 

multiple nuclear reactions. This initiated nuclear reaction is in result of the 

interaction between various elements present in the target material with that of 

beam. Activation of thin layer of specific material under consideration, results 

in formation of completely new product through a specific reaction channel. 

Identification of various reaction products is done through γ-ray spectroscopy. 

By capturing specific γ- energies using high resolution detectors, the details of 

particular reaction product (corresponding to detected specific gamma energy) 

can be studied. Identification of reaction products may be done either using 

on-line or off-line measurement technique.  

 
This thesis presents, the details of various experiments performed using the 

15UD Pelletron Accelerator facility at Inter University Accelerator Center 

(IUAC), New Delhi, India. These irradiations in the selective materials were 

carried primarily for investigation of reaction dynamics. Experimental data 

obtained through irradiations has been further used to explore the yield and 

surface activity distribution which are very important parameters for TLA 

investigations. In section 3.1, details are provided on how the Pelletron 

Accelerator at IUAC is set up and operates. Details of target material 

preparation & further measurements have been discussed in section 3.2. Stack 

foil Activation technique is important, as large number of material samples 

can be irradiated in a single way. Samples of materials used are prepared in 
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stack and activation is achieved through stack foil activation. Details of stack 

arrangement and thickness are discussed in sections 3.3. Irradiation 

mechanism carried out alongwith post irradiation analysis, determining 

efficiency and calibration of HPGe detectors used, cross-section formulations 

and measurements with errors and uncertainties have been discussed in detail 

in sections 3.4 & 3.5. Overview of some of the simulation software and their 

functioning has been discussed in section 3.6. 

 
3.1 PELLETRON ACCELERATOR AT IUAC 
For a couple of years, the particle accelerators have been used in many 

research areas of sciences, engineering and medicine industries due to its 

multidisciplinary advantages and applications. Accelerator at IUAC, is a 15 

UD Pelletron tandem accelerator. Particle as light as proton upto as heavy as 

Uranium can be accelerated through this accelerator independent of its charge 

and mass. The range of energy for acceleration varies from few tens of MeV 

to Hundreds of MeV. It is a vertical acceleration system constructed from a 

Stainless Steel tank with a diameter of 5.5 meters and a height of 26.5 

meters. Since, accelerator is capable of producing million electric volts, it is 

maintained at ≈ 7-8 atmospheric pressure by filling SF6 di-electric constant 

gas for insulation and prevention of breakdown due to high potential. High 

voltage terminals are positioned in the center of the tank, which can support 

voltages between 4 and 16 million volts (MV). Pelletron accelerators work in a 

similar manner to Van-de Graff generators. Accelerator at IUAC is also 

known as Tandem Accelerator due to additional feature of utilizing its 

accelerating voltage twice before the particles interact with material. Once the 

terminal is fully charged to high voltage, any appropriate ion beam can be 

used to accelerate. Figure 3.1 is a schematic representation of the Pelletron 

accelerator. Working of acceleration of particles through Pelletron can be 

understood as follows [1-3]. 
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Figure 3.1: A schematic diagram of IUAC Pelletron Accelerator. 

 

 
            Production of Negative Ion Source 
Through addition of electron to neutrally charged ions, negative ion source are 

produced making use of Source of Negative Ions by Cesium Sputtering 

technique in which ion beams are generated by impacting cesium ions on 

cathode, which sputters out negative ions. These negatively charged ions are 

injected through injector deck at ground potential with the help of injector 

magnet from the top of tank. These beams are further accelerated towards a 

high positive potential fixed at the centre of tank.  

 
            Stripping of the Negative Charge  
The total energy gain by beam of particles is given by eVt where (Vt is the 

terminal potential in MV). As the beam is accelerated towards positive 
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potential, it is made pass through charge a stripper which takes of the negative 

charge from the ion source, thus converting into positive charge. 

 
            Acceleration due to same charge 
As of now, the beam of charged particles are positively charged and the high 

voltage potential is also positive in charge, so the positive ions gets repelled 

and accelerated below the terminal to ground potential. If the charge state of 

positive ion after passing through the stripper at the terminal is q, then the 

energy gained in the acceleration below the terminal to the ground potential is 

qVt. Therefore, after passing through the two stages of acceleration the final 

energy of the ion beam is given by, 

 
                Efinal = E0 + (q+1)Vt                                                                                     (3.1) 
 
where, E0 = energy of ion before acceleration through terminal voltage Vt 

                   q = charge state of ion after stripping. 

 
Since, initial energy before acceleration is infinitesimally small as compared 

to that of final energy after acceleration. The factor E0 can be neglected in the 

above stated eqn and can be rewritten as, 

 
              Efinal =  (q+1)Vt  MeV                                                   (3.2) 
 
 

3.2 SAMPLE PREPARATION  
Material samples for Terbium, Thulium and Tantalum systems for irradiation  

using Oxygen beam have been prepared through different techniques for 

measurement & analysis of cross-sections and activation depth achieved [4-6]. 

Details of techniques are described in following subsections. 

 

3.2.1 ROLLING TECHNIQUE 
Rolling machines were used in the target laboratory, IUAC, New Delhi, to 

prepare foils of Terbium, Thulium and Tantalum with (≈99% spectroscopic 
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purity) as shown in Figures 3.2 (a-b). With the help of these rolling machines, 

very thin foils of desired material can be prepared.  

 

 
 

Fig. 3.2 (a) Rolling Machine 1 at IUAC 
 

Foils of desired material is placed between the two mirror polished stainless 

steel rollers and then rolled through especially hardened rollers as shown in 

above figures. By applying appropriate pressure the gap between the rollers is 

gradually reduced to achieve foils as thin as possible. Thickness of foils 

ranging as low as ≈ 0.5-1mg/cm2 may be achieved through this technique. It is 

very efficient method having negligible loss in expensive materials used for 

fabrication [7-8]. 
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Fig. 3.2 (b) Rolling Machine 1 at IUAC 
 
Another technique which is used preparation of target samples which cannot 

be rolled or whose thickness is ranging in few tens of μgm/cm2 is achieved 

through evaporation technique. In this case, thin aluminium foils having 

thicknesses 1-1.5 mg/cm2 prepared by rolling are used as backing foils on 

which the material of choice in the powder form is deposited on this 

aluminium backing and then evaporated in vacuum chamber with pressure 

maintained in order of ≈ 10-6 bars using turbo molecular pump. Aluminium is 

deposited on glass slides using electron gun (2kW) bombardment technique, 

by maintain the vacuum conditions inside the chamber. Tantalum boats are 

used to generate maximum heat while evaporation in downward direction. 

Current used during evaporation ranges in between 100-170 mA. Evaporation 

process is monitored through quartz crystal set-up. After evaporation of thin 

foil is achieved on aluminium, it is allowed to cool for duration of 4-5 hours 

after which slides are carefully taken out. Thus the thin film of material 

deposited is removed through floating process in water and is taken further as 

sample material for performing experiments [7-8]. Schematic of evaporator 

used for preparation of thin aluminium backing has been presented in Figure 

3.3. 
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Fig. 3.3. Evaporator Machine at IUAC 
 
3.2.2. THICKNESS MEASUREMENT USING α-TRANSMISSION 
METHOD 
Thickness of each sample foil is measured with the help of α-transmission 

method. In this α-particles having energy 5.486 MeV emitted through 241Am 

source are allowed to pass through the sample foil to estimate energy loss of 

α-particles in sample thickness. Experimental set-up of thickness measurement 

is explained with the help of block diagram as shown in Figure 3.4 

 

 
  Fig. 3.4. Block diagram of α-transmission thickness measurement set-up 
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For determination of precise thickness of thin foils, α-spectrometer set-up is 

used. A pre- calibrated source of known strength i.e 241Am is placed near the 

silicon detector. Thin foils obtained through rolling & evaporation techniques 

are mounted on target holder through which α-particles may pass. As they pass 

through thin foils, they lose an amount of energy (∆E). The α-emissions are 

captured through detector, pre-amplifier and then amplifier in which peak 

fitting is carried out. This loss in energy ∆E across a thickness X of the 

material specimen is calculated through a parameter, known as stopping power 

which is estimated using SRIM calculation [9]. Thus, a very precise thickness 

measurement of samples in the form of thin foils can be determined through α-

spectrometry set-up [10] as shown in Figure 3.5. 

 
 

Fig. 3.5. α-spectroscopy thickness measurement set-up at  
Target Laboratory, IUAC 
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Detector, alpha source and target samples mounted on target holder are all 

kept in the vacuum chamber so as to avoid uncertainties in measuring γ-

intensities. Multiple target samples can be mounted in one go on the slots 

provided on target holder thus reducing measurement and analysis time.  

 

3.3 STACK FOIL ACTIVATION TECHNIQUE 
Measurement and analysis of cross-sections for various reaction products have 

been done using stack foil activation technique. It is non-destructive technique 

used for determining the rate of interaction of material with the ion beam. 

Reactions initiated on stack of material results in formation of several reaction 

products through various reaction channels, due to nuclear interactions. Each 

of these reaction products can be identified individually through the emissions 

of characteristic γ-rays emitted and detected by HPGe detectors after 

activation. It is powerful technique to investigate reaction dynamics initiated 

after irradiation. In present work measurement and analysis of yield and 

surface activity in stacks of Terbium, Thulium, Tantalum and Nickel materials 

all backed by aluminium catcher foils of appropriate thickness which were 

initially irradiated for measuring nuclear interactions, has been further used for 

measuring cross-section and residual activity of a particular reaction using 

Oxygen and Alpha beams. Illustration of stack foil activation technique is 

shown in Figure 3.6. A charged particle beam of maximum energy obtained 

through accelerator is impinged on stack of target samples backed by 

Aluminium catcher foils as represented in above figure. As the beam traverse 

through thickness of complete stack, it keeps on losing its energy in each 

sample used in stack. This is also known as energy degradation technique 

through which, it is possible to activate same material samples in different 

energy regions using only one beam at fixed energy coming out of accelerator. 

 



 

 
Figure 3.6. 
offline energy degradation technique

Advantage of this degradation

multiple target samples simultaneously at varying thickness and energy 

regions using single beam, thus reducing the experimental time & cost [4

 

Detailed discussion regarding calculations of thickness of

foils is illustrated with an example of stack calculation for any random 

material represented in figure 3.7 and table 3.1

Table 3.1. Sample stack thickness calculations by SRIM / TRIM

TARGET THK (mg/cm

T1  

T2  

T3  

T4  

T1  

T2  

T3  

Figure 3.6. Stack foil activation using  
offline energy degradation technique 

 
Advantage of this degradation technique is that activation can be achieved in 

multiple target samples simultaneously at varying thickness and energy 

regions using single beam, thus reducing the experimental time & cost [4

Detailed discussion regarding calculations of thickness of target and catcher 

foils is illustrated with an example of stack calculation for any random 

material represented in figure 3.7 and table 3.1 

Table 3.1. Sample stack thickness calculations by SRIM / TRIM
 

THK (mg/cm2) CATCHER THK (mg/cm
STACK I 

1.1 Al1 

1.3 Al2 

1.1 Al3 

1.11 Al4  

STACK  II 

1.25 Al1 

1.5 Al2 

1.25 Al3 
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technique is that activation can be achieved in 

multiple target samples simultaneously at varying thickness and energy 

regions using single beam, thus reducing the experimental time & cost [4-6]. 

target and catcher 

foils is illustrated with an example of stack calculation for any random 

Table 3.1. Sample stack thickness calculations by SRIM / TRIM 

THK (mg/cm2) 

1 

1.1 

1 

1 

1.1 

1.2 

1.1 
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STACK III 

T1  1.2 Al1 1 

T2  1.1 Al2 1.1 

T3  1.2 Al3 1.1 
 
Figure 3.6 is an illustration of general stack arrangement for target material 

with Aluminium backing. Thickness of each target sample with Aluminium 

catcher foil is presented in illustrated in Table 3.1. In the present studies 

Oxygen beam has been used for irradiation of the material with beam energies 

ranging from Coulomb Barrier (CB) upto 110 MeV, energy degradation or 

loss of energy observed between adjacent target and catcher arrangement is 

ranging from 3-5 MeV. 

 

 
 

Figure 3.7. Illustration of random target sample stack calculations using 
energy degradation technique 

 
Total energy points covered through single irradiation of stack are 11 as 

illustrated in figure 3.7. Loss of energy is calculated through dE/dX value 

obtained from SRIM calculations. Stack foil activation representation for 

target material having thickness in range of 1.1-1.5 mg/cm2 with initial energy 

110 MeV has been illustrated for understanding purpose. 
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As discussed earlier, in the present work, stacks of Terbium, Thulium and 

Tantalum which were irradiated initially to observe nuclear interactions have 

been further used for measuring residual activity distribution across thickness 

of material samples. Samples have been prepared and activated using Oxygen 

beam while natural Nickel material is activated using Alpha beams. For 

irradiation of Terbium system; two stacks containing four samples each was 

irradiated with beam energies 95 & 90 MeV respectively. For Thulium 

system; two stacks containing four samples each was irradiated with beam 

energies 95 & 92 MeV respectively. For Tantalum system; three stacks with 

four foils each was irradiated with beam energies 100, 98 & 88 MeV [4-6]. In 

case of α + natNickel system, single stack containing 8 foils was irradiated with 

40 MeV α-beams [11]. Details of thickness of each target and catcher are 

discussed in next chapter 4  

 
3.4 IRRADIATION 
Primarily irradiations with Terbium, Thulium & Tantalum materials were 

carried out in General Purpose Scattering Chamber (GPSC) to investigate 

reaction dynamics and other parameters influencing around CB region [12-

14]. Further these data has been extended in exploring measurement and 

analysis of yield and surface activity distribution which is an essential 

parameter for TLA based studies. GPSC is a stainless steel tank with 1.5 

diameter housed with In-Vacuum Transfer (ITF) facility which allows transfer 

of stacks of target material without disturbing vacuum conditions inside tank. 

Using ITF lapse time can be reduced for counting the irradiated material and 

thereby detection of gamma radiations corresponding with short live reaction 

products. Beam line through the accelerator is connected to GPSC chambers 

equipped with powerful magnets and turbo molecular pump to maintain and 

guide the beam coming out from terminal potential of accelerator. Flux of the 

incident beam was measured through charge collected in the faraday up which 

is placed behind target catcher assembly. Stacks of target material samples 

were mounted on target catcher assembly whose position can be altered in 



 

upward and downwards direction in order to align with the 90

of beam. A pre-calibrated HPGe Detectors of 100 cc volum

 

through CAMAC based FREEDOM software was used to measure the amount 

of activity induced in target samples post irradiation. A typical side view

inside view of GPSC chamber is shown in Figures 3.8 (a

 
3.5 POST-IRRADIATION ANALYSIS
 
In order to identify the characteristic γ

complex γ-ray spectra, a detector of good resolution and proper 

required. The post irradiation analysis has been carried out using γ

spectrometer with a HPGe Detector.

 
3.5.1 CALIBRATION AND 
HPGe DETECTOR 
The HPGe detector was pre

using various standard γ

known strengths. The prominent γ

in Table 3.2, and have been used in the present measurements, both

calibration of the γ-ray spectrometer and for the determination

efficiency as a function of γ

Figure 3.8. (a) Side view of 
GPSC at IUAC

upward and downwards direction in order to align with the 900 incidence angle 

calibrated HPGe Detectors of 100 cc volume coupled to a PC 

CAMAC based FREEDOM software was used to measure the amount 

of activity induced in target samples post irradiation. A typical side view

inside view of GPSC chamber is shown in Figures 3.8 (a-b) respectively.

IRRADIATION ANALYSIS 

In order to identify the characteristic γ-rays of evaporation residues in the

ray spectra, a detector of good resolution and proper calibration

required. The post irradiation analysis has been carried out using γ

spectrometer with a HPGe Detector. 

CALIBRATION AND EFFICIENCY DETERMINATION OF 
 

The HPGe detector was pre-calibrated both for energy as well as effi

using various standard γ-sources i.e., 22Na, 60Co, 133Ba, 137Cs and 

known strengths. The prominent γ-rays of the standard 152Eu source are

.2, and have been used in the present measurements, both

ray spectrometer and for the determination 

efficiency as a function of γ-ray energy 

Figure 3.8. (a) Side view of  
GPSC at IUAC 

Figure 3.8. (b) Inside view of GPSC 
at IUAC 
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incidence angle 

e coupled to a PC  

CAMAC based FREEDOM software was used to measure the amount 

of activity induced in target samples post irradiation. A typical side view and 

b) respectively. 

rays of evaporation residues in the 

calibration is 

required. The post irradiation analysis has been carried out using γ-ray 

EFFICIENCY DETERMINATION OF 

calibrated both for energy as well as efficiency by 

Cs and 152Eu of 

Eu source are given 

.2, and have been used in the present measurements, both for energy 

 of detector 

Figure 3.8. (b) Inside view of GPSC 
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Table 3.2: A list of γ-ray energies and absolute intensities of some of the 

prominent γ-rays from 152Eu. 

γ-ray energy (keV) Absolute Intensity (%) 
121.78 28.58 
244.69 7.58 
344.27 26.54 
443.96 2.82 
778.90 12.94 
867.37 4.24 
964.07 14.60 

1089.73 1.72 
1112.07 13.64 
1212.94 1.42 
1299.14 1.62 
1408.00 21.00 

 

 
Figure 3.9: Geometry dependent efficiency curve as a function of γ-ray 

energy at source-detector separations d=1 cm. Solid lines represent the 
best polynomial fit. 

 
The geometry dependent efficiency (Gε) of the HPGe detector at a given 

energy has been determined using the following expression; 

 

                                    Gε =  ( )                                             (3.3)                                                         
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where, No is the disintegration rate of the standard γ-source at the time of 

measurement, Nao is the disintegration rate at the time of manufacture of the 

source, λ is the decay constant, t is the time lapse between the manufacture of 

the source and the start of the time of counting, and θ is the branching ratio of 

the characteristic γ-ray. In order to keep the geometry dependent detector 

efficiency same for standard γ-sources and samples/catchers, the standard γ-

sources and the irradiated sample foils were counted in the same geometry. 

However, the source-detector separations for various irradiated samples were 

kept different, depending on the intensity of the induced activities, in order to 

keep the dead time of counting less than 10%. Typical geometry dependent 

efficiency as a function of γ-rays energy and for source-detector separations of 

1 cm) are shown in Fig. 3.9. Further, the geometry dependent efficiency 

curves are found to be best fitted with a 5th order polynomial function of the 

type; 

 
                   Gε =a0 + a1 E + a2 E2 + a3 E3 + a4 E4 + a5 E5         (3.4) 

 
where, E is the energy of the γ-ray and a0, a1, a2, a3, a4 and a5 are the 

coefficients having different values for each source-detector separation. 

 

3.5.2 IDENTIFICATION OF REACTION PRODUCTS: DECAY 
CURVE ANALYSIS 
Once the irradiation is done, the stacks of targets alongwith catcher foils were 

taken out of the GPSC with the help of ITF. The intensities of identified γ-

peaks were recorded at increasing times to get their decay curves. The analysis 

of decay curves give the half-lives of the residues and thus confirmed their 

identification. This is a very specific way for the identification of reaction 

products because each radioactive isotope has a unique decay mode. As a 

representative case, a typical decay curve of 193gTl (T1/2 =21.6 m) identified by 

324.4 keV γ-ray is shown in Fig. 3.10. List of reaction products identified are 

given in Tables 4.2, 4.3, 4.4 and 4.5 in Chapter IV, alongwith their 

spectroscopic properties which have been taken from the Table of Isotopes. 
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Fig. 3.10: Experimentally observed decay curve; the count-rates have 
been plotted on semi-log graph as a function of lapse time, which indicates 
the half-life of corresponding residue produced in 16O + 181Ta system. 
 

3.5.3 DETERMINATION OF THE REACTION PRODUCTION 
CROSS-SECTION 
For TLA investigation, yield of a particular reaction is measure of maximum 

probability of interaction of the given material with the ion beam at given set 

of conditions. Yield of a reaction depends upon production cross-section σr(E) 

which is measure of probability of formation of a particular reaction product. 

On experimental basis, cross-section of a reaction X(a,b)Y may be defined as 

total number of events occurring in per unit area and per unit target nucleus of 

material under investigation. Measuring unit for cross-section is expressed in 

barns. One barn equals to 10-28 m2. Mathematically, reaction cross-section 

may be represented as, 

 
                𝜎 (𝐸) =         ( , )  / ∅                         (3.5)                                                              

          
where, 

N0 = Number of nuclei in the target, 

Φ = incident beam flux 

t =   irradiation time 

As represented in eqn (3.5), for determining cross-section of any particular 

reaction, it is necessary to know the values of the quantities given in 
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denominator, while the quantities in expressed numerator, i.e. measurement of 

number of events of a given type needs to be determined. This is measured 

either by employing off-beam or in-beam techniques.  

 
When a material sample is irradiated with the help of ion beams, it results in 

initiation of several nuclear reactions resulting in many reaction products 

through nuclear reactions. Determination of cross-sections for all such 

individual reaction products formed through activation analysis technique has 

been discussed in detail. Probability of formation of a particular reaction 

product initiated through nuclear reaction may be expressed by, 

 

                                          𝑁 =  𝑁 ∅𝜎 ( , )                                                    (3.6)                                                                                                                  

 

where, σX(a,b)Y is reaction cross-section or activation cross-section of a 

particular reaction product obtained through specific reaction channel. As 

discussed earlier there will be many reaction products initiated through nuclear 

reaction after ion beam material interaction, resultant products formed will be 

radioactive in nature and will keep on simultaneously decaying with respect to 

time. It is obvious with respect to increase in time after the stop of irradiation, 

rate of radioactivity will keep on decreasing. This disintegration rate can be 

expressed as, 

 

                                    t  =         𝑁 ( )( )                                              (3.7)                                                                       

 

where, 

t1 = beam irradiation time and 

λ = disintegration constant of induced activity which can be further expressed 

as, 

 

                                     𝜆 =  /                                                                          (3.8)                                                                                                                          
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Decay of reaction products while irradiation of target material by a beam of 

incident particles is controlled by saturation factor [1-exp(-λt1)] which is also 

known as saturation correction. In a very small time dt, number of decays of 

induced radioactivity may be represented by, 

 

                                    𝑑𝑁 = 𝑁 ( )( ) 𝑑𝑡                                                    (3.9)                                                                                                   
 

When the material is irradiated with ion beam, it is standard procedure to wait 

for some of highly radioactive products to completely disintegrate and then 

measure the data, so that the radioactivity levels reach well below the safety 

limits. As a result of which, a lapse time of interval t2 is generated. If total 

measurement time of irradiated sample is given by t3, then the number reaction 

products decayed in time interval t2 and (t2 + t3) is expressed by, 

 

                                  𝐶 = 𝑁 ( ) ( ). ( )                                          (3.10)                                                                                         

 

While performing experiments, the activity induced in the sample is recorded 

with the help of appropriate detector. For our experiments, detector used is 

gamma ray spectrometer of efficiency Gϵ, then absolute count rate C and 

observed counting rate A are expressed through relation as, 

 

                                           𝐶 =  . .                                                               (3.11)                                                                                                                   

 

where, 

A= Total number of counts of the induced activity during time interval t3 

Θ = branching ratio of characteristic γ-ray indentified through spectrometer 

Gϵ = Geometry dependent efficiency of detector. 

K = Correction factor. 

As irradiation of material takes place inside vacuum chamber, it is possible 

that small fraction of the γ-rays emitted after material irradiation gets absorbed 
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in the material itself across the varying thickness which is given as K = [{1-

exp(-μd)}/μd], where, 

d = sample thickness in (gm/cm2) 

μ = absorption co-efficient of gamma ray in material sample, (cm2/gm) 

Thus overall cross-section of a nuclear reaction induced through irradiation of 

ion beam on selected target material can be expressed as, 

 

                             𝜎 ( , ) (𝐸) =  . ( ) . . .  . ( ) ( )                   (3.12)                                                                 

 
 
When irradiation stops at time t = 0, count rate Ct=0 is expressed by 
 

                                         𝐶 =  . ( )( )                                                   (3.13)                                                                                                    

 

By making using of all the aforementioned equations and input parameters, 

final reaction cross-section σX(a,b) is expressed as, 

 

                                   𝜎 ( , )(𝐸) =   . . .  . ( )                                (3.14)                                                                             

 

The above expression has been used to determine the reaction cross-sections 

using γ-spectroscopy in offline experiments carried with various materials 

terbium, thulium, tantalum & nickel materials which can be used for TLA 

investigations purposes in respective materials [15-16]. All these formulation 

are in built in PACE4 software which has been used to obtain the yield & 

calibration curves in above mentioned materials by measuring relative cross-

sections and range of residual activity induced. A FORTRAN program EXP-

SIGMA, based on the above formulations has been used for the determination 

of the reaction cross-sections of the reaction products. 
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3.5.4 EXPERIMENTAL UNCERTAINTIES; ERROR ANALYSIS 
Since experimental set-up involves lot of prerequisite factors to be taken into 

consideration for obtaining results, some of the factors and errors associated 

while performing experiments are discussed as follows. 

 

1. As discussed earlier that, irradiation with respective materials were carried 

out on stack of appropriate thickness on the basis of theoretical calculations. 

Since thickness of samples used are only few hundreds of milli-grams 

thickness, while rolling or evaporation of such thin foils may result in 

uncertainty and non-uniformity in stacks of respective samples. Although the 

sample thickness have been measured by highly sensitive α-transmission 

technique to reduce the errors introduced due to non uniformity, it has been 

still estimated that the error introduced in the target thickness is ≤ 1%.  

 

2. The time of irradiation ranges from 8-12 hrs for almost all the selected 

target samples. It is possible that beam current may fluctuate in between while 

operating hours. Beam current influences the flux and thereby cross-section. 

Before carrying out experiments, many tests were performed to keep track of 

time-integrated beam fluctuations and errors resulting due to this were 

estimated to be not more than 4-5 % in measured cross-sections.  

 

3. The errors resulting from solid angle defects accounts for less than 5%.  

 

4. The attenuation in beam current when traversing foil thickness is estimated 

to cause errors of ≤ 2%. 

 

5. In order to obtain accurate measurement of cross-sections, highly efficient 

HPGe detectors with spectrometry set-up to capture characteristic γ-rays was 

equipped. The efficiency of HPGe detectors was measured frequently during 

the run, using calibrated sources of 60Co and 152Eu. Dead time of detector was 

kept below 10% by properly adjusting the distance between source and 

detector. Statistical errors introduced were minimized through consideration of 
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large number of counts for comparatively longer times (≈ 5000 s). The 

uncertainty introduced due to curve fitting is estimated to be < 3%. By taking 

into consideration of all the above mentioned uncertainties, maximum errors 

introduced in experimentally measured cross-sections is estimated to be less 

than 15%. 
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CHAPTER 4  
MEASUREMENTS & RESULTS 

 
 4.1 THIN LAYER ACTIVATION (TLA) INVESTIGATIONS USING 
OXYGEN & ALPHA ION BEAMS. 
TLA is a powerful technique used for monitoring surface degradation 

phenomena like wear, corrosion, erosion etc in various industrial applications 

by measuring cross-section, yields and residual activity induced in materials 

subjected to irradiation [1-6]. Measurements & results obtained for surface 

activity induced through oxygen beam in different rare earth materials like 

Tantalum, Terbium & Thulium, having great significance in critical industrial 

applications have been discussed in detail. Further measurements & results 

obtained for surface activity induced through α (Alpha) ion beam in natural 

nickel material by TLA investigations having extensive applications in the 

form of coatings and construction material across various industries has also 

been discussed in detail. In case of TLA, usually one nuclear reaction having 

the maximum cross-section and yields is taken into consideration for practical 

applications. Nickel based alloys and coatings have evolved mature subject of 

research and development from tribological applications point of view due to 

excellent anti wear & corrosion resistant properties [7-9]. To measure the 

activity induced by α-particles in Nickel material with energies between 10 

and 40 MeV, stack foil activation procedure has been employed and 

irradiations of stacks were carried out at the Variable Energy Cyclotron Centre 

(VECC), Kolkata, India. Various reactions for which surface activity has been 

determined are  61Ni(α, 3n)62Zn, 61Ni(α, 2n)63Zn, 60Ni(α, p2n)61Cu, 60Ni(α, 

n)63Zn, 60Ni(α, 2n)62Zn, 58Ni(α, p)61Cu and 58Ni(α, pn)60Cu across different 

beam energies in α+natNi system.  Surface activity has been estimated through 

calibration curves of respective reaction products by measuring cross-sections. 
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Since, present research work is focussed on predicting the feasibility of TLA 

investigations in the above mentioned materials, all the reactions induced 

through different channels with measurable cross-section and half-life values 

have been considered for analysis [10-12]. Experiments were initially carried 

out for measuring nuclear interactions near coulomb barrier region in 

Terbium, Thulium & Tantalum material at Inter University Accelerator Center 

(IUAC), New Delhi. Through the data obtained from irradiations in these 

materials surface activity induced in thin layer of Terbium, Thulium & 

Tantalum materials using Oxygen beam has been determined.  

 
Table 4.1 List of systems for which cross-sections, beam energy range and 

activation threshold energy measured are listed below 

 

SL 
NO Material Ion Beam Energy Range 

(MeV) 
Activation threshold 

energy (MeV) 

1. Terbium Oxygen ≈ 70-95 63.69 

2. Thulium Oxygen ≈ 71-95 66.99 

3. Tantalum Oxygen ≈ 70-110 70.09 

4. Nickel Alpha ≈ 10-40 8.80 

 

Table 4.1 lists the systems for which cross-sections, yields and range of 

activity have been measured, along with the energy range of activation and 

threshold energy for each system to obtain results. In the above mentioned 

systems, analysis has been performed from threshold energy activation and 

well above it for TLA investigation purposes. Cross-section and yield for all 

the systems are obtained by employing stack foil activation which has been 

discussed further in subsequent sections. 
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4.2 STACK FOIL ACTIVATION TECHNIQUE 
Self supporting targets of 159Tb spectroscopically (99.99% pure) having 

thickness ≈1.7 mg/cm2 backed by Al-catchers of thickness ≈2 mg/cm2 were 

prepared by rolling method. Targets of 169Tm spectroscopically ≈100% having 

≈ 0.65 mg/cm2 thickness were deposited on Al-backing of 1.5 mg/cm2 

thickness, using high vacuum-evaporation technique. Targets of 181Ta of 

thickness ≈ 1.5 mg/cm2 were deposited by electro deposition technique on Al-

backing of thickness ≈ 1–1.5 mg/cm2. In case of 159Tb, two stacks containing 

four samples each were irradiated at energies 90 & 95 MeV respectively. In 

first stack, the thickness of four Tb samples were ≈1.65, 1.68, 1.57 and 1.62 

mg/cm2 while corresponding catcher thickness were ≈1.71, 1.82, 1.69 & 1.87 

mg/cm2 respectively. In second stack, the thickness of four Tb samples was 

1.67, 1.72, 1.64 and 1.81 mg/cm2 while corresponding catcher thickness were 

1.74, 1.86, 1.78 & 1.94 mg/cm2 respectively. The energy range covered in 

irradiating first stack of Tb was from 90 MeV to 65.5 MeV with intermediate 

energy points obtained at 83.2 MeV & 75.2 MeV respectively. Energy range 

covered in irradiating second stack of Terbium was from 95 MeV to 69.3 MeV 

with intermediate energy points obtained at 87.2 MeV & 78.7 MeV 

respectively. In case of 169Tm, two stacks containing four samples each were 

irradiated at energies 92 & 95 MeV respectively. In first stack thickness of Tm 

samples were ≈0.83, 0.69, 0.57 and 0.63 mg/cm2 while corresponding catcher 

thickness were 1.42, 1.36, 1.29 & 1.33 mg/cm2 respectively. In second stack 

thickness of Tm samples were ≈0.71, 0.69, 0.73 and 0.64 mg/cm2 while 

corresponding catcher thickness were 1.41, 1.38, 1.47 & 1.29 respectively. 

After irradiation, energy range covered was from 95 MeV to 71 MeV.  

 

Further in case of 181Ta, three stacks, with four foils, three foils and one foil 

respectively, were irradiated at 100, 98 & 88 MeV beam energies to cover a 

wide energy range. In the first stack, the thicknesses of four Ta samples were 

1.25, 1.43, 1.42 and 1.22 mg/cm2 while the thicknesses of corresponding Al-

catchers were ≈ 1.16, 1.76, 2.01 and 1.24 mg/cm2 respectively. In the second 

stack, the thicknesses of three Ta samples were ≈1.28, 2.03 and 1.76 mg/cm2 
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while the thicknesses of corresponding Al-catchers were ≈ 1.81, 1.65, and 1.47 

mg/cm2 respectively. However, in the third one containing single foil, the 

thickness of Ta sample was ≈ 1.22 mg/cm2 while the thickness of 

corresponding Al catcher was ≈ 1.29 mg/cm2 [10-12]. Backing with Al-

catchers helped to serve as both energy degrader as well as catcher for 

residues recoiling out of target foil during the irradiations. α-transmission 

method was used to measure the thickness of each target. Measurement of 

energy lost by 5.487 MeV α-particles obtained from standard 241Am source, 

while passing through the material of target is used to employ this technique. 

The targets were cut into the size of 1.2 × 1.2 cm2 were pasted on Al holders 

having concentric hole of 1.0 cm diameter. Successive targets of the stack get 

irradiated at different energies. The energies of the incident ion on successive 

targets have been calculated using stopping power values obtained from code 

SRIM based on the range-energy formulations [13]. The stacks were placed 

normal to the beam direction, so that the recoiling products could be trapped in 

the catcher foil placed just behind the target and there would be no loss of 

activity. Beam current varying from ≈30 to 50 nA was used and the 

irradiations were carried out for ≈8–12 h duration for each stack. After the 

irradiation of the materials in different stacks, targets/ material samples along 

with catcher foils was taken out from the GPSC with the help of ITF. The 

evaporation residues populated in each target catcher foil assembly were 

identified by (characteristic γ-rays).  

 

The activities induced in the irradiated samples were recorded using HPGe γ-

ray spectrometer. The HPGe detector was pre-calibrated both for energy as 

well as efficiency by using various standard sources i.e, 60Co and 152Eu of 

known strengths. To obtain the residual activity measured cross sections of 

various reaction products were plotted at varying energies versus thickness of 

the target. Residual activity was calculated using remnant activity obtained 

from measured cross-section versus varying thickness of the target material. 

Further details regarding the experiment are given elsewhere [10–12].  
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Table 4.2 Decay data of reaction products identified through reactions in 
Terbium material 
  

SL 
NO 

System:  16O + 159Tb 

    Reactions Reaction 
Product 

Half-Life Eγ (keV) Intensity 
(%) 

1 159Tb (16O, 3n)   172Ta 36.8 m 213.9, 318.7 52, 49 

2 159Tb (16O, 4n)   171Ta 23.3 m 152.2, 166.1 5.8, 19.8 

3 159Tb (16O, 5n)    170Ta 6.76 m 860.4, 986.9 7.3, 3.3 

4 159Tb (16O, p3n)    171Hf 12.1 h 122, 137.6 11.5, 12.7 

5 159Tb (16O, p4n)    170Hf 16.01 h 120.1, 164.6 19, 33 

6 159Tb (16O,2p2n)     171Lu 8.24 d 667, 739.8 11, 48.1 

7 159Tb (16O,αn)     170Lu 2.0 d 193.1 2.07 

8 159Tb (16O,α2n)     169Lu 1.41 d 191.2 20.7 

9 159Tb (16O,2α2n)     165Tm 1.25 d 242.8, 296.0 35, 23 

 
Table 4.3 Decay data of reaction products identified through reactions in 
Thulium material  
 
SL 
NO 

System:  16O + 169Tm 

    Reactions Reaction 
Product 

Half-
Life 

Eγ (keV) Intensity 
(%) 

1 169Tm (16O, 3n)      182Ir 15 m 126.9, 273.1 34.4, 43 

2 169Tb  (16O, 4n)      181Ir 4.90 m 107.6, 123.5 15.2, 8.7 

3 169Tm (16O, p2n)      182Os 22.10 h 180.22, 263.29 34.7, 6.6 

4 169Tm (16O, p3n)      181gOs 105 m 238.68, 826.74 44, 20.2 

5 169Tm (16O, 2p2n)      181Re 19.9 h 360.7, 365.59 20, 57 

6 169Tm (16O, α3n)      178Re 13.2 m 237.19 45 

7 169Tm (16O, 2αpn)      175Hf 70 d 343.4 87 

8 169Tm (16O, 3αn)      172Lu 6.70 d 1093.6 63.5 
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Table 4.4 Decay data of reaction products identified through reactions in 

Tantalum material 

SL 
NO 

System:  16O + 181Ta 

    Reactions Reaction 
Product 

Half-
Life 

Eγ (keV) Intensity 
(%) 

1 181Ta (16O, 3n) 194Tlg 32.8 m 636.1 99 

2 181Ta (16O, 3n) 194Tlm 33 m 636.1 15.3 

3 181Ta  (16O, 4n) 193Tlg 2.1 m 365 90.1 

4 181Ta  (16O, 4n) 193Tlm 21.6 m 
324.4, 
1044.7 

15.2, 8.99 

5 181Ta  (16O, 5n) 192Tlg 10.6 m 422.9 31.1 

6 181Ta  (16O, 5n) 192Tlm 9.6 m 422.9 31.1 

7 181Ta (16O, p3n) 193Hgg 3.8 h 381.6, 539 11.0, 1.2 

8 181Ta (16O, p3n) 193Hgm 11.8 h 258.1 60 

9 181Ta (16O, p4n) 192Hg 4.85 h 274.8 50 

10 181Ta (16O, p5n) 191Hgg 49 m 
224.6, 
241.2 

17.4, 8.9 

11 181Ta (16O, p5n) 191Hgm 50.85 m 
420.3, 
578.7 

17.9, 17 

12 181Ta (16O, αn) 192Au 4.94 h 
295.5, 
316.5 

22.7, 58 

13 181Ta (16O, α2n) 191Au 3.18 h 
283.9, 
399.8 

6.3, 4.5 

14 181Ta (16O, α3n) 190Au 42.8 m 
295.9, 
301.9 

71, 25.1 
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Table 4.5 Decay data of reaction products identified through reactions in 

nickel material with alpha beam. 

SL 
NO 

System:  α + 58, 60, 61natNi 

    Reactions Reaction 
Product 

Half-
Life Eγ (keV) Intensity 

(%) 

1 58Ni(α, p) 61Cu 3.33 h 475.0,  
969.98 

100 

2 58Ni(α, pn) 60Cu 23.7 m 364.6, 453.8 100 

3 60Ni(α, p2n) 61Cu 3.33 h 475.0,  
969.98 

100 

4 60Ni(α, n) 63Zn 38.47 
m 

627.10, 
637.04 

100 

5 60Ni(α,2n) 62Zn 9.186 h 953.8, 850.8 100 

6 61Ni(α,3n) 62Zn 9.186 h 953.8, 850.8 100 

7 61Ni(α,2n) 63Zn 38.47 
m 

627.10, 
637.04 

100 

 

Investigations and TLA analysis of reaction products for nearly 29 reactions 

initiated through Oxygen and Alpha beam on Terbium, Thulium, Tantalum 

and Nickel material have been measured.  

 
4.3 TLA REACTIONS INITIATED USING OXYGEN (HEAVY ION) 
BEAM 
 
4.3.1 TLA INVESTIGATIONS IN SPECTROSCOPICALLY PURE 

(≈99%) TERBIUM MATERIAL USING OXYGEN (HEAVY ION) 
BEAM  
Since Terbium is being used in solid state devices applied in nuclear plants; 

low energy light bulbs and mercury lamps; in medical X-ray imaging with 

reduced exposure time and also in laser devices in the form of terbium salts 

and in wind turbine blades, we had considered this material for study of 

surface activity induced over different energy ranges. Reaction cross-sections 

for several reaction products populated via different reaction channels; 
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172Ta(3n), 171Ta(4n), 170Ta(5n), 171Hf(p3n), 170Hf(p4n), 171Lu(α), 170Lu(αn), 
169Lu(α2n) & 165Tm(2α2n) have been measured in 16O+159Tb system from 

threshold (≈70 MeV) to well above it ( ≈100 MeV). 

 

4.3.1.1 MEASUREMENT OF CROSS-SECTION AND YIELD CURVES 
Cross-sections obtained for various isotopes populated through various 

reaction channels across different energies are used to calculate the total yield 

and residual activity induced for application in thin layer activation technique. 

The yield curves of the isotopes, i.e., the variation of yield against the depth 

from the surface, are measured through stacked-foil irradiation using thin 

metal foils. The yield of the isotopes produced in each foil of the stack is 

obtained from the activity measured in the foils and a plot of the yield of the 

isotope against the depth at which the foil is located, generates the yield curve. 

The activities induced in each foil of the stack were used to deduce the yields 

of the isotopes of interest. The stopping power of 16O beams has been used to 

obtain the incident energy on each foil. The yields of 172,171,170Ta, 171,170Hf, 
171,170,169Lu and 165Tm isotopes have been obtained, from the intensity of 

characteristic γ-lines, at different energies of 16O beam, i.e., at different depths 

from the experiment carried out for the measurement of the cross-sections of 

the reactions. The yield per micron thickness against the depth as well as 

incident energy for several nuclides is shown in Figures. 1-3 [10]. Table 4.6 

represents details of 3 reaction products obtained by irradiation of Terbium 

material with Oxygen beam in the energy range of 70-95 MeV in xn reaction 

channels which can be used for TLA investigation purpose in various 

industrial applications. Total cross-section for reaction products 172, 171, 170Ta 

obtained through 3n, 4n & 4n reaction channels respectively in Terbium 

material is measured by summing up of all individual cross-sections obtained 

at varying depths ranging from 0-16 microns and at varying energy range from 

70-95 MeV incident Oxygen beam.  Total cross-section values for 172, 171, 170Ta 

is 136.144, 1140.33 & 925.09 mb respectively as represented in Table 4.6. 

 



80 
 

Table 4.6 Measured cross-sections at different energies for reaction products 

identified in  16O + 159Tb through xn reaction channels for application in TLA 

[15]. 

System:  16O + 159Tb 

SL 
NO 

Energy   (MeV)             172Ta             171Ta             170Ta 

1 69.4 + 1.0 0.3 + 0.0   

2 75 + 0.9 19.8 + 3.3   

3 78.7 + 0.9 34.8 + 6.8 67.0 + 11.8  

4 83.2 + 0.8 48.14 + 5.5 280.5 + 47 64.9 + 6.6 
5 87.2 + 0.8 12.6 + 2.2 244 + 43.3 100.2 + 15.4 
6 90 + 1.0 11.8 + 2.4 228.3 + 39.2 263.4 + 38.7 
7 95 + 0.7 8.53 + 1.5 157.9 + 28.5 390.1 + 45.5 

 
It has been discussed in earlier sections; cross-section is the measure of 

interaction probability between incident ion and material resulting in final 

yield of specific reaction product obtained. In Fig 1 yield curves have been 

obtained with polynomial order of 4 for smooth fitting. Maximum yield has 

been observed for reaction product 171Ta obtained through 4n reaction 

channel. 

Table 4.7 Measured cross-sections at different energies for reaction products 

identified in  16O + 159Tb through pxn reaction channels for application in TLA 

[15]. 

System:  16O + 159Tb 

SL 
NO 

Energy   
(MeV) 

171Hfcum 171Hfind 170Hfcum 170Hfind 

1 69.4 + 1.0     

2 75 + 0.9 13.6 + 5.6    

3 78.7 + 0.9 80.2 + 19 11.01 + 5   

4 83.2 + 0.8 431.2 + 86.2 141.4 + 56.6 84.6 + 10 19.2 + 2.3 

5 87.2 + 0.8 322 + 74.4 69.9 + 29.9 177.3 + 20 76.3 + 11.8 

6 90 + 1.0 340.1 + 73.4 104.3 + 41.7 574.3 + 68.8 308.2 + 36.7 

7 95 + 0.7 205.4 + 46.2 42.1 + 18 427.3 + 55 34.8 + 10.8 
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       Fig 1 Yield curves of reaction products 172,171, 170Ta  
in Terbium material 

 

 
 

Fig 2 Yield curves of reaction products 171,170Hf  

in Terbium material 
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Fig 2 illustrates plot of yield obtained through cross-section measurements for 

reaction products 171, 170Hf in p3n and p4n reaction channels of Terbium 

material respectively. Total cross-section values for 171, 170Hf is 2217.21 & 

1917.4 respectively as represented in Table 4.7. Maximum yield has been 

observed for reaction product 171Hf obtained through p3n reaction channel.  

 
Table 4.8 Measured cross-sections at different energies for reaction products 

identified in 16O + 159Tb through α-reaction channels for application in TLA 

[15]. 

 
System:  16O + 159Tb 

SL 
NO 

Energy   
(MeV) 

171Lu 170Lu 169Lu 165Tm 

1 69.4 + 1.0     

2 75 + 0.9     

3 78.7 + 0.9 29.5 + 3.1  4.2 + 0.4  

4 83.2 + 0.8 61.6 + 6.5 6.5 + 1.0 76.8 + 
11.2 

5.53 + 
0.58 

5 87.2 + 0.8 1167.62 + 
170.6 

49.8 + 
6.7 

43.4 + 4.5 7.58 + 0.8 

6 90 + 1.0 611.8 + 64 31.3 + 
5.4 

80.65 + 
9.4 

10.36 + 
1.3 

7 95 + 0.7 255.8 + 
26.3 

31.3 + 
5.4 

34.4 + 4.5 5.76 + 1.1 

 
 
Fig 3 illustrates plot of yield obtained through cross-section measurements for 

reaction products 171, 170, 169Lu in α; αn; α2n & 165Tm in 2α2n reaction channels 

of Terbium material respectively. Total cross-section values for 171, 170, 169Lu & 
165Tm is 2396.8, 137.64, 269.65 & 25.17 respectively as represented in Table 

12. Maximum yield has been observed for reaction product 171Lu obtained 

through α reaction channel.  
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           Fig 3 Yield curves of reaction products  
              171, 170, 169Lu, 165Tm in terbium material 

 
 
4.3.1.2 MEASUREMENT OF ACTIVITY AND CALIBRATION 
CURVES 

 
The yield per micron thickness against the depth as well as incident energy for 

several nuclides is shown in Figures. (1-3). The calibration curve is then 

obtained by plotting the percentage of the remaining activity against the depth 

of material removed from the surface and the calibration curves so deduced 

from the yield curves are shown in Figs  (4-6). Residual activity of radio-

isotopes populated via various xn, pxn and αxn channels were found to have 

contribution upto ≈ 13μm depth from the surface. The remnant activity 

induced in the Terbium material for several nuclides populated through 

various xn, pxn and αxn channels are as represented in Figures. (4-6) [10]. 
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Fig 4 Calibration curves of reaction products  
           172,171, 170Ta in terbium material 

 
Fig 4 illustrates plot of residual activity obtained through cross-section 

measurements for reaction products 172,171, 170Ta through 3n, 4n and 5n 

reaction channels of Terbium material respectively. Maximum activity has 

been observed in xn reaction products is approximately ranging upto 12.6 

microns. At surface of material, it is obvious that beam will transfer all its 

intensity and as it traverses through thickness of nearly 13 microns, it will 

keep on attenuating unless it reaches zero. Fig 4 represents the distribution of 

activity for 3 reaction products 172Ta, 171Ta & 170Ta individually highlighted 

with black squares, red circles, green triangles symbols and curves 

respectively from 100% intensity upto 0%.  Fig 5 illustrates the plot of 

residual activity obtained through cross-section measurements for reaction 

products 171, 170Hf in p3n and p4n reaction channels of Thulium material 

respectively. Maximum activity observed for reaction products through pxn 

channels is approximately upto 9 microns for reaction product 171Hf after 

which it is approaching towards zero. For reaction product 170Hf least activity 

of 6.25% intensity is observed at nearly 7.2 micron thickness, beyond this 
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depth the intensity of beam is nearly 0. Detailed distribution of residual 

activity ranging from thickness 0 to 12 microns with respective intensities has 

been presented in Table 4.10 

TABLE 4.9 Residual Activity range distribution range in Terbium material 

for xn reaction channels using 16O beam in energy range 70-95 MeV as 

presented in Fig 4 [10].  

 
Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 
172Ta 171Ta 170Ta 

0 100 100 100 
1.8 96.67 92.86 61.9 
3.6 86.67 76.19 28.57 
5.4 83.33 26.67 4.76 
7.2 60 14.28 2.38 
9 26.67 1.19 0 

10.8 10 0 0 
12.6 0 0 0 

 
Fig 6 illustrates plot of residual activity obtained through cross-section 

measurements for reaction products 171, 170, 169Lu in α; αn & α2n channels and 
165Tm through 2α2n reaction channel of Terbium material respectively. 

TABLE 4.10 Residual Activity range distribution range in Terbium material 

for pxn reaction channels using 16O beam in energy range 70-95 MeV as 

presented in fig 5 [10]. 

 

Thickness 
Range 
(μm) 

ACTIVITY INDUCED 
(%) 

171Hf 170Hf 

0 100 100 
1.8 95 87.5 
3.6 75 68.75 
5.4 55 18.75 
7.2 17.5 6.25 
9 5 0 

10.8 0 0 
12.6 0 0 
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Maximum activity observed for a reaction products obtained through pxn 

channels is approximately ranging upto 9 microns for reaction product 171Hf 

after which it is approaching zero. For 171, 170, 169Lu and 165Tm, least activity is 

observed at nearly 9, 7.2, 9 & 7.2 micron thickness respectively. Beyond this 

depth the intensity of beam is nearly approaching towards 0. Detailed 

distribution of residual activity ranging from thickness 0 to 12 microns with 

respective intensities has been presented in Table 4.11. 

TABLE 4.11 Residual Activity range distribution range in Terbium material 
for alpha reaction channels using 16O beam in energy range 70-95 MeV as 
presented in fig 6 [10]. 

Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 
171Lu 170Lu 169Lu 165Tm 

0 100 100 100 100 
1.8 92.3 84.1 91.7 87 
3.6 73.1 72.7 69 61 
5.4 46.2 36.4 47.61 22 
7.2 9.62 0.9 16.7 11 
9 1.92 0 1.1 0 

10.8 0 0 0 0 
12.6 0 0 0 0 

 

 
Fig 5 Calibration curves of reaction products 171,170Hf  

in Terbium material 
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Fig 6 Calibration curves of reaction products 

171, 170, 169Lu, 165Tm in Terbium material 

 
4.3.2 TLA INVESTIGATIONS IN SPECTROSCOPICALLY PURE (≈ 

95-99 %) THULIUM MATERIAL USING OXYGEN BEAM 
 
The activity induced in the material surface using heavy ions will be contained 

within much narrower thickness as compared to that of light ions leading to 

higher sensitivity in the measurement of surface wear. Since Thulium-169 

bombarded in a nuclear reactor can later serve as a radiation source in portable 

X-ray devices, it has also found its applications in microwave equipment. Due 

to its property, fluorescence at low levels, it is also used in personal radiation 

dosimeters. Through stack foil activation, an attempt has been made to 

calculate residual activity induced in Thulium-169 material using heavy ions 

of 16O from industrial perspective. The yield curves of the isotopes; 182,181Ir, 
182,181Os, 181,178Re, 175Hf &172Lu have been obtained from the activity of pure 

Thulium-169 material, after irradiated by 16O, populated at different incident 

energies across different depths of the target material through various reaction 

channels. The yield curves of the reaction products, is obtained from the 

activity measurement of the foils and a plot of the yield of the isotope against 
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the depth at which the foil is located. The stopping power of 16O has been used 

to obtain the incident energy on each foil.  

 
4.3.2.1 MEASUREMENT OF CROSS-SECTION AND YIELD CURVES 
 
The yield per micron thickness against the depth as well as incident energy for 

several nuclides is shown in Figures. (7-9). Yield curves have been further 

used to deduce the activity curves. The residual activities induced, after 

removal of certain depths of material, have been calculated graphically with 

the help of obtained yield curves. The calibration curves thus obtained using 

reaction products, 182,181Ir, 182,181Os, 181,178Re, 175Hf &172Lu from the plot of 

percentage of remaining activity against the removal of depth of material and 

are shown in Figures (10-12). Residual activity of various reaction products 

populated via various xn, pxn and αxn channels were found to have 

contribution upto ≈ 14μm depth from the surface [11]. Spectroscopic details of 

final reaction products post irradiation have been presented in Table 4.12. 

 
Table 4.12 Measured cross-sections at different energies for reaction products 

identified in 16O + 169Tm through xn reaction channels for application in TLA 

[16]. 

 

SYSTEM: 16O + 169Tm 

SL 
NO 

Energy   
(MeV) 

            182Ir             181Ir 

1 71.7 + 1.0 3.28 + 0.7  
2 74.9 + 0.9 42.3 + 7.2 28.7 + 12.5 
3 78.7 + 0.9 59.8 + 13.9 110 + 15.6 
4 82 + 0.8 86.4 + 14.8 170.4 + 28.4 
5 85.8 + 0.8 47.6 + 7.7 250.1 + 67.7 
6 88.9 + 0.4 35.2 + 3.2 316.3 + 5.4 
7 91.6 + 0.4 13.7 + 3.2 229.8 + 39.6 
8 94.6 + 0.4 8.47 + 1.4 183.8 + 27.2 
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Fig 7 Yield curves of reaction products  

           182,181Ir in Thulium material 
 

Total cross-section for reaction products 182, 181Ir obtained through 3n & 4n 

channels respectively in Thulium material is measured by summing up of all 

individual cross-sections obtained at varying depths ranging from 0-16 

microns and at varying energy range from 70-95 MeV of Oxygen beam.  Total 

cross-section values for 182, 181Ir is 349.8 & 1515.47 mbarns respectively as 

represented in Table 4.12. As discussed in earlier sections, cross-section is 

measure of interaction probability between incident ion and material resulting 

in final yield of specific reaction product obtained. In fig 7, yield curves have 

been obtained with polynomial order of 4 for smooth fitting. Maximum yield 

has been observed for reaction product 181Ir obtained through 4n reaction 

channel. Table 4.13 represents cross-section details of 2 reaction products 

obtained by irradiation of Thulium material with 16O beam in the energy range 

of 70-95 MeV in pxn reaction channels which can be used for TLA 

investigation purpose in various industrial applications. Fig 8, illustrates plot 

of yield obtained through cross-section measurements for products 182, 181Os in 

p2n and p3n channels of Thulium material respectively. Total cross-section 

values for 182, 181Os is 1053.47 & 1062.38 respectively as represented in Table 
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4.13. Maximum yield has been observed for reaction product 181Os obtained 

through p3n reaction channel.  

 

Table 4.13 Measured cross-sections at different energies for reaction products 

identified in 16O + 169Tm through pxn reaction channels for application in 

TLA [16]. 

System:  16O + 169Tm 
SL 
NO 

Energy   (MeV)  182Oscum 182Osind 181Oscum 

1 71.7 + 1.0 4.58 + 1.4 1.26 + 0.6 2.72 + 0.4 

2 74.9 + 0.9 82.7 + 10 39.98 + 5.1 4.81 + 1.2 

3 78.7 + 0.9 139.4 + 22.9 78.8 + 13.8 32.81 + 4.3 

4 82 + 0.8 155.6 + 20.7 68.15 + 8.3 129 + 16.3 

5 85.8 + 0.8 107.4 + 14.4 59.2 + 7.5 198.02 + 23.3 

6 88.9 + 0.4 71.5 + 9.9 35.84 + 6.2 250.09 + 31.3 

7 91.6 + 0.4 29.3 + 4.1 15.45 + 4.4 153.8 + 17.8 

8 94.6 + 0.4 18.4 + 3.7 9.85 + 2.7 173.1 + 22.8 
 

 
 

Fig 8 Yield curves of reaction products 182,181Os in Thulium material 
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Table 4.14 Measured cross-sections at different energies for reaction products 

identified in 16O + 169Tm through Alpha reaction channels for application in 

TLA [16]. 

 

System:  16O + 169Tm 
SL 
NO 

Energy   
(MeV) 

181Re 178Re 175Hf 182Lu 

1 71.7 + 1.0 2.6 + 0.7    

2 74.9 + 0.9 5.35 + 0.7    

3 78.7 + 0.9 137.3 + 28.7 1.74 + 0.2  14.9 + 2.1 

4 82 + 0.8 391.4 + 83 5.2 + 0.8  20.5 + 2.6 

5 85.8 + 0.8 594 + 90.6 9.02 + 1.2 0.57 + 0.1 31.3 + 3.9 

6 88.9 + 0.4 607.9 + 86.7 27.34 + 5.3 2.53 + 0.4 30.2 + 3.7 

7 91.6 + 0.4 526.2 + 78.8 32.14 + 3.7 2.96 + 0.5 28.3 + 3.1 

8 94.6 + 0.4 441.9 + 66.9 34.31 + 0.6 4.62 + 0.6 28.1 + 3.3 

 
 

Table 4.14 represents cross-section details of 4 reaction products obtained by 

irradiation of Thulium material with 16O beam in the energy range of 70-95 

MeV in alpha reaction channels which can be used for TLA investigation 

purpose in various industrial applications. Fig 9 illustrates yield obtained 

through cross-section measurements for reaction products 181, 178Re in 2p2n, 

α3n; 175Hf in 2αpn & 172Lu in 3αn reaction channels of Thulium material 

respectively. Total cross-section values for 181,178Re; 175Hf & 172Lu is 2707.05 

& 114.55; 10.68 & 143.59 respectively as represented in Table 4.14 Maximum 

yield has been observed for reaction product 181Re obtained through p3n 

reaction channel.  
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Fig 9 Yield curves of reaction products 181,178Re,  

  175Hf, 172Lu in Thulium material 
 
4.3.2.2 MEASUREMENT OF ACTIVITY AND CALIBRATION 
CURVES 
 
The integral area under the yield curves gives the total yield of isotopes. Figs 

(10-12) represent the total residual activity induced in Thulium material. It can 

be seen from the figures that various points have been obtained at regular 

intervals of increasing depth alongwith with the reduced activity. The remnant 

activity induced is then computed by fitting a polynomial function to the yield 

curve after removal of certain thickness and then by applying integration to the 

polynomial function with respect to depth of the material removed from the 

surface. Graphical plot of percentage of remaining activity against the depth of 

the material removed from the surface gives calibration curves as shown in 

Figs (10-12). The maximum surface activity induced in Thulium material for 

given energy range through various reactions post irradiation of material has 

been found to be ≈ 13μm [11]. 
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            Fig 10 Calibration curves of reaction Products  
              182,181Ir in Thulium material 

Fig 10 illustrates plot of residual activity obtained through cross-section 

measurements for reaction products 182,181Ir in 3n and 4n reaction channels of 

Thulium material respectively. Maximum activity has been observed in xn 

channels reaction products is approximately ranging upto 12 microns. At 

surface of material, it is obvious that beam will transfer all its intensity and as 

it traverses through thickness of nearly 13 microns, it will keep on attenuating 

unless it reaches zero. Fig 10 represents the distribution of activity for 2 

reaction products 182Ir & 181Ir individually highlighted in black & red curves 

respectively from 100% intensity upto 0%. Fig 11 illustrates plot of residual 

activity obtained through cross-section measurements for reaction products 182, 

181Os in p2n and p3n reaction channels of Thulium material respectively. 

Maximum activity has been observed for a reaction product is approximately 

ranging upto 12 microns. In Fig 11, distribution of activity for 2 reaction 

products 182Os & 181Os  individually highlighted in black curve with squares & 

red curves with circles as data points respectively from 100% intensity upto 

0%. Detailed distribution of intensity of residual activity induced ranging from 
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0-12 microns of thickness in Thulium material for reaction products obtained 

through pxn reaction channels has been presented in table 4.16. 

TABLE 4.15 Residual Activity range distribution range in Thulium material 

for xn reaction channels using 16O beam in energy range 70-95 MeV as 

presented in fig 10 [11]. 

Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 
182Ir 181Ir 

0 100 100 

1.5 97.5 93.75 

3 95 84.375 

4.5 87.5 68.75 

6 65 43.75 

7.5 40 6.25 

9 27.5 3.125 

10.5 12.5 0 

12 0.25 0 

 
TABLE 4.16 Residual Activity range distribution range in Thulium material 

for pxn reaction channels using 16O beam in energy range 70-95 MeV as 

presented in fig 11 [11]. 

Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 
182Os 181Os 

0 100 100 

1.5 97.92 91.3 

3 91.67 78.26 

4.5 83.33 56.52 

6 70.83 34.78 

7.5 54.17 17.39 

9 35.42 4.35 

10.5 8.33 0.87 

12 0 0 
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           Fig 11 Calibration curves of reaction products  

             182,181Os in Thulium material 
 

Fig 12 illustrates residual activity obtained through cross-section 

measurements for reaction products 181, 178Re in α and α3n channels and 175Hf 

& 172Lu in 2αpn & 3αn reaction channels of Thulium material respectively. 

Maximum activity has been observed for a reaction product is approximately 

ranging upto 9 microns. Here, the distribution of activity for 4 reaction 

products 181, 178Re, 175Hf & 172Lu individually highlighted in black, red, green 

& blue curves alongwith squares, circles, triangles and inverted triangles 

symbols respectively as data points from 100% intensity upto 0%. Least range 

of residual activity depth induced is observed for 175Hf, as after 6 microns of 

thickness, residual activity starts approaching towards zero. In other all 3 

products, residual activity induced starts approaching towards zero after a 

depth of 9 microns thickness. Detailed distribution of intensity of residual 

activity induced ranging from 0-12 microns of thickness in Thulium material 

for reaction products obtained through alpha reaction channels has been 

presented in table 4.17. 
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               Fig 12 Calibration curves of reaction products  
                181,178Re, 175Hf, 172Lu in Thulium material 

 
TABLE 4.17 Residual Activity range distribution range in Thulium material 
for alpha reaction channels using 16O beam in energy range 70-95 MeV as 
presented in Fig 12 [11].  
 

Thickness 
Range 

(microns) 

ACTIVITY INDUCED (%) 
181Re 178Re 175Hf 172Lu 

0 100 100 100 100 

1.5 91.25 84.29 85.71 84.9 

3 82.5 49 50 61 

4.5 55 20 14.3 39.5 

6 25 8.6 1.4 36.1 

7.5 17.5 4.3 0 16.27 

9 1.25 0.57 0 4.65 

10.5 0 0 0 0 

12 0 0 0 0 
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4.3.3 TLA INVESTIGATIONS IN SPECTROSCOPICALLY PURE (≈ 
95-99 %) TANTALUM MATERIAL USING OXYGEN (HEAVY ION) 

BEAM 
 
Nuclear energy from fusion is the key to fulfil rising energy demands and 

tantalum is used in the form coatings, dopant or alloying element not only in 

fusion reactors but also across many vital industries due to its anti-corrosive 

and thermal properties. In our study, experiments have been carried out using 

stack foil activation made up of Tantalum material backed by aluminium 

catchers of appropriate thickness. Experimental details, energy of heavy ion 

beam & thicknesses of stacks have been discussed in the previous sections. HI 

beam was used for activity measurement as light ion beams were not available 

at accelerator centre i.e. IUAC, New Delhi. Surface activity induced across 

thickness of Tantalum foils have been measured for all the final reaction 

products obtained through various reactions post irradiation.  

 
4.3.3.1 MEASUREMENT OF CROSS-SECTION AND YIELD CURVES 
 
Measured cross-sections for various reaction products have been used to 

obtain yield curves. Plot for variation of yield against the depth from the 

surface has been obtained for generating the yield curves. Incident energy on 

each foil has been calculated using stopping power of 16O beams. Yields of 

different isotopes obtained from the intensity of γ-lines are 194, 193, 192Tl, 193, 

192Hg and 192, 191, 190Au across different energies and varying depths have been 

plotted in Fig (13-15). Nuclides shown in these represent the variation of yield 

per micron thickness against the depth as well as incident energy. The yield 

curve represents the yield of an isotope per unit thickness at a certain depth of 

Tantalum material. Integral area from the front surface to the final depth from 

where the given isotope production starts (i.e. threshold of the reaction) has 

been utilised to compute the net yield of particular isotope in the thick target 

by absorption of 16O induced reactions [12]. The area under the curve gives 

the total yield of the isotope generated in thin target by absorption of energetic 
16O beams 
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Table 4.18 Measured cross-sections at different energies for reaction products 

identified in 16O + 181Ta through xn reaction channels for application in TLA 

[17]. 

System:  16O + 181Ta 

SL 
NO 

Energy   
(MeV) 

194mTl 194gTl 193mTl 193gTl 192mTl 192gTl 

1 76 + 1.1 2 + 
0.2 

2 + 
0.2 

0.1 + 
0.0 

26 + 
3.8 

  

2 80 + 1.5 6 + 
0.8 

6 + 
0.8 

0.2 + 
0.0 

45 + 
6.8 

22 + 
3.2 

22 + 
3.2 

3 85 + 1.2 4 + 
0.5 

4 + 
0.5 

0.2 + 
0.0 

68 + 
10.2 

61 + 
9.1 

61 + 
9.1 

4 87 + 1.0 3 + 
0.4 

3 + 
0.4 

0.3 + 
0.0 

46 + 
6.9 

44 + 
6.5 

44 + 
6.5 

5 88 + 1.6 2 + 
0.2 

2 + 
0.2 

0.1 + 
0.0 

44 + 
6.5 

91 + 
13.7 

91 + 
13.7 

6 93 + 1.1 2.5 + 
0.3 

2 + 
0.3 

0.1 + 
0.0 

35 + 
5.2 

184 + 
27.6 

184 + 
27.6 

7 97 + 1.0 2.0 + 
0.3 

1.5 + 
0.3 

0.1 + 
0.0 

15 + 
2.3 

171 + 
25.5 

171 + 
25.5 

8 99 + 0.9 1 + 
0.1 

1 + 
0.1 

0.1 + 
0.0 

17 + 
2.5 

222 + 
33.3 

222 + 
33.3 

 

 
Fig 13 Yield Curves of isotopes 194, 193, 192Tl in Tantalum material 
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Total cross-section for reaction products 194, 193, 192Tl obtained through 3n, 4n 

& 5n reaction channels respectively in Tantalum material is measured by 

summing up of all individual cross-sections obtained at varying depths ranging 

from 0-18 microns and at varying energy range from 70-100 MeV incident 

Oxygen beam.  Total cross-section values for 194, 193, 192Tl is 50.6, 341.5 & 

1827.8 respectively as represented in Table 4.18. As discussed in earlier 

sections; cross-section is measure of interaction probability between incident 

ion and material resulting in final yield of specific reaction product obtained. 

In fig 13 yield curves have been obtained with polynomial order of 4 for 

smooth fitting. Maximum yield has been observed for reaction product 192Tl 

obtained through 5n reaction channel.  

 
       Fig 14 Yield Curves of isotopes 193, 192Hg in Tantalum material 

 
Fig 14 illustrates plot of yield obtained through cross-section measurements 

for reaction products 193, 192Hg in p3n and p4n reaction channels of Tantalum 

material respectively. Total cross-section values for 193, 192Hg is 457.5 & 620.2 

respectively as represented in Table 4.19 Maximum yield has been observed 

for reaction product 192Hg obtained through p4n reaction channel.  
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Table 4.19 Measured cross-sections at different energies for reaction products 

identified in 16O + 181Ta through pxn reaction channels for application in TLA 

[17]. 

 

System:  16O + 181Ta 

SL NO Energy   (MeV) 193gHg 193mHg 192Hg 

1 76 + 1.1 23 + 3.5   
2 80 + 1.5 47 + 7 21 + 2.1 4 + 0.5 
3 85 + 1.2 60 + 8.9 30 + 3.0 40 + 6.0 
4 87 + 1.0 49 + 7.4 22 + 2.2 36 + 5.5 
5 88 + 1.6 42 + 6.2 24 + 2.3 65 + 9.8 
6 93 + 1.1 29 + 4.4 13 + 1.3 121 + 18.2 
7 97 + 1.0 12 + 1.7 8 + 0.7 131 + 6 
8 99 + 0.9 10 + 1.5 6 + 0.5 154 + 23.2 

 
Table 4.20 Measured cross-sections at different energies for reaction products 

identified in 16O + 181Ta through alpha reaction channels for applications in 

TLA [17]. 

 
System:  16O + 181Ta 

SL 
NO 

Energy   
(MeV) 

191gHg 191mHg 192gAu 191gAu 190gAu 

1 76 + 1.1      

2 80 + 1.5   2 + 0.2   

3 85 + 1.2   10 + 1.5  8 + 1.3 

4 87 + 1.0   12 + 1.8 2 + 0.3 6 + 0.8 

5 88 + 1.6 3 + 0.5 0.3 + 0.0 31 + 4.6 2 + 0.3 23 + 3.5 

6 93 + 1.1 5 + 0.7 3 + 0.5 46 + 6.9 3 + 0.5 20 + 2.9 

7 97 + 1.0 7 + 0.9 8 + 1.2 63 + 9.5 14 + 2.1 40 + 5.9 

8 99 + 0.9 14 + 2.1 18 + 2.7 50 + 7.5 22 + 3.2 21 + 3.2 
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There are total 4 reaction products initiated through reaction 16O beam with 

Tantalum material through alpha reaction channels. To ensure feasibility of 

TLA investigation in materials, one of the essential factors necessary for 

feasibility of analysis is having good cross-section values. As mentioned in 

above table, one of the reaction products i.e. 191gHg obtained through one of 

the alpha reaction channels is having maximum cross-section value 66.9 barns 

which is even below 100 barns. As discussed in earlier sections that cross-

section is the measure of probability of interaction of material with incident 

ion beam, reaction product 191gHg has been neglected in current analysis due 

to such low cross-section value. 

 
               

                   Fig 15 Yield Curves of isotopes 192, 191, 190Au 

              in Tantalum material 
 

Fig 15 illustrates plot of yield obtained through cross-section measurements 

for reaction products 192, 191, 190Au in αn, α2n and α3n reaction channels of 

Tantalum material respectively. Total cross-section values for 192, 191, 190Au is 

246, 49.4 & 135.6 (mbarns) respectively as represented in Table 4.20 
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Maximum yield has been observed for reaction product 192Au obtained 

through αn reaction channel.  

 
4.3.3.2 MEASUREMENT OF ACTIVITY AND CALIBRATION 
CURVES 
 
The integral area under the yield curves gives the total yield of isotopes. Fig 

(16-18) represents the total residual activity induced in tantalum material. It 

can be seen from the figure that various points have been obtained at regular 

intervals of increasing depth alongwith with the reduced activity. The remnant 

activity induced is then computed by fitting a polynomial function to the yield 

curve after removal of certain thickness and then by applying integration to the 

polynomial function with respect to depth of the material removed from the 

surface. Graphical plot of percentage of remaining activity against the depth of 

the material removed from the surface gives calibration curves as shown in Fig 

(16-18). The maximum surface activity induced in Tantalum material for 

given energy range through various reactions post irradiation of material has 

been found to be ≈ 12-16 μm [12]. 

 
               Fig 16 Calibration Curves of isotopes 

               194, 193, 192Tl in Tantalum material 
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Fig 16 illustrates plot of residual activity obtained through cross-section 

measurements for reaction products 194,193, 192Tl in 3n, 4n and 5n reaction 

channels of Tantalum material respectively. Maximum activity has been 

observed in xn channels reaction products is approximately ranging upto 12-

16 microns. Fig 16 represents the distribution of activity for 3 reaction 

products 194Tl, 193Tl & 192Tl individually highlighted in black squares, red 

circles & green triangle curves respectively from 100% intensity upto 0%. 

 
TABLE 4.21 Residual Activity range distribution range in Tantalum material 

for xn reaction channels using 16O beam in energy range 70-100 MeV [12].  

 
Thickness 

Range 
(μm) 

ACTIVITY INDUCED (%) 
194Tl 193Tl 192Tl 

0 100 100 100 
1.5 95.24 95 99.9 
3 90.48 88.8 90.625 

4.5 83.33 77.7 89.06 
6 76.19 64.81 46.87 

7.5 64.3 57.4 40.62 
9 47.62 44.44 31.25 

10.5 38.09 33.33 1.56 
12 3.57 2 0 

 
TABLE 4.22 Residual Activity range distribution range in Tantalum material 

for pxn reaction channels using 16O beam in energy range 70-100 MeV [12].  

 
Thickness 

Range 
(μm) 

ACTIVITY INDUCED (%) 
193Hg 192Hg 

0 100 100 
1.5 88.89 97.37 
3 62.96 92.1 

4.5 44.44 84.21 
6 25.93 68.42 

7.5 16.67 54 
9 9.25 28.95 

10.5 0.93 14.47 
12 0 2.63 
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For pxn reaction channels, products obtained through p3n & p4n reaction 

channels viz; 193Hg & 192Hg, residual activity induced has been observed to be 

approximately 12 microns as shown in Fig 17. The maximum cross-section for 

both of these reaction products ranges above 450 mbarns. Half-lives of 193Hg 

& 192Hg 3.8 hrs & 4.85 hrs respectively. Having good cross-sectional values 

and measurable half-life, these reaction products can be used as trace elements 

for actual thin layer activated wear, erosion or corrosion measurements for 

industrial applications using Tantalum material. Distribution of activity across 

thickness ranging from 0-16 microns in reaction products 193, 192Hg has been 

presented in Table 4.22 

 
               Fig 17 Calibration Curves of isotopes  

              193, 192Hg in Tantalum material 
For αxn reaction channels, products obtained through αn, α2n & α3n reaction 

channels viz; 192Au, 191Au & 190Au, residual activity induced has been 

observed to be approximately in range of 9-11 microns as shown in fig 18. 

The maximum cross-section for these reaction products ranges from 50 

mbarns - 250 mbarns. Distribution of activity across thickness ranging from 0-

12 microns in reaction products 192, 191, 190Au has been presented in Table 4.23 
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TABLE 4.23 Residual Activity range distribution range in Tantalum material 

for alpha reaction channels using 16O beam in energy range 70-100 MeV [12].  

 
Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 
192Au 191Au 190Au 

0 100 100 100 

1.5 93.3 69.2 91.7 

3 63.3 30.8 61.1 

4.5 55 13.85 33.3 

6 38.33 7.7 16.7 

7.5 10 1.5 5.6 

9 6.7 0 1.4 

10.5 1.7 0 0 

 

 
              

         Fig 18 Calibration Curves of isotopes  
         192, 191, 190Au in Tantalum material 

 
 
 

0 2 4 6 8 10 12 14 16
0

20

40

60

80

100

 

 

 

 Depth from surface (m)

R
es

id
ua

l A
ct

iv
ity

 (%
)

 181Ta(16O,n)192Au
 181Ta(16O,2n)191Au
 181Ta(16O,3n)190Au



106 
 

 
4.3.4 COMPARATIVE STUDY IN DIFFERENT RARE EARTH 
MATERIALS USING OXYGEN (HEAVY ION) BEAM 
As discussed earlier that, there are very few studies reported for TLA 

investigations using HI beams till date. In the present work, three different 

systems, i.e. 16O + 159Tb, 16O + 169Tm, 16O + 181Ta have been studied to check 

feasibility of TLA investigations and attempt has been made to make a 

comparative analysis between all these materials by observing activity induced 

in common reaction channels in almost same activation energy region and 

similar set of standard operating conditions. Furthermore, range in which these 

studies are carried out completely forms a new set of data for TLA 

investigation purposes which can be further used for practical TLA based 

studies.  

 

4.3.4.1 MEASUREMENT OF CROSS-SECTIONS & YIELD CURVES 
 
The yield curves for various isotopes; 172,171,170Ta, 171,170Hf, 171,170, 169Lu 

populated through different reaction for 16O + 159Tb and 182,181Ir, 181Os, 181Re 

for 16O + 169Tm and 194,193, 192Tl, 193,192Hg, 192,191, 190Au for 16O + 181Ta material 

have been obtained at different energies and different depths of target 

materials. The yield per micron thickness against the depth as well as incident 

energy for several isotopes is shown in Figs. (19–27). For comparative 

analysis, we have plotted the xn, pxn & xn channels for different systems. In 

Figs. (19–21), xn channels (where n = 3, 4, 5) for all the three systems have 

been plotted. The activity induced in xn channels for Terbium is ranging from 

8–12 μm; 13–14 μm for Thulium and 14–16 μm for Tantalum respectively. In 

case of pxn channels activity induced in Terbium is up to 14 μm; 16 μm for 

both Thulium and Tantalum shown in Figs. (22-23). For alpha reaction 

channels (where n = 1, 2 3) activity induced for Terbium ranging from 8 to 12 

μm; 9–16 μm for Tantalum as shown in Figs. (24–27). In the present work, 

residual activity of various reaction products populated via various channels 

were found to have contribution ranging from ≈ 8 to 16 μm depth from the 
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surface [18]. In Figs (19-21), comparative analysis of yield distribution for 

different reaction products obtained from xn reaction channels in Terbium, 

Thulium and Tantalum material respectively have been presented.  

Comparative analysis of reaction products viz; 172Ta, 182Ir, & 194Tl obtained 

through 3n reaction channels in Terbium, Thulium and Tantalum material 

respectively is presented in Fig 19. As discussed in earlier sections, yield of 

the reaction is the quantifiable measure of probability of interaction of beam 

with the material at respective depths and energy. From the Fig 19, it is clear 

that maximum rate of interaction is observed in Thulium and Tantalum 

material in the given energy range. Maximum probable range of interaction in 

these materials varies upto 14 microns while in case of Terbium material the 

range of interaction is limited only upto approximately 11 microns having 

least probability of interaction and yield as compared with other rare earth 

materials while operating in same set of standard conditions. In Fig 20, 

comparative analysis between yield of reaction products viz; 171Ta ; 181Ir & 
193Tl obtained through 4n reaction channels of Terbium, Thulium and 

Tantalum material respectively has been presented. In this case, maximum rate 

of interaction is observed in Thulium and Tantalum material in the given 

energy range. Maximum probable range of interaction in these materials varies 

upto 17 microns while in case of Terbium material the range of interaction is 

limited only upto approximately 10 microns having least range of yield as 

compared with other rare earth materials while operating in same set of 

standard conditions. The range of maximum yield and interaction obtained for 

reaction products through 4n reaction channels are higher as compared to that 

of range of yield and interaction obtained through 3n reaction channels in the 

same material [10-12]. Fig 21 illustrates plot of yield obtained through cross-

section measurements for comparative analysis of different rare earth 

materials for reaction products viz 171Ta & 193Tl in 5n reaction channels of 

Terbium and Tantalum material respectively. From the Fig. 21 it is clear 

maximum rate of interaction is observed in Tantalum material in the given 

energy range. Maximum probable range of interaction in these materials varies 

upto 14 microns while in case of Terbium material the range of interaction is 
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limited only upto approximately 10 microns having least range of yield as 

compared with Tantalum material while operating in same set of standard 

conditions. The range of maximum yield and interaction obtained for reaction 

products through 5n reaction channels are higher as compared to that of range 

of yield and interaction obtained through 3n & 4n reaction channels within the 

same material. In Figs (22-23), comparison for yield distribution in different 

reaction products among the above mentioned materials has been presented 

obtained through pxn reaction channels. Fig 22 illustrates plot of yield 

obtained through cross-section measurements for comparative analysis of 

different rare earth materials for reaction products viz 171Hf ; 181Os & 193Hg in 

p3n reaction channels of Terbium, Thulium and Tantalum material 

respectively. From the Fig. 22 it is clear maximum rate of interaction is 

observed in Thulium and Tantalum material in the given energy range. 

Maximum probable range of interaction in these materials varies upto 18 

microns while in case of Terbium material the range of interaction is limited 

only upto approximately 13 microns having least range of yield as compared 

with other rare earth materials. Measurable cross-section for obtaining range 

of interaction in above mentioned materials ranges from 10 mbarns upto 1000 

mbarns for reaction products obtained through p3n reaction channels [10-12].  

For reaction products viz 170Hf & 192Hg obtained through p4n reaction 

channels, comparative analysis of yield distribution between Terbium & 

Tantalum materials respectively has been presented in Fig 23. Maximum rate 

of interaction is observed in Tantalum material in the given energy range. 

Maximum probable range of interaction in these materials varies upto 13 

microns while in case of Terbium material the range of interaction is limited 

only upto approximately 11 microns having higher yield but less range as 

compared with Tantalum material. Measurable cross-section for obtaining 

range of interaction in above mentioned materials ranges approximately from 

10 mbarns upto 1000 mbarns for reaction products obtained through p4n 

reaction channels [10-12].  
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Fig. 19. Relative Yield curves of isotopes 172Ta,   182Ir, 194Tl  

from Tb, Tm & Ta material 
 

 
Fig. 20. Relative Yield curve of isotopes 171Ta, 181Ir, 193Tl  

from Tb, Tm & Ta material. 
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Fig. 21. Relative Yield curves of isotopes 170Ta 

    & 194Tl from Tb & Ta material. 
 

 
Fig. 22. Relative Yield curves of isotopes 171Hf, 181Os  

    & 193Hg from Tb, Tm & Ta material. 
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Fig. 23. Relative Yield curves of isotopes 170Hf & 192Hg  

from Tb & Ta material. 
 

Figs. (24-26), represent comparison for yield distribution in different reaction 

products among the above mentioned materials obtained through alpha 

reaction channels. Fig 24 illustrates plot of yield obtained through cross-

section measurements for comparative analysis of different rare earth 

materials for reaction products viz 171Lu & 181Re in alpha reaction channels of 

Terbium and Thulium material respectively. Maximum rate of interaction is 

observed in Terbium material in the given energy range as presented in Fig 24. 

Maximum probable range of interaction in these materials varies upto 16 

microns while in case of Thulium material the range of interaction is limited 

only upto approximately 12 microns Measurable cross-section for obtaining 

range of interaction in above mentioned materials ranges approximately from 

100 mbarns upto 1000 mbarns for reaction products obtained through alpha 

reaction channels [10-12]. Fig 25 illustrates yield distribution for reaction 

products viz 170Lu & 192Au in αn reaction channel of Terbium and Tantalum 

material respectively. Maximum rate of interaction is observed in Tantalum 

material in the given energy range as presented in Fig 25. Maximum probable 
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range of interaction in these materials varies of upto 16 microns while in case 

of Terbium material, the range of interaction is limited only upto 

approximately 10 microns.  Measurable cross-section for obtaining range of 

interaction in above mentioned materials ranges approximately from 10 

mbarns upto 100 mbarns for reaction products obtained through αn reaction 

channel [10-12]. Fig 26 illustrates measurements for comparative analysis for 

reaction products viz 169Lu & 191Au in α2n reaction channels of Terbium and 

Tantalum material respectively. Maximum rate of interaction is observed in 

Tantalum material in the given energy range. Maximum probable range of 

interaction in these materials varies of upto 11 microns while in case of 

Terbium material, the range of interaction is limited only upto approximately 9 

microns. Measurable cross-section for obtaining range of interaction in above 

mentioned materials ranges approximately from 1 mbarns upto 100 mbarns for 

reaction products obtained through α2n reaction channels [10-12].  Fig 27 

illustrates plot of yield obtained through cross-section measurements for 

comparative analysis for reaction products viz 178Re & 190Au in α3n reaction 

channels of Thulium and Tantalum material respectively. Maximum rate of 

interaction is observed in Tantalum material in the given energy range.  

 
Fig. 24. Relative Yield curves of isotopes 171Lu & 181Re from Tb & Tm 

material. 
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Fig. 25. Relative Yield curves of isotopes 170Lu & 192Au  

from Tb & Ta material. 
 

 
            Fig. 26. Relative Yield curves of isotopes 

               169Lu & 192Au from Tb & Ta material. 
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                 Fig. 27. Relative Yield curves of isotopes 

                  178Re & 190Au from Tm & Ta material. 
 

Maximum probable range of interaction in these materials varies of upto 15 

microns while in case of Thulium material, the range of interaction is limited 

only upto approximately 12 microns. Measurable cross-section for obtaining 

range of interaction in above mentioned materials ranges approximately from 

10 mbarns upto 80 mbarns for reaction products obtained through α3n reaction 

channels [10-12]. For convenience of obtaining range and interaction of yield, 

curves have been fitted with polynomial fitting of order 3-4 for all the reaction 

products obtained xn, pxn & alpha reaction channels.   

 
4.3.4.2 MEASUREMENT OF ACTIVITY INDUCED & CALIBRATION 

CURVES 
Yield curves have been further used to deduce the calibration curves. The 

residual activities induced, 172,171,170Ta, 171,170Hf, 171,170, 169Lu have been plotted 

for Terbium and 182,181Ir, 181Os, 181Re for Thulium and 194,193, 192Tl, 193,192Hg, 
192, 191, 190Au for Tantalum material after removal of certain depths of material. 

The calibration curves thus obtained using reaction products, from the plot of 
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percentage of remaining activity against the removal of depth of material are 

shown in Figs. 28–36. As indicated in Figs. 19–27, the total yield of the 

isotope in the given material may be obtained from the integral area under the 

yield curves. After the removal of certain depth of material (decreasing the 

thickness corresponding to the each foil of the stack one by one) the 

percentage of the remaining activity is computed graphically and the 

calibration curves so deduced from the yield curves are shown in Figs. 28–36. 

As a matter of fact, these calibration curves may be considered to correspond 

to pure metals bombarded with 110 MeV 16O heavy ions normal to the beam 

direction. It may also be noticed from (Figs. 28–36) that the rate of change of 

activity per unit thickness is more for the higher slope curve i.e., the errors 

associated in higher slope curve will be less. The overall error has been 

estimated from the errors of cross-section in generating the calibration curves 

and the activity measurement of the irradiated samples and has been found less 

than 15%. Statistical errors has been deduced and fitted with a fourth-order 

polynomial function, where the uncertainty from the fitting is found to be ≈ 

3% for the energy range of interest [18].  

 

TABLE 4.24 Residual Activity range distribution range in Terbium, Thulium 

& Tantalum materials for 3n reaction channels using 16O beam in energy range 

70-110 MeV [18]. 

Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 

159Tb(16O,3n)172Ta 169Tm(16O,3n)182Ir 181Ta(16O,3n)194Tl 

0        100       100            100 
1.5        96.67       97.5            95.24 
3        86.67       95            90.48 

4.5        83.33       87.5            83.33 
6        60       65            76.19 

7.5       26.67       40            64.3 
9       10       27.5           47.62 

10.5        0       12.5           38.09 
12        0       2           3.57 
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Fig 28 illustrates plot of range of activity distribution obtained through cross-

section measurements for comparative analysis of different rare earth 

materials for reaction products viz 172Ta ; 182Ir & 194Tl in 3n reaction channels 

of Terbium, Thulium and Tantalum materials respectively. It is evident that at 

surface maximum transfer of kinetic energy takes place resulting in maximum 

activity induced. Hence residual activity induced approaches from (100 to 0) 

% as depth of material increases from 0 to 12 microns. The activity 

distribution is in steps of each 1.5 microns removed ranging from 0-12 

microns. The amount of residual activity induced and maximum depth 

achieved in the energy range of 70-95 MeV of Oxygen beam on respective 

materials has been presented in Table 4.24. As yield for Thulium and 

Tantalum material obtained through cross-section measurement is higher, it 

can be observed that range of residual activity induced is also higher. In case 

of Thulium and Tantalum the maximum range of activity induced is upto 12 

microns while in case Terbium material maximum range has been observed 

upto 10 microns approximately. 

 
 

Fig. 28. Calibration curves of isotopes 172Ta, 182Ir, 194Tl from Tb,  

Tm & Ta materials at incident energies ranging from 95 to 70 MeV. 
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Fig 29 illustrates plot of range of activity distribution obtained through cross-

section measurements for comparative analysis of different rare earth 

materials for reaction products viz 171Ta ; 181Ir & 193Tl in 4n reaction channels 

of Terbium, Thulium and Tantalum materials respectively. The activity 

distribution is in steps of each 1.5 microns removed ranging from 0-16 

microns. The amount of residual activity induced and maximum depth 

achieved in the energy range of 70-95 MeV of Oxygen beam on respective 

materials has been presented in Table 4.25 As yield for Thulium and Tantalum 

material obtained through cross-section measurement is higher, it can be 

observed that range of residual activity induced is also higher. In case of 

Thulium and Tantalum the maximum range of activity induced is 12 & 15 

microns respectively while in case terbium material maximum range has been 

observed upto 9 microns approximately. 

 

TABLE 4.25 Residual Activity range distribution range in Terbium, Thulium 

& Tantalum materials for 3n reaction channels using 16O beam in energy range 

70-110 MeV [18]. 

Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 

159Tb(16O,4n)171Ta 169Tm(16O,4n)181Ir 181Ta(16O,4n)193Tl 

0 100 100 100 

1.8 92.86 93.75 95 

3.6 76.19 84.375 88.8 

5.4 26.67 68.75 77.7 

7.2 14.28 43.75 64.81 

9 1.19 6.25 57.4 

10.8 0 3.125 44.44 

12.6 0 0 33.33 

14 
 

- 
 

- 
 

2 
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Fig. 29. Calibration curves of isotopes 171Ta, 181Ir, 193Tl from  

Tb, Tm & Ta materials at incident energies ranging from 95 to 70 MeV. 

 
TABLE 4.26 Residual Activity range distribution range in Terbium, & 

Tantalum materials for 5n reaction channels using 16O beam in energy range 

70-110 MeV [18]. 

 

Thickness Range 
(μm) 

ACTIVITY INDUCED (%) 
159Tb(16O, 5n)170Ta 181Ta(16O, 5n)192Tl 

0 100 100 

1.8 61.9 99.9 

3.6 28.57 90.625 
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12.6 0 1.56 
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Fig. 30. Calibration curves of isotopes 170Ta & 194Tl from Tb & Ta 

materials at incident energies ranging from 95 to 70 MeV. 
 

Fig 30 illustrates plot of range of activity distribution obtained through cross-

section measurements for comparative analysis of different rare earth 

materials for reaction products viz 170Ta & 192Tl in 5n reaction channels of 

Terbium and Tantalum material respectively. The activity distribution is in 

steps of each 1.8 microns removed ranging from 0-16 microns. The amount of 

residual activity induced and maximum depth achieved in the energy range of 

70-95 MeV of Oxygen beam on respective materials has been presented in 

Table 4.26 As yield for Tantalum material obtained through cross-section 

measurement is higher, it can be observed that range of residual activity 

induced is also higher. In case of Tantalum the maximum range of activity 

induced is 13 microns while in case of Terbium material, maximum range has 

been observed upto 8 microns approximately. Fig 31 illustrates plot of range 

of activity distribution obtained through cross-section measurements for 

comparative analysis of different rare earth materials for reaction products viz 
171Hf ; 181Os & 193Hg in p3n reaction channels of Terbium, Thulium and 

Tantalum material respectively. The activity distribution is in steps of each 1.8 

microns removed ranging from 0-13 microns. The amount of residual activity 
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induced and maximum depth achieved in the energy range of 70-100 MeV of 

Oxygen beam on respective materials has been presented in Table 4.27. As 

yield for Thulium and Tantalum material obtained through cross-section 

measurement is higher, it can be observed that range of residual activity 

induced is also higher. In case of Thulium and Tantalum the maximum range 

of activity induced is nearly 13 microns respectively while in case of Terbium 

material maximum range has been observed upto 10 microns approximately. 

 
Fig. 31. Calibration curves of isotopes 171Hf, 181Os & 193Hg from Tb, Tm 

& Ta materials at incident energies ranging from 100 to 70. 
TABLE 4.27 Residual Activity range distribution range in Terbium, Thulium 

& Tantalum materials for p3n reaction channels using 16O beam in energy 

range 70-110 MeV [18]. 

Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 

159Tb(16O,4n)171Ta 169Tm(16O,4n)181Ir 181Ta(16O,4n)193Tl 

0 100 100 100 
1.8 92.86 93.75 95 
3.6 76.19 84.375 88.8 
5.4 26.67 68.75 77.7 
7.2 14.28 43.75 64.81 
9 1.19 6.25 57.4 

10.8 0 3.125 44.44 
12.6 0 0 33.33 
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TABLE 4.28 Residual Activity range distribution range in Terbium & 

Tantalum materials for p4n reaction channels using 16O beam in energy range 

70-110 MeV [18]. 
 

Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 
159Tb(16O, p4n)170Hf 181Ta(16O, p4n)192Hg 

0 
 

100 100 

1.5 87.5 97.37 

3 68.75 92.1 

4.5 18.75 84.21 

6 6.25 68.42 

7.5 0 54 

9 0 28.95 

10.5 0 14.47 

12 0 2.63 

 
Fig 32 illustrates plot of range of residual activity obtained through cross-

section measurements for comparative analysis of different rare earth 

materials for reaction products viz 170Hf & 192Hg in p4n reaction channels of 

Terbium and Tantalum material respectively. The activity distribution is in 

steps of each 1.5 microns removed ranging from 0-15 microns. The amount of 

residual activity induced and maximum depth achieved in the energy range of 

70-95 MeV of Oxygen beam on respective materials has been presented in 

Table 4.28. As yield for Tantalum material obtained through cross-section 

measurement is higher, it can be observed that range of residual activity 

induced is also higher. In case of Tantalum the maximum range of activity 

induced is 14 microns while in case of Terbium material, maximum range has 

been observed upto 9 microns approximately. 
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Fig. 32. Calibration curves of isotopes 170Hf &   192Hg from Tb & Ta  

materials at incident energies ranging from 100 to 70 MeV 
 

 
Fig. 33. Calibration curves of isotopes 171Lu & 181Re from Tb & Tm 

materials at incident energies ranging from 95 to 65 MeV. 
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Fig 33 illustrates plot of range of residual activity distribution obtained 

through cross-section measurements for comparative analysis of different rare 

earth materials for reaction products viz 171Lu & 181Re in 2p2n reaction 

channels of Terbium and Thulium material respectively. The activity 

distribution is in steps of each 1.8 microns removed ranging from 0-15 

microns. The amount of residual activity induced and maximum depth 

achieved in the energy range of 70-95 MeV of Oxygen beam on respective 

materials has been presented in Table 4.29. As yield for Thulium material 

obtained through cross-section measurement is higher, it can be observed that 

range of residual activity induced is also higher. In case of Thulium, the 

maximum range of activity induced is 11 microns while in case of Terbium 

material, maximum range has been observed upto 9 microns approximately. 

 
TABLE 4.29 Residual Activity range distribution range in Terbium & 

Thulium materials for 2p2n reaction channels using 16O beam in energy range 

70-110 MeV [18]. 
 

Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 
159Tb(16O,2p2n)171Lu 169Tm(16O,2p2n)181Re 

0 100 100 

1.8 92.3 91.25 

3.6 73.1 82.5 

5.4 46.2 55 

7.2 9.62 25 

9 1.92 17.5 

10.8 0 1.25 

12.6 0 0 

 
Fig 34 illustrates plot of range of residual activity distribution obtained 

through cross-section measurements for comparative analysis of different rare 

earth materials for reaction products viz 170Lu & 192Au in αn reaction channels 

of Terbium and Tantalum material respectively. The activity distribution is in 
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steps of each 1.8 microns removed ranging from 0-15 microns. The amount of 

residual activity induced and maximum depth achieved in the energy range of 

70-95 MeV of Oxygen beam on respective materials has been presented in 

Table 4.30. As yield for Tantalum material obtained through cross-section 

measurement is higher, it can be observed that range of residual activity 

induced is also higher. In case of Tantalum, the maximum range of activity 

induced is 14 microns while in case of Terbium material, maximum range has 

been observed upto 8 microns approximately. 

 
TABLE 4.30 Residual Activity range distribution range in Terbium & 

Tantalum materials for αn reaction channels using 16O beam in energy range 

70-110 MeV [18]. 

 
Thickness 

Range 
(μm) 

ACTIVITY INDUCED (%) 
159Tb(16O, αn)170Lu 181Ta(16O, αn)192Au 

0 
 

100 100 

1.8 84.1 93.3 

3.6 72.7 63.3 

5.4 36.4 55 

7.2 0.9 38.33 

9 0 10 

10.8 0 6.7 

12.6 0 1.7 

 
 
Fig 35 illustrates plot of range of residual activity distribution obtained 

through cross-section measurements for comparative analysis of different rare 

earth materials for reaction products viz 169Lu & 191Au in α2n reaction 

channels of Terbium and Tantalum material respectively. The activity 

distribution is in steps of each 1.8 microns removed ranging from 0-15 

microns. The amount of residual activity induced and maximum depth 

achieved in the energy range of 70-95 MeV of Oxygen beam on respective 
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materials has been presented in Table 4.31 The maximum range of activity 

induced is 9 microns in case of both Terbium and Tantalum material for above 

mentioned reaction products. 

 
Fig. 34. Calibration curves of isotopes 170Lu & 192Au from Tb & Ta  

materials at incident energies ranging from 100 to 65 MeV. 

 
 

Fig. 35. Calibration curves of isotopes 169Lu & 192Au from Tb & Ta  

materials at incident energies ranging from 100 to 75 MeV. 
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TABLE 4.31 Residual Activity range distribution range in Terbium & 

Tantalum materials for α2n reaction channels using 16O beam in energy range 

70-110 MeV [18]. 
 

Thickness 
Range 
(μm) 

ACTIVITY INDUCED (%) 
159Tb(16O, α2n)169Lu 181Ta(16O, α2n)191Au 

0 100 100 

1.8 91.7 69.2 

3.6 69 30.8 

5.4 47.61 13.85 

7.2 16.7 7.7 

9 1.1 1.5 

10.8 0 0 

12.6 0 0 

 
TABLE 4.32 Residual Activity range distribution range in Thulium & 

Tantalum materials for α3n reaction channels using 16O beam in energy range 

70-110 MeV [18]. 

 
Thickness 

Range 
(μm) 

ACTIVITY INDUCED (%) 
169Tm(16O,α3n)178Re 181Ta(16O, α3n)190Au 

1.5 100 100 

3 84.29 75 

4.5 49 43 

6 20 27 

7.5 8.6 11 

9 4.3 5.7 

10.5 0.57 1 

12 0 0.58 

 



127 
 

 
Fig. 36. Calibration curves of isotopes 178Re & 190Au from Tm & Ta  

materials at incident energies ranging from 100 to 70 MeV. 
 

Fig 36 illustrates plot of range of residual activity distribution obtained 

through cross-section measurements for comparative analysis of different rare 

earth materials for reaction products viz 178Re & 190Au in α3n reaction 

channels of Thulium and Tantalum material respectively. The activity 

distribution is in steps of each 1.5 microns removed ranging from 0-15 

microns. The amount of residual activity induced and maximum depth 

achieved in the energy range of 70-95 MeV of Oxygen beam on respective 

materials has been presented in Table 4.32. The maximum range of activity 

induced is 10 microns in case of Thulium and in case of Tantalum material; 

maximum activity depth achieved in same set of standard operating conditions 

is 11 microns for above mentioned reaction products. 

 
4.4 TLA REACTIONS INITIATED USING ALPHA ION BEAM 
 
4.4.1 TLA INVESTIGATIONS IN NATURAL NICKEL MATERIAL 
USING ALPHA ION BEAM 
 
Nickel based alloys and coatings have evolved mature subject of research and 

development from tribological applications point of view due to excellent anti 

wear & corrosion resistant properties. Attempts have been made to measure 
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the activity in irradiated natural Ni material induced by α-particles in the 

energy range 10-40 MeV followed by stack foil activation technique. Activity 

induced has been determined through the cross-sections obtained from various 

reactions for 58Ni(α, p)61Cu, 58Ni(α, pn)60Cu, 60Ni(α, p2n)61Cu, 60Ni(α, n)63Zn, 
60Ni(α, 2n)62Zn, 61Ni(α, 3n)62Zn and 61Ni(α, 2n)63Zn in α+natNi interaction at 

different beam energies [19].  

 
To measure the cross-sections of various reaction products in α+natNi 

interactions at ≈10–40 MeV and subsequently used to study the amount of 

residual activity induced in natural Ni materials, experiments were performed 

at the Variable Energy Cyclotron Centre (VECC), Kolkata, India. For 

irradiation, natural Nickel targets were prepared by rolling technique. A stack 

consisting of 8 target foils made up of natNi material each backed by 

aluminium catcher of appropriate thickness obtained by energy loss 

calculation from SRIM/TRIM was impinged by a 40 MeV α-beam. The 

approximate thickness of natNi foils were 1.13, 1.8, 1.15, 0.9, 1.33, 1.19, 1.05 

& 1.63 mg/cm2 respectively each backed by aluminium catcher of 

approximate thickness of 1.3, 2.8, 1.47, 1.18, 1.41, 1.22, 1.24 & 2.23 mg/cm2. 

The total irradiation time was ≈ 12 h with a beam current ≈ 100 nA. The 

average beam energy on a given target foil and degrader was calculated by 

using the code SRIM based on stopping power and range calculations. A pre-

calibrated HPGe detectors coupled with multichannel analyzer system has 

been used for post irradiation analysis. The overall error has been estimated 

from the errors of cross-section in generating the calibration curves and the 

activity measurement of the irradiated samples and has been found ≤ 15%. 

Statistical errors has been deduced and fitted with a fourth-order polynomial 

function, where the uncertainty from the fitting is found to be ≈ 3% for the 

energy range of interest. Errors introduced due to solid angle defect are found 

to be less than ≤ 2%. The human errors introduced due to non-uniformity and 

inaccurate determination of foil thickness at various positions has been found 

to be ≈ 1%. The errors from the fluctuations in the beam current were found to 
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be ≈ 3%. Errors introduced due to attenuation in beam current while traversing 

through thickness of foil has been found to be  

≤ 2% [19].  

 
To measure the range/depth of activity induced in Ni material, the cross-

sections for 58Ni(α, p)61Cu, 58Ni(α,pn)60Cu, 60Ni(α, p2n)61Cu, 60Ni(α, n)63Zn, 
60Ni(α, 2n)62Zn, 61Ni(α, 3n)62Zn and 61Ni(α, 2n)63Zn reactions have been 

measured by using the activation technique followed by off-line γ 

spectroscopy.  

 
4.4.2 MEASUREMENT OF CROSS-SECTION AND YIELD CURVES 
 
The yield curves for various isotopes; 61,60Cu & 63,62Zn populated through 

different reaction for 58, 60, 61 natNi material with α beam have been obtained at 

different energies and different depths. The stopping power of different 

materials has been used to obtain the incident energies on different samples. 

Area under the yield curves across different energies ranging from 10-40 MeV 

was integrated to obtain the residual curves. The yield per micron thickness 

against the depth as well as incident energy for residual isotopes viz; 61,60Cu, 
63Zn & 62Zn is shown in Figs (37-39). For proper polynomial fit of the 

experimental data, theoretical cross-section values (obtained from PACE 4) 

have been included below 25 MeV for reactions [(58Ni(α, pn); 60Ni(α, p2n); 
60Ni(α, n); 60Ni(α, 2n); 61Ni(α, 3n); 61Ni(α, 2n)]. Total cross section values 

mentioned in Table 4.32 have been used for obtaining yield curves. 

The yield curves for various isotopes; 61,60Cu & 63,62Zn populated through 

different reaction for 58, 60, 61 natNi material with α beam have been obtained at 

different energies and different depths. The stopping power of different 

materials has been used to obtain the incident energies on different samples. 

Area under the yield curves across different energies ranging from 10-40 MeV 

was integrated to obtain the residual curves. The yield per micron thickness 

against the depth as well as incident energy for residual isotopes viz; 61,60Cu, 
63Zn & 62Zn is shown in Figs (37-39). For proper polynomial fit of the 

experimental data, theoretical cross-section values (obtained from PACE 4) 
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have been included below 25 MeV for reactions [(58Ni(α, pn); 60Ni(α, p2n); 
60Ni(α, n); 60Ni(α, 2n); 61Ni(α, 3n); 61Ni(α, 2n)]. Total cross section values 

mentioned in Table 4 have been used for obtaining yield curves.  

 
Table 4.33 Spectroscopic properties of isotopes 60, 61Cu & 62, 63Zn used in 

Stack Foil Activation technique [19-20]. 

 
SL 
NO Reaction Residue Half-life γ -ray 

energies(keV) 

Cross-
Section 

(mb) 

1 58Ni(α, p) 61Cu 3.33 h 283.0, 656.0 1453 

2 58Ni(α, pn) 60Cu 23.7 min 826.3, 1332.5 897.1 

3 60Ni(α, p2n) 61Cu 3.33 h 283.0, 656.0 301 

4 60Ni(α, n) 63Zn 38.47 min 
 
669.86, 926.27 
 

30.2 

5 60Ni(α,2n) 62Zn 9.186 h 548.4, 596.7 92.4 

6 61Ni(α,3n) 62Zn 9.186 h 548.4, 596.7 13.5 

7 61Ni(α,2n) 63Zn 38.47 min 669.86, 926.27 406 

 

Total cross-section for reaction products 61, 60Cu obtained through αp & αpn 

reaction channels respectively in natNi material is measured by summing up of 

all individual cross-sections obtained at varying depths ranging from 0-30 

microns and at varying energy range from 10-40 MeV incident alpha ion 

beam.  Total cross-section values for 61, 60Cu is 1453, & 897.1 mbarns 

respectively as represented in Table 4.33 In fig 37 yield curves have been 

obtained with polynomial order of 4 for smooth fitting. Maximum yield has 
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been observed for reaction product 61Cu obtained through αp reaction channel 

[19]. Fig 38 illustrates plot of yield obtained through cross-section 

measurements for reaction products 63, 62Zn in αn and α2n reaction channels of 
nat60Ni material and 61Cu obtained through αp2n respectively. Total cross-

section values for 63, 62Zn is 30.2 & 92.4 respectively as represented in Table 

4.33 Maximum yield has been observed for reaction product 62Zn obtained 

through αp2n reaction channel [19]. Fig 39 illustrates plot of yield obtained 

through cross-section measurements for reaction products 63, 62Zn in α2n and 

α3n reaction channels of nat61Ni material respectively. Total cross-section 

values for 63, 62Zn is 406 & 13.5 respectively as represented in Table 13. 

Maximum yield has been observed for reaction product 63Zn obtained through 

α2n reaction channel. As cross-section measured for reaction product 62Zn is 

very less, it can be neglected in considering for TLA kind of studies [19]. 

 

 
       

         Fig 37 Relative Yield curves for 58Ni Material 
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                             Fig 38 Relative Yield curves for 60Ni Material 
 

 
 

          Fig 39 Relative Yield curves for 61Ni Material 
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4.4.3 MEASUREMENT OF ACTIVITY AND CALIBRATION CURVES 
 
Plot for amount of residual activity induced in 58, 60, 61 natNi material has been 

deduced with the help of total cross-section measured values from yield 

curves. The residual activity induced through α beams with energy range 10-

40 MeV in 58Ni(α, p)61Cu; 58Ni(α, pn)60Cu; 60Ni(α, n)63Zn; 60Ni(α, 2n)63Zn; 
61Ni(α, 2n)63Zn  & 61Ni(α, 3n)62Zn has been shown in Figs (38-40). The total 

yield of the isotope in the given material may be obtained from the integral 

area under the yield curves. The percentage of remaining activity is computed 

graphically using polynomial fit by decreasing the thickness corresponding to 

each foil of stack one by one as shown in Figs (40-42). It has been observed 

that the activity induced in Ni is ranging upto ≈ 26μm [19-20]. Fig 40 

illustrates plot of residual activity obtained through cross-section 

measurements for reaction products 61, 60Cu in αp & αpn reaction channels of 

material respectively. Maximum activity observed for a reaction products 

obtained through reactions with nat58Ni is approximately ranging upto 26 

microns in 61Cu. Fig 41 illustrates plot of residual activity obtained through 

cross-section measurements for reaction products 63, 62Zn & 61Cu in αn & α2n 

& αp2n reaction channels of nat60Ni material respectively. Maximum activity 

observed for a reaction products obtained through reactions with nat58Ni is 

approximately ranging upto 25 microns in 61Cu [19-20]. Fig 42 illustrates plot 

of residual activity obtained through cross-section measurements for reaction 

products 63, 62Zn in α2n & α3n reaction channels of nat61Ni material 

respectively. Maximum activity observed for a reaction products obtained 

through reactions with nat61Ni is approximately ranging upto 21 microns in 
63Zn. As discussed earlier cross-section measured for 62Zn is very less in few 

tens of mbarns, residual activity induced is also very low and it can be 

neglected for TLA based studies [19-20]. 
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          Fig 40 Calibration curves for 58Ni at incident  

            energies ranging from 10-40 MeV 
 

 
 

          Fig 41 Calibration curves for 60Ni at incident energies  
          ranging from 10-40 MeV 
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             Fig 42 Calibration curves for 61Ni at incident  

               energies ranging from 10-40 MeV. 
 
As Nickel has significant importance in terms of applications across various 

critical industries in the form of coatings & alloys, in the present work stack 

foil activation technique had been explored employing α beam with energy 

ranging from 10-40 MeV in natNi targets. As shown in Figs (40-42) the 

maximum residual activity induced is found to be 26μm from the depth of the 

surface. As 61,60Cu are populated through (α,p) & (α, pn) reactions while 

irradiating the same nat58Ni target, the activity induced in 60Cu via (α, pn) 

reaction is observed to be less by 3μm i.e nearly 23μm as compared to that of 
61Cu obtained through (α,p) reaction. The least amount of activity induced is 

found to be 21μm in case of 63Zn populated through α, 2n reaction on nat61Ni 

target. 62Zn populated through two different reactions with natNi targets i.e. α, 

2n & α, 3n via 60Ni & 61Ni target materials is having activity contribution 

ranging ≈ 12- 20 μm. In the present study activity induced through all possible 

reactions in natNi material has been reported. As 62Zn has comparatively 

longer half-live of nearly 10hrs, the experimental data obtained can be used 

further as a future scope employing TLA for investigating surface wear and 
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erosion phenomena at earlier stages in critically important industries like 

nuclear plants, power plants & other process industries applications where 

small failure would lead to catastrophic effects. 

 
4.5 RESULTS & DISCUSSIONS 
The maximum activity induced through various reaction products & respective 

channels for Terbium, Thulium, Tantalum materials with oxygen beam has 

been presented in Table 4.34-4.36 respectively.  

Table No 4.34 Maximum surface activity induced in Terbium material with 
16O [10] 

 
Reaction Residue Reaction Channel Max Activity (μm) 

172Ta 3n 13 
171Ta 4n 12 
170Ta 5n 13 
171Hf p3n 13 
170Hf p4n 13 
171Lu 2p2n 12 
170Lu αn 11 

 
Table No 4.35 Maximum surface activity induced in Thulium material with 
16O  [11] 

 
Reaction Residue Reaction Channel Max Activity (μm) 

182Ir 3n 12 
181Ir 4n 12 

182Os p3n 12 
181Os P4n 12 
181Re 2p2n 12 

 
Table No 4.36 Maximum surface activity induced in Tantalum material with 
16O [12] 

Reaction Residue Reaction Channel Max Activity (μm) 
194Tl 3n 13 
193Tl 4n 13 
192Tl 5n 13 

193Hg p3n 14 
192Hg p4n 13 
192Au αn 11 
191Au α2n 10 
190Au α3n 8 
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Present work also reports maximum surface activity induced in natural nickel 

material through various reaction residues & reaction channels due to its anti-

corrosive significance & applications in wide range of industries in Table No 

4.37.  

 
Table No 4.37 Maximum surface activity induced in Nickel material with α-
beam [19] 

 
Reaction Residue Reaction Channel Max Activity (μm) 

61Cu α, p 26 
60Cu α, pn 25 
61Cu α, p2n 18 
63Zn α, n 20 
62Zn α,2n 22 
62Zn α,2n 21 
63Zn α,3n 12 

 
All the materials investigated for surface activity measurements have great 

significance from industrial applications point of view. Results obtained with 

various materials are completely a new set of cross-section, energy, ion beam 

& activity measurements which may be helpful in development of many 

customized tribological set-ups for measurement of surface degradation. 

Usually, TLA involves of measuring only one specific reaction residue of 

interest having higher cross-section values and measurable half-life.  Current 

work reports all the possible cross-sections of reaction products obtained 

through initiation of nuclear reaction with HI Oxygen and Alpha beam, which 

can be further used for multidisciplinary applications or fields of research. 

Details of some such applications will be presented in next chapter 

Conclusions & Future Scope. 
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CHAPTER 5 
CONCLUSIONS AND FUTURE PERSPECTIVES 

 
5.1 CONCLUSIONS 
 
Modern machineries and equipments used in industrial technologies require 

efficient and reliable monitoring tools & techniques to assess performance 

precisely. TLA is a very powerful monitoring technique used for registering 

in-situ loss in material rates with increased accuracy and sensitivity. In the 

present work, investigations have been carried out to measure and analyse 

feasibility of TLA in rare earth materials Terbium and Thulium alongwith 

strategically important materials like Tantalum and Nickel having wide range 

of industrial applications using HI beam. Experiments with these materials 

were initially carried out to measure nuclear interactions and reaction 

dynamics near and above CB through irradiations. This data obtained post 

irradiation has been used to explore and identify appropriate reaction products 

suitable for TLA applications. Activation of Terbium, Thulium and Tantalum 

materials has been achieved by bombarding 16O beam obtained through 

accelerator at IUAC, New Delhi, India. Activation of natural Nickel material 

has been achieved by bombarding Alpha beam obtained through accelerator at 

VECC, Kolkata, India. The range of activation energy for Terbium, Thulium 

& Tantalum materials through Oxygen beam is approximately 70-110 MeV. 

For Natural nickel material range of activation energy is approximately from 

10-40 MeV through Alpha beam. TLA is usually achieved by tracing one 

specific reaction having good cross-section, yield and measurable half-life 

values to monitor wear, erosion or corrosion rates in materials subjected to 

various industrial applications. As present work is focussed towards 

investigating the feasibility of TLA studies in above mentioned materials, all 

the nuclear reactions initiated through interaction of beams in material have 



141 
 

been recorded for cross-section measurements, yields and to determine 

remnant activity through calibration curves. In system 16O+159Tb; 9 reaction 

products have been identified obtained through xn, pxn & alpha reaction 

channels. Reaction products 172Ta, 171Ta & 170Ta are obtained through xn 

reaction channels where (n= 3, 4 & 5) respectively. Reaction products 171Hf & 
170Hf are obtained through pxn reaction channels where (n= 3 & 4) 

respectively. Reaction products 171Lu, 170Lu, 169Lu & 165Tm are obtained 

through α, αn, α2n & 2α2n reaction channels respectively. In case of 16O + 
169Tm system; 8 reaction products have been identified which are obtained 

through xn, pxn & alpha reaction channels. Reaction products 182Ir & 181Ir are 

obtained through xn reaction channels where (n= 3 & 4) respectively. 

Reaction products 182Os & 181Os are obtained through pxn reaction channels 

where (n= 2 & 3) respectively. Reaction products 181Re, 178Re, 175Hf & 172Lu 

are obtained through α, α3n, 2αpn & 3αn reaction channels respectively. In 

system 16O + 181Ta; 9 reaction products have been identified obtained through 

xn, pxn & alpha reaction channels. Reaction products 194Tl, 193Tl & 192Tl are 

obtained through xn reaction channels where (n= 3, 4 & 5) respectively. 

Reaction products 193Hg, 192Hg & 191Hg are obtained through pxn reaction 

channels where (n= 3, 4 & 5) respectively. Reaction products 192Au, 191Lu & 
190Au are obtained through αn, α2n & α3n channels respectively. For α + 58, 60, 

61Ni, there are 4 reaction products identified viz; 61Cu, 60Cu, 63Zn & 62Zn 

through different alpha reaction channels. In all 29 reactions have been 

identified in above mentioned materials using Oxygen and Alpha ion beam. 

The experimentally measured cross-sections have been compared with the 

predictions of the theoretical model code PACE4. Uncertainties in 

measurement of cross-section values for all reactions by taking into account 

various errors are observed to be below ≤ 15%. All these reactions have 

measurable amount of cross-section, yield and half-life values which serves as 

an important input for execution of TLA based studies in alloys and 

composites having above mentioned materials in the form of elemental 

composition.  
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Measurement and analysis of depth distribution of the residual activity 

induced, obtained through calibration curves can be used further for evaluation 

of wear, erosion , corrosion and abrasion rates in above mentioned materials 

having applications in wide range of industries couple with TLA set-up. TLA 

can be achieved through two modes as discussed as;  

Direct Measurements: Through this monitoring of wear rates due dry 

friction, abrasion and erosion can be measured in materials and components of 

specific interest. Sensitivity ranging from few tens to several hundred 

micrometers can be achieved by this method.  

Indirect Measurements: This method is usually employed to evaluate the 

performance of lubricating fluids and components which are functioning in 

flowing mediums. Materials, equipments used in transportation, automobiles 

and process industries can be evaluated using this method employing TLA 

with sensitivity ranging upto few nanometers.  

 

Range of depth achieved and energy of ion beam are one of the primary 

factors to be considered for TLA studies. Range of ion beam interactions is 

calculated using SRIM (Stopping Range Ions in Matter) by measuring dE/dX 

value which corresponds to range of energy loss across thickness of specific 

material. Thickness of stack (samples of target material) for experiments has 

been calculated using SRIM / TRIM software. Investigations carried in 

Terbium material conclude total 9 reaction products which can be used for 

TLA based studies. Out of these 9 reaction products, 171Lu, 177Hf & 170Hf  

have very good yield with total cross-sections 2396.8, 2217.21 & 1917 mbarns 

& measurable half-lives 8.24 days, 12.1 hrs & 16.01 hrs respectively. 

Maximum range of residual activity induced or depth of activation achieved in 

these reaction products using oxygen beam with energy range 70-95 MeV has 

been observed upto approximately 13 microns. Investigations carried in 

Thulium material conclude total 8 reaction products which can be used for 

TLA based studies. Out of these 8 reaction products, 181Re, 182Os & 181Os have 

very good yield with total cross-sections 2707.05, 1053.47 & 1062.38 mbarns 

& measurable half-lives of 19.9 hrs, 22.1 hrs & 105 min respectively. 
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Maximum range of residual activity induced or depth of activation achieved in 

these reaction products using oxygen beam with energy range 70-95 MeV has 

been observed upto approximately 12 microns. Investigations carried in 

Tantalum material conclude total 9 reaction products which can be used for 

TLA based studies. Out of these 9 reaction products, 192Tl, 192Hg & 193Hg  

have very good yield with total cross-sections 1827.8, 620.2 & 457.5 mbarns 

& measurable half-lives 10.6 min, 4.85 hrs &11.8 hrs respectively. Maximum 

range of residual activity induced or depth of activation achieved in these 

reaction products using oxygen beam with energy range 70-110 MeV has been 

observed upto approximately 15-16 microns. Investigations carried in natural 

Nickel material conclude total 4 reaction products which can be used for TLA 

based studies. Out of these 4 reaction products, 61Cu, 60Cu & 63Zn  have very 

good yield with total cross-sections 1453, 897.1 & 406 mbarns & measurable 

half-lives 3.33 hrs, 23.7 min & 38.47 min respectively. Maximum range of 

residual activity induced or depth of activation achieved in these reaction 

products using oxygen beam with energy range 70-110 MeV has been 

observed upto approximately 26 microns.  

 

Emerging technologies in industrial sectors such as transportation, space, 

defense and energy requires reliable and improvised techniques for 

investigating and monitoring rate of losses due to material interactions. Hence, 

TLA serves as a high-resolution tool for estimation of surface degradation 

mechanisms. New materials can be tested for evaluating performing 

characteristics to be used in the form of coatings, lubricants etc. customized 

bench test rigs can be designed which optimizes evaluation of functionality of 

various components or systems in automobile sectors. Complex machinery 

components having tribological losses can be monitored efficiently using 

TLA. TLA is well established for investigation of wear, erosion, corrosion in 

automobile components like piston, cylinder performance. In past few years, 

significant research has been carried out to make use of this technique in other 

various industrial applications.  
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In present work, all reactions initiated through activation in above mentioned 

materials are by using heavy ion beams. Literature available for activation 

studies in materials using heavy ion beams is limited. Furthermore, from the 

identified reaction products, remaining 20 reaction products identified are also 

having good yield, cross-section values and half-lives values which serves as a 

feasible input for future based TLA studies in these materials having wide 

range of industrial applications. Sensitivity, precision and accuracy upto 

nanometers range can be achieved through UTLA method based upon recoil 

implantation into near surface of materials. Finally to conclude, investigations 

carried out for various reaction products forms a strong database for setting up 

actual TLA experiments using heavy ion beams as activation source not just 

limited to mechanical applications, but also for other industrial applications 

like medicine technology, accelerator technology etc and with motivation to 

carry out further more and more studies by using heavy ion beams obtained 

through modern accelerators. 

 

5.2 FUTURE SCOPE 
 
Investigations carried out in the present work specifically with Tantalum 
material through stack foil activation using oxygen beams can be further used 

as a database obtained through 9 reaction events to measure degradation of 

cutting tools which are formed through Tantalum Carbides. Precise 

measurement of wear, temperature deformation and grain growth properties 

can be observed through TLA based studies. Tantalum fabricated sheets and 

plates are widely used in chemical process equipments such as cladding, 

pressure tanks, valves, heat exchangers etc. due to superior corrosion 

resistance. Loss of material in such industrial applications can be monitored 

very effectively using TLA studies. Tantalum alloys in the form of fabricated 

sheets, plates, rods wires etc with alloy compositions containing 3-11% 

tantalum have proven to be very successful in resistance to corrosion by hot 

gases which allows higher operating temperatures and thus efficiency and fuel 

economy in jet engines and rocket nozzles. Using TLA thermal resistance and 
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corrosion resistance of tantalum alloys in such critical applications can be 

monitored very precisely through TLA. Advancement and boost towards clean 

and green technologies have resulted in production of hybrid engines which 

are efficient, economic and eco-friendly while operating. One of major 

applications of Terbium which has been investigated in current work is in 

hybrid engines. These engines function on electric motors which are based on 

permanent magnets. These magnets usually belong to rare earth category 

which needs to retain their magnetism at high temperatures. Terbium 

alongwith neodymium and dysprosium produces such magnets. Applications 

of such magnets are in the electric motors of wind-turbines, where high 

temperatures are also generated. The properties of such magnets and resistance 

to high temperature conditions in wind turbine applications can be monitored 

using current set of database obtained through activation of Terbium using 

Oxygen beams. As discussed earlier there are total 8 reaction residues 

identified with terbium through activation. Wide spread use of nickel due to 

anti-corrosive and temperature resistant properties make it one of most 

preferred alloying elements for applications such as pipelines of desalination 

plants, chemical & process industries and also in many structural applications. 

Accurate and precise monitoring of performance of nickel and nickel alloys 

can be determined using the current database obtained through activation of Ni 

with alpha beams. One of prominent applications is to determine corrosion-

resistance in desalination tubes used in desalination plants and marine 

applications. Apart from such identified critical applications, TLA based 

investigations reported in present work can also be extended in frontiers of 

medical technology, nuclear physics, reactor applications, space and defense 

etc.  
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A B S T R A C T

Activities have been measured in spectroscopically pure rare earth materials viz; Terbium, Thulium and
Tantalum, based on the remnant radioactivity induced in the material, when bombarded by 16O beam in the
energy range from 70 MeV to 110 MeV. The cross sections of a number of isotopes populated through various
reaction channels have been measured by the stacked foil activation technique. To measure the activity, yields of
the radioactive isotopic products 172,171,170Ta, 171,170Hf, 171,170, 169Lu, 182,181Ir, 182,181Os, 181Re, 194,193,192Tl, 193,

192Hg, and 192,191,190Au have been determined using the measured cross-sections and subsequently used to
measure the activity in these materials which has been found up to 8–16 μm.

1. Introduction

Recent advancement in science and technology has led to a positive
shift towards establishment and growth of industries such as heavy
engineering, conventional and/or nuclear power plants, manufacturing
& processing industries. It is well known that these industries are sub-
stantially influenced by surface phenomenon such as wear, corrosion
and erosion of materials [1–4]. The functioning of the conventional
power plants at elevated temperatures for increased efficiency and
demand is often coupled with challenges such as degradation of
structural materials subjected to extreme temperature and pressure
operating conditions [2–4]. Electric power industry and plants have
been reported an estimated loss of around 150 million US$ in a year in
terms of efficiency, forced outages and repair costs due to solid particle
erosion [5]. Installation of offshore wind plants due to climate change
has gained importance over a couple of years. The materials used in
monopile foundation and its components are subjected to varying wind
currents leading to surface degradation and wear. Determination of
reliable wear measurement methods for such fluctuating conditions in

offshore wind plants is an emerging challenge [6]. The pipelines in the
nuclear power plants are often subjected to accelerated flow corrosion
and thinning of welds at heat affected zones leading to failure of sys-
tems [7]. Various conventional non-destructive methods and techni-
ques are available but with limitations to measure the surface defects
occuring in various industries like; aerospace, manufacturing, process
industries, military and defence, nuclear industry etc. [8]. Some of the
commonly adopted methods are visual inspection, microscopy, radio-
graphy, dye penetrant, ultrasonic, magnetic particle testing, eddy cur-
rent for metals, acoustic emission testing etc [9]. In case of visual in-
spection and microscopy only macroscopic and small surface flaws can
be detected. Radiography and dye penetrant testing are not suitable for
porous materials. For utlrasonic testing material subjected under test
necessarily needs to be good conductor of sound. Magnetic particle
testing is applicable to its best only with ferromagnetic materials. Eddy
current is limited only for metals and acoustic emission involves cost
implications for testing of a component [9]. In of the studies it was
concluded that gravimetric method for determination of surface de-
gradation could yield accurate results but is very time consuming [10].
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New developments and sustainable solutions in medical field such as
artificial joints replacement are gaining siginificant importance. In one
of the recent studies, wear evaluation of artificial joints subjected to
more than several million cycles [11]. Assessment of non-contacting
optical methods was carried out and sucessfully developed technique
for measurement of wear up to 0.0001 mg in ceramics [12]. Studies
employing gravimetric analysis for measurement of wear in knee im-
plants subjected to as many as 3 million cycles [13]. A very high sen-
sitive and reliable tool technique is required to investigate the near
surface phenomenon.

For a couple of years, Thin Layer Activation (TLA) using charged
particles has been preferred over conventional surface phenomena
measurement methods due to many advantages [14–17]. With the help
of TLA, surface degradation of multiple components can be measured in
a single go without influencing the operating conditions of system. It is
also economically more feasible with increased level of sensitivity and
reduced amount of radioactivity leading to easy handling of samples.
The precision of TLA ranges from several hundred micrometers to few
tens of nanometers [15–17] With the availability of cutting edge re-
search in the accelerator technology, it is now possible to activate the
desired surface of the material with the help of light and/or heavy
charged particles such as proton, deuterons, alpha particles, oxygen
beams. etc[18–20]. Since the charge particles quickly loose their kinetic
energy as a consequence of intense interaction with the target atoms in
a very thin layer, it is known as thin layer activation. TLA mechanism
can be achieved either by activity loss measurement or collected ac-
tivity measurement [18–20]. Activity has been measured using heavy
ions up to 110 MeV in a Cu target for determination of surface wear
induced in a very thin layer (up to nanometers)[21]. Studies conducted
in titanium alloys using TLA with different beams viz; (nitrogen, carbon
and light ions) lead to conclusion that wear measurement by TLA are
more precise than conventional gravimetric analysis in titanium and
chromium alloys [22]. TLA was employed for measurement of wear
induced in piston ring and cylinder of automobile [23]. Wear analysis
employing TLA with the help of light ions (proton, deuteron and alpha
particles) in molybdenum was carried out, which is used as alloying
elements in steel to increase corrosion resistance [24]. In of the studies,
TLA was employed to study pseudoelasticity effect on nicket-titanium
alloys used for orthodontic applications [25]. In one of the investigation
conducted, it was concluded that platinum and platinum alloys can be
activated in a very thin layer with most suitable radio-isotopes being
197Au & 196Au [26]. Recent studies conducted in neobium alloys could
be employed in TLA by measuring cross sections as niobium alloys are
commonly used in industries like nuclear and medicine [27]. In one of
the studies conducted, calibration curves were deduced indicating
amount residual activity induced in Rhodium & Rhodium alloys [28].
For investigation of wear and erosion specimens containing tungsten it
was concluded that 183Re and 184Re are the most suitable ones by em-
ploying TLA [29]. see Table 1–3.

In the present work, we have used the TLA method to study the
surface wear activation in different rare earth materials of interest.
Tantalum and Terbium have been classified as rare earth materials of
significant importance due to their wide range of applications and
mechanical properties [30]. Terbium, Thulium & Tantalum have wide
range of applications in electronics, medicine and heavy engineering
works [30–33]. +Tb3 state is very significant in number of applications.
Terbium being classified as one of the rare earth materials of sig-
nificance has wide range of applications. It is being used predominantly
in electronics industries, smart appliances due to its luminescence
property. +Tb3 ions can be used to check for the presence of microbes.
Terbium chloride is applied to the test area, which is then illuminated
with UV light. Within minutes, any live endospores present will glow
green. Terbium in the form alloying element with iron is very useful in
magneto-optics for recording data. Terbium coupled with neodynium
and dysprosium is capable of producing magnets which are widely used
in electric motors of hybrid engines and wind turbines functioning at

elevated temperatures. Terbium is also used as a dopant for materials in
solid-state devices and optical fibers [31]. +Tm3 ions emit a strong blue
luminescence when excited. Thulium is used to dope yttrium aluminum
garnets (YAG) used in lasers. Thulium is also used in alloys with other
rare earth metals [32]. Tantalum is highly corrosion resistant due to the
formation of an oxide film. It is an excellent conductor of heat and
electricity. The metal has a melting point exceeded only by tungsten
and rhenium. Ta is used in the electronics industry for capacitors and
high power resistors. It is also used to make alloys to increase strength,
ductility and corrosion resistance. The metal is used in dental and
surgical instruments and implants, as it causes no immune response
[33]. Tantalum and tantalum alloys could be the futuristic potential
materials used for space nuclear mission due to their excellent stability
and mechanical properties at elevated temperatures [34]. Tantalum,
Terbium and Thulium belong to rare earth materials which can play a
very pivotal role in areas of nations security, development and

Table 1
Spectroscopic properties of isotopes 172,171,170Ta, 171,170Hf, and 171,170,169Lu for
application in thin layer activation technique.

Isotope Half-life -ray Reaction max

Energy
(keV)

Abundance% (mb)

172Ta 36.8 m 875.3 22 159Tb (16O, 3n)172Ta 136.144
171Ta 23.3 m 723.3 25 159Tb (16O,4n)171Ta 1140.33
170Ta 6.76 m 860.2 25 159Tb (16O,5n)170Ta 925.09
171Hf 12.1 h 1076.5 40 159Tb (16O,p3n)171Hf 2217.61
170Hf 16.1 h 620.7 18 159Tb (16O,p4n)170Hf 1917.72
171Lu 8.24 d 631.2 24 159Tb

(16O,2p2n)171Lu
2396.98

170Lu 2.01 d 1280.1 23 159Tb (16O, n)170Lu 137.64
169Lu 34.06 m 1037.13 23 159Tb (16O,

2n)169Lu
269.65

Table 2
Spectroscopic properties of isotopes 182,181Ir, 182,181Os and 181Re for application
in thin layer activation technique.

Isotope Half-life -ray Reaction max

Energy
(keV)

Abundance % (mb)

182Ir 36.8 m 273.1 43 169Tm (16O,3n)182Ir 349.8
181Ir 23.3 m 107.6 15.9 169Tm (16O,4n)181Ir 1515.47
182Os 6.76 m 180.22 34.7 169Tm

(16O,p2n)182Os
1053.47

181Os 12.1 h 238.68 44 169Tm
(16O,p3n)181Os

1062.38

181Re 16.1 h 365.59 57 169Tm
(16O,2p2n)181Re

3142.95

Table 3
Spectroscopic properties of isotopes 182,181Ir, 182,181Os and 181Re for application
in thin layer activation technique.

Isotope Half-life -ray Reaction max

Energy (keV) Abundance% (mb)

194Tl 33 m 636.1 99 181Ta (16O,3n)194Tl 50.6
193Tl 21.5 m 365,244 90.1, 15.2 181Ta (16O,4n)193Tl 341.5
192Tl 10.8 m 422.9 31.1 181Ta (16O,5n)192Tl 1827.8
193Hg 3.8 h 381.6. 861.1 11, 13 181Ta (16O,p3n)193Hg 457.5
192Hg 4.85 h 274.8 50.4 181Ta (16O,p4n)192Hg 620.2
192Au 4.92 h 295.5, 316.5 22.7, 58 181Ta (16O, n)192Au 246
191Au 3.18 h 282.9,399.8 6.3,4.5 181Ta (16O,

2n)191Au
49.4

190Au 42.83 m 295.9,301.9 71,25.1 181Ta (16O,
3n)190Au

135.6

V.V. Savadi, et al. Nuclear Inst. and Methods in Physics Research B 479 (2020) 102–109

103



economy. Tantalum has been listed as one of the most critical material
for India’s manufacturing sector by 2030 in a study conducted by think-
tank council on Energy, Environment and Water. Tantalum could also
be a potential substitute for emerging uses in new mining and nano
technology [30].

2. Experimental details

To estimate the activity in the thin layer of various materials,
measured cross-section of various reaction products were used.
Experiments were carried at Inter University Accelerator Center (IUAC),
New Delhi which houses a 15 UD Pelletron accelerator facility. Heavy
ions Oxygen beam having charged state of 7+ obtained from accel-
erator has been used for sample activation. Terbium, Thullium &
Tantalum targets (spectroscopically pure ranging from 95 to 99.99%)
were irradiated by oxygen beam. For measurement of cross-sections of
various reaction products & further to deduce the activity induced in
the form of wear in various materials, activation technique has been
employed as it is one of the simplest and powerful method. In this
technique, energetic beam of appropriate energy is impinged on stack
of targets backed up by Al-catchers of appropriate thickness. Activity
induced in the target catcher foil assembly are measured by using off-
line Gamma Spectroscopy. Present paper discusses irradiation of three
target materials viz; 159Tb, 169Tm & 181Ta with 16O 7+ in General
Purpose Scattering Chamber (GPSC) of 1.5 m diameter, having in-va-
cuum transfer facility (ITF). By using this facility, time lapse between
the stop of the irradiation and counting of the samples may be con-
siderably reduced facilitating recording of induced activities having
short half-lives. Total charge collected in the Faraday Cup, placed be-
hind the target catcher foil assembly was used to determine the flux of
incident ions. High Purity Germanium (HPGe) detector of 100 c.c. ac-
tive volume coupled to a PC through CAMAC based FREEDOM software
was used to record the activities produced in the samples after irra-
diation. Errors in these measurements are quite low as it is coupled with
high resolution HPGe detectors making it possible to separate out the
activities of different reaction products decaying by -rays of nearly
same energies accurately.

Self supporting targets of 159Tb spectroscopically (99.99% pure)
having thickness ≈1.7 mg/cm2 backed by Al-catchers of thickness
≈2 mg/cm2 were prepared by rolling method. Targets of 169Tm spec-
troscopically ≈100% having ≈0.65 mg/cm2 thickness were deposited
on Al-backing of 1.5 mg/cm2 thickness, using high vacuum-evaporation
technique. Tantalum targets of 181Ta of thickness ≈1.5 mg/cm2 were
deposited by eletro deposition technique on Al-backing of thickness
≈1–1.5 mg/cm2. In case of 159Tb, two stacks containing four samples
each were irradiated at energies 90 & 95 MeV respectively. In case of
first stack, the thickness of four Tb samples were ≈1.65, 1.68, 1.57 and
1.62 mg/cm2 while corresponding catcher thichness were ≈1.71, 1.82,
1.69 & 1.87 mg/cm2 respectively. In case of second stack, the thickness
of four Tb samples were 1.67, 1.72, 1.64 and 1.81 mg/cm2 while cor-
responding catcher thickness were 1.74, 1.86, 1.78 & 1.94 mg/cm2 re-
spectively. The energy range covered in iradiating first stack of terbium
was from 90 MeV to 65.5 MeV with intermediate energy points ob-
tained at 83.2 MeV & 75.2 MeV respectively. Energy range covered in
iradiating second stack of terbium was from 95 MeV to 69.3 MeV with
intermediate energy points obtained at 87.2 MeV & 78.7 MeV respec-
tively. In case of 169Tm, two stacks containing four samples each were
irradiated at energies 92 & 95 MeV respectively. in case of first stack
thickness of Tm samples were ≈0.83, 0.69, 0.57 and 0.63 mg/cm2

while corresponding catcher thickness were 1.42, 1.36, 1.29 &
1.33 mg/cm2 respectively. In case of second stack thickness of Tm
samples were ≈0.71, 0.69, 0.73 and 0.64 mg/cm2 while corresponding
catcher thickness were 1.41, 1.38, 1.47 & 1.29 respectively. After ir-
radiation energy range covered was from 95 MeV to 71 MeV Further in
case of 181Ta, three stacks, with four foils, three foils and one foil re-
spectively, were irradiated at 100, 98 & 88 MeV beam energies to

cover a wide energy range. In the first stack, the thicknesses of four Ta
samples were 1.25, 1.43, 1.42 and 1.22 mg/cm2 while the thicknesses
of corresponding Al-catchers were ≈1.16, 1.76, 2.01 and 1.24 mg/cm2

respectively. In the second stack, the thicknesses of three Ta samples
were ≈1.28, 2.03 and 1.76 mg/cm2 while the thicknesses of corre-
sponding Al-catchers were ≈1.81, 1.65, and 1.47 mg/cm2 respectively.
However, in the third one containing single foil, the thickness of Ta
sample was ≈1.22 mg/cm2 while the thickness of corresponding Al-
catcher was ≈1.29mg/cm2. Backing with Al-catchers helped to serve as

Fig. 1. Relative Yield curves of isotopes 172Ta, 182Ir, 194Tl from Tb, Tm & Ta
material.

Fig. 2. Relative Yield curve of isotopes 171Ta, 181Ir, 193Tl from Tb, Tm & Ta
material.
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both energy degrader as well as catcher for residues recoiling out of
target foil during the irradiations. -transmission method was used to
measure the thickness of each target. Measurement of energy lost by
5.487 MeV -particles obtained from standard 241Am source, while
passing through the material of target is used to employ this technique.
The targets were cut into the size of 1.2 × 1.2 cm2 were pasted on Al-
holders having concentric hole of 1.0 cm diameter. Successive targets of
the stack get irradiated at different energies. The energies of the in-
cident ion on successive targets have been calculated using stopping

power values obtained from code SRIM based on the range-energy
formulations. The stacks were placed normal to the beam direction, so
that the recoiling products could be trapped in the catcher foil placed
just behind the target and there would be no loss of activity. Beam
current varying from ≈30 to 50 nA was used and the irradiations were
carried out for ≈8–12 h duration for each stack.

After the irradiation of the materials in different stacks, targets/
material samples along with catcher foils was taken out from the GPSC

Fig. 3. Relative Yield curves of isotopes 170Ta & 194Tl from Tb & Ta material.

Fig. 4. Relative Yield curves of isotopes 171Hf, 181Os & 193Hg from Tb, Tm & Ta
material.

Fig. 5. Relative Yield curves of isotopes 170Hf & 192Hg from Tb & Ta material.

Fig. 6. Relative Yield curves of isotopes 171Lu & 181Re from Tb & Tm material.
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with the help of ITF. The evaporation residues populated in each target-
catcher foil assembly were identified by (characteristic -rays). The
activities induced in the irradiated samples were recorded using HPGe

-ray spectrometer. The HPGe detector was pre-calibrated both for
energy as well as efficiency by using various standard sources i.e,60Co
and 152Eu of known strengths. To obtain the residual activity measured
cross sections of various reaction products were plotted at varying en-
ergies versus thickness of the target. Residual activity was calculated
using remnant activity obtained from measured cross-section versus

varying thickness of the target material. Further details regarding the
experiment are given else where [35–37].

3. Measurement & analysis

3.1. Measurement of cross-section and yield curves

The yield curves for various isotopes; 172,171,170Ta, 171,170Hf, 171,170,

169Lu populated through different reaction for 16O + 159Tb and

Fig. 7. Relative Yield curves of isotopes 170Lu & 192Au from Tb & Ta material.

Fig. 8. Relative Yield curves of isotopes 169Lu & 192Au from Tb & Ta material.

Fig. 9. Relative Yield curves of isotopes 178Re & 190Au from Tm & Ta material.

Fig. 10. Calibration curves of isotopes 172Ta, 182Ir, 194Tl from Tb, Tm & Ta
materials at incident energies ranging from 95 to 70 MeV.
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182,181Ir, 181Os, 181Re for 16O + 169Tm and 194,193, 192Tl, 193,192Hg,
192,191, 190Au for 16O + 181Ta material have been obtained at different
energies and different depths of target materials. The stopping power of
different materials have been used to obtain the incident energy on
each material sample in the respective stack. Area under the yield
curves across different energies ranging from 70–110 MeV was in-
tegrated to obtain the residual curves for all three systems. The yield
per micron thickness against the depth as well as incident energy for
several isotopes are shown in Figs. 1–9. For convenience, we have

plotted the xn, pxn & xn channels for different systems for compara-
tive analysis. In Figs. 1–3, xn channels (where n = 3,4,5) for all the
three systems have been plotted. The activity induced in xn channels for
terbium is ranging from 8–12 μm; 13–14 μm for thulium and 14–16 μm
for tantalum respectively. In case of pxn channels activity induced in
terbium is up to 14 μm; 16 μm for both thulium and tanlaum shown in
Figs. 4 and 5. For xn channels (where x = 1, 2 3) activity induced for
terbium ranging from 8 to 12 μm; 9–16 μm for tantalum as shown in
Figs. Figs. 6–9. In the present work, residual activity of various reaction

Fig. 11. Calibration curves of isotopes 171Ta, 181Ir, 193Tl from Tb, Tm & Ta
materials at incident energies ranging from 95 to 70 MeV.

Fig. 12. Calibration curves of isotopes 170Ta & 194Tl from Tb & Ta materials at
incident energies ranging from 95 to 65 MeV.

Fig. 13. Calibration curves of isotopes 171Hf, 181Os & 193Hg from Tb, Tm & Ta
materials at incident energies ranging from 100 to 65.

Fig. 14. Calibration curves of isotopes 170Hf & 192Hg from Tb & Ta materials at
incident energies ranging from 100 to 65 MeV.
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products populated via various channels were found to have contribu-
tion ranging from ≈8 to 16 μm depth from the surface.

3.2. Calibration curves

Yield curves have been further used to deduce the calibration
curves. The residual activities induced, 172,171,170Ta, 171,170Hf, 171,170,

169Lu have been plotted for Terbium and 182,181Ir, 181Os, 181Re for
Thulium and 194,193, 192Tl, 193,192Hg, 192,191, 190Au for Tantalum mate-
rial after removal of certain depths of material, have been calculated
graphically with the help of obtained yield curves. The calibration

curves thus obtained using reaction products, from the plot of percen-
tage of remaining activity against the removal of depth of material are
shown in Figs. 10–18.

As indicated in Figs. 1–9, the total yield of the isotope in the given
material may be obtained from the integral area under the yield curves.
After the removal of certain depth of material (decreasing the thickness
corresponding to the each foil of the stack one by one) the percentage of
the remaining activity is computed graphically and the calibration
curves so deduced from the yield curves are shown in Figs. 10–18. As a
matter of fact, these calibration curves may be considered to correspond
to pure metals bombarded with 110 MeV 16O heavy ions normal to the

Fig. 15. Calibration curves of isotopes 171Lu & 181Re from Tb & Tm materials at
incident energies ranging from 95 to 65 MeV.

Fig. 16. Calibration curves of isotopes 170Lu & 192Au from Tb & Ta materials at
incident energies ranging from 100 to 65 MeV.

Fig. 17. Calibration curves of isotopes 169Lu & 192Au from Tb & Ta materials at
incident energies ranging from 100 to 65 MeV.

Fig. 18. Calibration curves of isotopes 178Re & 190Au from Tm & Ta materials at
incident energies ranging from 100 to 70 MeV.
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beam direction. It may also be noticed from (Figs. 10–18) that the rate
of change of activity per unit thickness is more for the higher slope
curve i.e., the errors associated in higher slope curve will be less. The
overall error has been estimated from the errors of cross-section in
generating the calibration curves and the activity measurement of the
irradiated samples and has been found 15%.

4. Conclusion

An attempt has been made to explore the TLA technique for various
rare earth materials viz; Terbium, Thullium & Tantalum. With the help
of cross section and varying energies, yield of different materials have
been determined. Further, these yield curves have been used to deduce
the calibration curves by plotting remnant activity versus thickness of
the target material. A systematic has been observed that with increase
in mass of target, activity induced also increases. The cross section
generated data may be utilised for various applications of selected
materials as discussed earlier. The maximum activity has been induced
in case of xn & pxn channels for all materials ranging 12–16 microns,
while in case of xn channels, for all materials, it has been observed
ranging from 8–13 μm. On the basis of analysis, it has been observed
that maximum activity induced is found in Tantalum material up to
16 μm, while in Thulim Terbium it has been found 14 μm & 13 μm
respectively when bombarded by the oxygen ion in almost same energy
region.
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Attempts have been made to measure the activity in irradiated natural Ni material induced by α-particles in the energy 

range 10-40 MeV followed by stack foil activation technique. Activity induced has been determined through the cross-sections 

obtained from various reactions for 58Ni(α, p)61Cu, 58Ni(α,  pn)60Cu, 60Ni(α, p2n)61Cu, 60Ni(α, n)63Zn, 60Ni(α, 2n)62Zn,61Ni 

(α, 3n)62Zn and 61Ni(α, 2n)63Zn in α+natNi interaction at different beam energies has been found to vary from 10-26 microns. 

Keywords: nickel & nickel alloys; gamma spectroscopy; stack foil activation; yield; cross-section measurements; beam of 

alpha particles. 

1 Introduction 

Over a couple of decades there has been a growing 

concern to investigate the potential damage induced 

due to erosion in machinery and other related 

equipment in processing industries1-3. Surface 

degradation phenomenon such as wear, erosion, 

corrosion etc. are inevitable processes influencing 

industrial performance and efficiency. The 

functionality of materials, used in power generation 

plants and other processing industries with increased 

efficiency, is a field of current interest to meet the 

global energy demands1-5. Machinery, equipment and 

components utilised in various industries like; oil & 

gas, power plants and others are often subjected to 

slurry erosion leading to wear of materials pose a 

critical issue on performance, dependability and service 

life of components. Wear induced due to material 

erosion is often coupled with capital expenses and 

accountable for overall performance and service life of 

the industry2-6. The process of wear influencing 

corrosion & vice versa is highly interdependent and 

could lead to catastrophic & economic losses in 

modern types of machineries used in marine 

applications, chemical plants etc. often subjected to 

tribo-chemical interactions7. Selection of appropriate 

materials and various techniques leading to increased 

efficiency and service life of the industry components 

is a matter of concern in near future. A noble method of 

coating technique popularized as the “Electro-less 

Coating” was developed with its widespread 

applications across every domain of industry8. Over a 

last couple of decades, interestingly nickel based alloys 

and coatings have evolved mature subject of research 

and development from tribological applications point 

of view due to excellent anti wear & corrosion resistant 

properties9-14. Further, various non-destructive 

techniques available till date are used for measuring the 

surface defects and phenomenon like corrosion & 

erosion but are having their own limitations of 

testing15-16. Charged particle activation analysis is a 

nuclear non-destructive tool in which, a beam of 

appropriate energy is made to impinge on a very thin 

layer of material surface by light & heavy ions. Further 

total cross-sections obtained for various reaction 

products after employing stack foil activation at 

varying depths is used for estimation of surface wear in 

materials. In charged particle activation, very thin layer 

of surface is activated for measurements and is mostly 

preferred over conventional techniques due to its high 

precision and accuracy with recent advancement in 

accelerator technology17-20. Studies performed with 

help of stack foil activation have been of great use in 

determining surface wear induced in many components 

which can be measured simultaneously while being in 
————— 
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situ-operations with precision ranging from micro-

meters to nanometres17-20. Recent boost in accelerator 

technology has now made it possible to measure 

surface degradation on desired surface of component 

by using appropriate charged particles either by using 

stack foil activation followed by offline γ-spectroscopy 

or by indirect measurement method21-23. Several such 

studies have been carried out on many materials & 

alloys such as nickel titanium, platinum, rhodium 

niobium & copper etc applicable in large number of 

industries24-36. In the present work, stack foil activation 

is employed in natural nickel material to estimate the 

activity induced. Analysis of the amount of activity 

induced has been determined through the cross-

sections obtained from various reaction channels with 

energy ranging from 10-40 MeV. It has been observed 

that the activity induced in Ni is found to vary from 

10-26 microns37-38. Different reaction residues obtained

from various α-channels in current experiment have

very good half-lives and total cross-section values

which can further be explored for research and

industrial applications.

2 Experiment Details 

To measure the cross-sections of various reaction 

products in α+
nat

Ni interactions at ≈10–40 MeV
39

 

and subsequently used to study the amount of residual 

activity induced in natural Ni materials, experiments 

were performed at the Variable Energy Cyclotron 

Centre (VECC), Kolkata, India. For irradiation, 

natural nickel targets were prepared by rolling 

technique. A stack consisting of 8 target foils made up 

of natNi material each backed by aluminium catcher of 

appropriate thickness obtained by energy loss 

calculation from SRIM/TRIM was impinged by a 40 

MeV α-beam. The approximate thickness of natNi foils 

were  1.13, 1.8,  1.15,  0.9, 1.33, 1.19, 1.05 & 1.63 

mg/cm2respectively each backed by aluminium 

catcher of approximate thickness of 1.3, 2.8, 1.47, 

1.18, 1.41, 1.22, 1.24 & 2.23 mg/cm2. The total 

irradiation time was ≈ 12 h with a beam current ≈ 100 

nA. The average beam energy on a given target foil 

and degrader was calculated by using the code SRIM 

based on stopping power and range calculations. A 

pre-calibrated HPGe detectors coupled with multi-

channel analyzer system has been used for post 

irradiation analysis. The overall error has been 

estimated from the errors of cross-section in 

generating the calibration curves and the activity 

measurement of the irradiated samples and has been 

found ≤ 15%. Statistical errors has been deduced and 

fitted with a fourth-order polynomial function, where 

the uncertainty from the fitting is found to be ≈ 3% 

for the energy range of interest. Errors introduced due 

to solid angle defect is found to be less than ≤ 2% as 

demonstrated by Gardener et al.40. The human errors 

introduced due to non-uniformity and inaccurate 

determination of foil thickness at various positions 

has been found to be ≈ 1%. The errors from the 

fluctuations in the beam current were found to be ≈ 

3%. Errors introduced due to attenuation in beam 

current while traversing through thickness of foil has 

been found to be ≤ 2%41.  

3. Measurement & Analysis

To measure the range/depth of activity induced in

Ni material, the cross-sections for 58Ni(α, p)61Cu, 
58Ni(α,pn)60Cu, 60Ni(α, p2n)61Cu, 60Ni(α, n)63Zn, 
60Ni(α, 2n)62Zn,61Ni(α, 3n)62Zn and 61Ni(α, 2n)63Zn 

reactions have been measured by using the activation 

technique followed by off-line γ spectroscopy39. 

3.1. Measurement of Yield Curves: 

The yield curves for various isotopes; 61,60Cu 

&63,62Zn populated through different reaction for58, 60,

61 natNi material with α beam have been obtained at 

different energies and different depths. The stopping 

power of different materials has been used to obtain 

the incident energies on different samples. Area under 

the yield curves across different energies ranging 

from 10-40 MeV was integrated to obtain the residual 

curves. The yield per micron thickness against the 

depth as well as incident energy for residual isotopes 

viz; 61,60Cu, 63Zn &62Zn is shown in Figs. 1-3(a). For 

proper polynomial fit of the experimental data, 

theoretical cross-section values (obtained from PACE 4) 

have been included below 25 MeV for reactions 

[(58Ni(α, pn); 60Ni(α, p2n); 60Ni(α, n); 60Ni(α, 2n); 61Ni(α, 

3n); 61Ni(α, 2n)]. Total cross section values mentioned in 

Table 1 have been used for obtaining yield curves. 

3.2. Calibration curves: 

Plot for amount of residual activity induced in 58, 60,

61 natNi material has been deduced with the help of total 

cross-section measured values from yield curves. The 

residual activity induced through α beams with energy 

range 10-40 MeV in 58Ni(α, P)61Cu; 58Ni(α, Pn)60Cu; 
60Ni(α, n)63Zn; 60Ni(α, 2n)63Zn; 61Ni(α, 2n)63Zn 

&61Ni(α, 3n)62Zn has been shown in Figs.1-3(b). The 

total yield of the isotope in the given material may be 

obtained from the integral area under the yield curves. 

The percentage of remaining activity is computed 

graphically using polynomial fit by decreasing the 
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thickness corresponding to each foil of stack one by 

one as shown in Figs. 1-3(b). It has been observed that 

the activity induced in Ni is ranging upto ≈ 26μm. 

Measurement of cross-sections and residual 

activity induced are expressed in Eqs 1-4.Total 

thickness of natNi material is assumed to be 𝑥  mg/cm2 

irradiated by α beam having 900 angle of incidence, 

then activity induced in total thickness of material 

where, xi(i= 1, 2, ..., 8) (mg/cm2) is given by Eqn (1). 
 𝑥  𝑥  𝑥  … 𝑥  ∑ 𝑥  … (1) 
 

It is obvious that as the beam traverse across the 

thickness x1 to xn, it continuously keeps on loosing 

energy as a result of which total cross-section obtained 

will vary according to the beam energy and thickness 

which is stated in Eqn (2.1). 
 𝐴 𝑁𝐼𝜎 𝑥 S + 𝑁𝐼𝜎 𝑥 S +... 𝑁𝐼𝜎 𝑥 S  … (2.1) 

Further Eqn (2.1) is reduced to Eqn (2.2) when the 

cross-sections obtained across the varying thickness 

remains almost constant. 
 

  𝑁𝐼𝑆 ∑ 𝜎 𝑥  … (2.2) 
 

Amount of activity induced is directly dependent 

on the total cross-section values obtained across 

different beam energy and varying thickness in a 

given stack of metallic foil. In case of remnant 

activity measurement has to be carried for a particular 

thickness x1 as compared to total thickness xn, it can 

be expressed with Eqn (3) in which ratio An- 1/An is 

independent of N, I and ti for a particular isotope. 
 

 
∑∑  … (3) 

 

Further if the cross-section values obtained remains 

constant through the entire thickness 𝑥  of the 

material, then eqn (3) can be further deduced and 

expressed by eqn(4) in which activity produced is 

simply proportional to the depth. 

 
 

Fig. 1(a-b) — Relative Yield curves for 58natNi Material;

bCalibration curves for 58natNi at incident energies ranging from

10-40 MeV 

 
 

Fig. 2(a-b) — Relative Yield curves for 60natNi Material; 

b-Calibration curves for 58natNi at incident energies ranging from

10-40 MeV 
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∑∑  

∑
  … (4) 

 

However with the change in cross-section values 

across the thickness of stack foil activated metallic 

sample calibration curves are obtained in accordance 

with Eqn(3). 
 

4 Conclusion 

As Nickel has significant importance in terms of 

applications across various critical industries in the 

form of coatings & alloys, in the present work stack 

foil activation technique had been explored 

employing α beam with energy ranging from 10-40 

MeV in natNi targets. As shown in Figs. 1-3(b) the 

maximum residual activity induced is found to be 

26μm from the depth of the surface. As 61,60Cu are 

populated through (α,p) & (α, pn) reactions while 

irradiating the same nat58Ni target, the activity induced 

in 60Cu via (α, pn) reaction is observed to be less by 

3μm i.e nearly 23μm as compared to that of 61Cu 

obtained through (α,p) reaction. The least amount of 

activity induced is found to be 21μm in case of 63Zn 

populated through α, 2n reaction on nat61Ni target. 62Zn 

populated through two different reactions with natNi 

targets i.e. α, 2n & α, 3n via 60Ni &61Ni target 

materials is having activity contribution ranging ≈ 12-

20 μm. In the present study activity induced through 

all possible reactions in natNi material has been 

reported. As 62Zn has comparatively longer half-live 

of nearly 10hrs, the experimental data obtained can be 

used further as a future scope employing TLA for 

investigating surface wear and erosion phenomena at 

earlier stages in critically important industries like 

nuclear plants, power plants & other process 

industries applications where small failure would lead 

to catastrophic effects. 
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Abstract 
In this paper authors have explored the use of Thin Layer Activation in a material formed by the irradiation of heavy ion beams 
on the particular target of interest and its further applications from industrial point of view. Activity depth distributions resulting 
from the irradiation of Thulium-169 by heavy ion Oxygen-16 beams have been calculated. A pre-calibrated high purity 
germanium detector was used for radioactive counting of samples. The measured cross-sections for different radio-isotopes have 
been used to deduce the practical yields for several reaction products; 182, 181Ir, 182, 181Os, 181, 178Re, 175Hf, 172Lu from the intensity 
of characteristic γ-lines at different energies of 16O beam in the energy range≈ 70-100 MeV employing stacked foil activation 
technique. Calibration curves obtained from various reaction products have been determined with the help of yield curves. The 
main purpose of this work is to study the surface wear with increased sensitivity by applying heavy ion in thin layer activation 
technique. 
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1. Introduction 
With the recent advancements in the field of science and technology, surface phenomenon such as wear, erosion 

and corrosion, influencing various industrial applications, are the topics of current interest [1-3]. Thin layer 
activation (TLA) is one of the important techniques widely used for material performance studies such as wear, 
corrosion, erosion etc. In this technique, referred as the corrosion monitoring method, a small section of material is 
exposed to an energetic beam of charged particles, so as to produce the activity surface layer. The measurement of 
activity in the surface layer of the materials is of prime importance ranging from few tens of nano-meters to several 
hundreds of micro-meter. Surface loss even in few nano-meters could be a major hindrance for smooth functioning 
engineering systems in various industries [4].Accurate and high precision techniques, used to study surface 
phenomenon, result in considerable savings for industry in general. Various conventional techniques like 
gravimetric, mechanical, chemical and optical methods are found to have their own limitations in case of practical 
environments due to limited sensitivity range and time consuming [4-9]. TLA technique is powerful technique which 
employs a beam of charged particles to a very thin layer (≈ micro-meter) of materials surface. A material surface, of 
interest, is so chosen and the activity induced in the thin layer of the material surface may be observed [10-20] by 
monitoring of γ-activity in the thin layer of the material. The activity induced in the material surface using heavy 
ions will be contained within much narrower thickness as compared to that of light ions leading to higher sensitivity 
in the measurement of surface wear. Since Thulium-169bombarded in a nuclear reactor can later serve as a radiation 
source in portable X-ray devices, it has also found its applications in microwave equipment. Due to its property, 
fluorescence at low levels, it is also used in personal radiation dosimeters. In the present work attempt has been 
made to calculate residual activity induced in Thulium-169 materials employing heavy ions of Oxygen-16 from 
industrial perspective. 

2. Experimental Details 
The experiment were performed [21] using a beam of 16O7+delivered from the 15UD-Pelletron Accelerator at the 

Inter-University Accelerator Centre (IUAC), New Delhi, India. Targets of spectroscopically pure 169Tm (≈99.99%) 
of thickness≈1.5 mg/cm2 were prepared by rolling technique at the target laboratory of IUAC. To trap the recoiling 
products produced via different reaction processes, aluminium catchers of appropriate thickness were placed after 
each target. Irradiations were carried out at energy≈95, 92 &87 MeV with a constant beam current ≈30-50 nA for 
≈8–10 hrs in the general purpose scattering chamber containing in-vacuum transfer facility. The activities produced 
in the material were recorded using high purity Germanium detector of 100 c.c. active volume coupled to a PC 
through CAMAC based FREEDOM software. The detector was pre-calibrated with various standard γ-sources, such 
as 60Co, 133Ba, and 152Eu, of known strengths. In the present work, nuclear reaction cross-sections for several 
reaction products populated via reaction channels; 182Ir(3n), 181Ir(4n),  182Os(p2n), 181Os(p3n), 181Re(2p2n), 
178Re(α3n), 175Hf(2αpn) & 172Lu(3αn) have been measured in the irradiation of Thulium-169 by Oxygen-16 from 
threshold (≈70 MeV) to well above it (≈100 MeV). These cross-sections are used for the determination of practical 
yields and further for the measurement of activity for application in TLA technique. 

                 Table 1. List of final reaction products along with their spectroscopic properties. 

Isotope Half-Life               γ-ray 

  Eγ (keV) Iγ (%) 
182Ir 36.8 min 273.1 43 
181Ir 23.3 min 107.6 15.9 
182Os 6.76 min 180.22 34.7 
181Os 12.1 hrs 238.68 44 
181Re 16.1 hrs 365.59 57 
178Re 8.24 days 237.19 54 
175Hf 2.01 days 343.4 87 
172Lu 34.06 min 1093.6 63.5 
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figs 1(a):Yield curves of reaction products 182,181Ir figs 2(a): Calibration curves of reaction products182,181Ir 
 

figs 1(b): Yield curves of reaction products182,181Os 
 

figs 2(b): Calibration curves of reaction products182,181Os 
 

figs 1(c): Yield curves of reaction products182,178Re, 175Hf, 172Lu 
 

figs 2(c): Calibration curves of reaction products182,178Re, 
175Hf, 172Lu 
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3. Measurement of activity 

 
3.1. Yield curves 

 
The yield curves of the isotopes; 182,181Ir, 182,181Os, 181,178Re, 175Hf &172Lu have been obtained from the activity of 
pureThulium-169 material, after irradiated by Oxygen-16, populated at different incident energies across different 
depths of the target material through various reaction channels. The yield curves of the reaction products, is obtained 
from the activity measurement of the foils and a plot of the yield of the isotope against the depth at which the foil is 
located. The stopping power of Oxygen-16 has been used to obtain the incident energy on each foil. The total yield 
can be calculated by integrating the area under the yield curves across different energies ranging from 70-110 MeV. 
The yield per micron thickness against the depth as well as incident energy for several nuclides is shown in Figures. 
1(a-c). In the present work, residual activity of various reaction products populated via various xn, pxn and αxn 
channels were found to have contribution upto ≈ 14μmdepth from the surface. The remnant activity induced in the 
Tm material for several nuclides populated through various xn, pxn and αxn channels are as given in Figures. 2 (a-
c). 
 
3.2. Calibration curves 
 
Yield curves have been further used to deduce the activity curves. The residual activities induced, after removal of 
certain depths of material, have been calculated graphically with the help of obtained yield curves. The calibration 
curves thus obtained using reaction products, 182,181Ir, 182,181Os, 181,178Re, 175Hf &172Lu from the plot of percentage of 
remaining activity against the removal of depth of material and are shown in fig 2(a-c). As a matter of fact, these 
calibration curves may be considered to correspond to pure metals irradiated with Oxygen-16 of 70-100 MeV 
  

4. Conclusion 
The potential use of the TLA technique in measuring the surface loss in materials due to wear has been described 

with particular reference to Thulium and its reaction products populated through various reaction channels at 

different energies across different depths from surface. Activity depth distribution calculated using TLA employing 

heavy ions gives precise estimation of the residual activity induced in the material. Due to its higher sensitivity and 

accuracy it has clear advantage in studying surface wear of different materials as compared to that of conventional 

methods being used. With recent availability of accelerators technology, heavy ions coupled with TLA for 

investigating surface studies for various materials is possible.  
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Abstract 

Experiment has been performed to study the activity produced in the irradiation of Terbium-159 material with Oxygen-16 heavy 
ion beams using thin layer activation technique. The yields of reaction products 172,171,170Ta, 171,170Hf and 171,170,169Lu populated 
via various reaction channels have been measured in the Coulomb barrier to the well above it. A pre-calibrated high purity 
germanium detector has been used for γ-counting of material. The yield curves obtained from the study of intensity of 
characteristics γ-lines at different energies of heavy ion beam have been further used to determine the calibration curves of the 
obtained reaction products. An attempt has been made to study surface wear in terbium by applying heavy ion thin layer 
activation technique with increased sensitivity.  
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1. Introduction 

Industries such as Chemical processing plants, Thermal power plants, Nuclear power plants & Reactors and 
heavy equipment are substantially influenced by surface phenomenon such as wear, erosion and corrosion [1]. Due 
to extreme working conditions and larger impact in case of failure, monitoring and safety becomes priority. Over the 
last few decades, many new and improvised tools and techniques have evolved for studying surface performance 
occurring in different materials. Amongst the various methods available, Thin layer activation (TLA) technique has 
much greater potential due to its increased sensitivity [2,3].Surface degradation process such as corrosion, erosion 
and wear are studied by TLA method in which several reaction products of interest may be utilised [4]. The principle 
basis of TLA is the creation of appropriate reaction products in a given material at a well-defined depth over a 
selected area. Light ion beams like proton, deuteron, 3He or 4He particles etc., of suitable energy [5-7] are generally 
used to populate a thin layer of activities ranging from several micro-meters to a few hundred micro-meters. With 
the advent of Heavy ion accelerators, it has now been possible to study the surface wear studies in different materials 
of interest using heavy ion reactions [8-18]. Since terbium is being used in solid state devices applied in nuclear 
plants; low energy light bulbs and mercury lamps; in medical X-ray imaging with reduced exposure time and also in 
laser devices in the form of terbium salts, we have considered this material for study over different energy ranges.  

 
2. Experimental Details 
 
Experiment were performed [19] using Oxygen-16 beams delivered from the Pelletron Accelerator at the Inter-

University Accelerator Centre (IUAC), New Delhi, India. Targets of spectroscopically pure 159Tb (≈99.99%) of 
thickness≈1.8 mg/cm2 were prepared at the target laboratory of IUAC, using the rolling technique. To trap the 
recoiling products produced via different reaction processes. Required thickness of aluminium to be used as energy 
degraders was computed from stopping power data using SRIM (2008 Version).  Irradiations were carried out at 
energies of ≈90 and 95 MeV with a constant beam current ≈50 nA for ≈10 hrs in the General Purpose Scattering 
Chamber, which has an in-vacuum transfer facility. The activities produced after irradiation was recorded using 
High Purity Germanium (HPGe) detector calibrated with various standard gamma sources. Various reaction residues 
were identified by detecting their characteristic γ-lines. A list of identified residues and their spectroscopic 
properties are shown in Table 1. In the present work, reaction cross-sections for several reaction products populated 
via different reaction channels; 172Ta(3n), 171Ta(4n),  170Ta(5n), 171Hf(p3n), 170Hf(p4n), 171Lu(2p2n), 170Lu(αn), 
169Lu(α2n) &165Tm(2α2n) have been measured in 16O+159Tb system from threshold (≈70 MeV) to well above it ( 
≈100 MeV). Cross-sections obtained for various isotopes populated through various reaction channels across 
different energies are used to calculate the total yield and residual activity induced for application in thin layer 
activation technique.  

                      Table 1. List of final reaction products along with their spectroscopic properties. 

Isotope Half-Life               γ-ray 

  Eγ (keV) Iγ (%) 
172Ta 36.8 min 875.3 22 
171Ta 23.3 min 723.3 25 
170Ta 6.76 min 860.2 25 
171Hf 12.1 hrs 1076.5 40 
170Hf 16.1 hrs 620.7 18 
171Lu 8.24 days 631.2 24 
170Lu 2.01 days 1280.10 23 
169Lu 34.06 min 1037.13 23 
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figs 1(a):Yield curves of reaction products 172,171, 170Ta figs 2(a): Calibration curves of reaction products172,171, 170Ta 
 

figs 1(b): Yield curves of reaction products171,170Hf 
 

figs 2(b): Calibration curves of reaction products171,170Hf 
 

figs 1(c): Yield curves of reaction products171, 170, 169Lu, 165Tm 
 

figs 2(c): Calibration curves of reaction products171, 170, 169Lu, 
165Tm 



4 D.P.Singh/ Materials Today: Proceedings 17P1 (2019) pp. 266-270 

3. Measurement of activity 

3.1. Yield curves 

The yield curves of the isotopes, i.e., the variation of yield against the depth from the surface, are generated by a 
stacked-foil irradiation using thin metal foils. The yield of the isotopes produced in each foil of the stack is obtained 
from the activity measurement of the foils and a plot of the yield of the isotope against the depth at which the foil is 
located generates the yield curve. The activities induced in each foil of the stack were used to deduce the yields of 
the isotopes of interest. The stopping power of 16O beams has been used to obtain the incident energy on each foil. 
The yields of 172,171,170Ta, 171,170Hf, 171,170,169Lu and 165Tm isotopes have been obtained, from the intensity of 
characteristic γ-lines, at different energies of Oxygen-16 beams, i.e., at different depths from the experiment carried 
out for the measurement of the cross-sections of the reactions. The yield per micron thickness against the depth as 
well as incident energy for several nuclides is shown in Figures. 1(a-c). In order to compute the net yield of a 
particular isotope in the thick material by the absorption of Oxygen-16 beams, the integral area of the curve from the 
front surface to the final depth from where the given isotope production starts (threshold of reaction) has been 
obtained. As can be seen from these figures, the different isotopes of a given element have different yields 
depending on the reaction channel and the Q-value for the reaction. The area under the curves gives the total yield of 
the isotope generated in the thick target by absorption of energetic Oxygen beams. In the present work, residual 
activity of radio-isotopes populated via various xn, pxn and αxn channels were found to have contribution upto ≈ 
13μm depth from the surface. The remnant activity induced in the target Tb material for several nuclides populated 
through various xn, pxn and αxn channels are as represented in Figures. 2 (a-c). 

3.2. Calibration curves 
 
The total yield of the isotope in the given material may be obtained from the integral area under the yield curves. 

As can be seen from Figs.1(a-c), the percentage of the remaining activity after the removal of certain thickness of 
material is then computed by fitting a polynomial function to the yield curve and then applying integration to the 
polynomial function as per removal of depth of material from the surface. The calibration curve is then obtained by 
plotting the percentage of the remaining activity against the depth of material removed from the surface and the 
calibration curves so deduced from the yield curves are shown in Figs. 2(a-c). As a matter of fact, these calibration 
curves may be considered to correspond to pure metals bombarded with Oxygen ion of 70-100 MeV. 

 
4. Conclusion 

Thin layer activation technique is one of the important nuclear techniques based on the production of a 
radioisotope in the surface of a material by a charged particle induced nuclear reaction, followed by an estimation of 
the loss of the activity which is a measure of the surface loss of materials in the range of nanometer to hundreds of 
micrometer in the fields of wear, corrosion or erosion. The technique has been found to be a very useful tool in the 
basic scientific research and industrial applications.Its sensitivity, potentiality, capability, adaptability and versatility 
in metallic and non-metallic materials have been established by numerous reported works to date. Therefore, a 
database compilation of reliable cross sections of nuclear reactions will be highly useful for generation of calibration 
curves for TLA applications. In the present work an attempt has been made to develop the TLA technique using16O 
incident beam to determine the surface wear in the micron order in Ta material. The calibration curves with 
percentage of residual activity against the removal of thickness may be utilized to investigate surface wear of 
materials used in various industrial applications. The investigations of surface wear data of such materials used in 
power reactors and other applications are useful from point of view operational performance and safety of nuclear 
power plants. 
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In the present work, the residual activity induced in 181Ta targets bombarded with 16O beam in the energy range ≈70-100 
MeV have been measured. Stacked foil activation has been employed to measure the cross-sections of the several radio-
isotopes populated through different nuclear reaction across various energies. Yields of the radio-isotopic products such as 
194,193,192Tl, 193,192Hg, 192,191,190Au have been obtained with the help of the characteristic γ-lines. Further, calibration curves 
are deduced by observing remnant activity induced across different depths in the target material. As a result an attempt has 
been made to employ thin layer activation technique with increased sensitivity for the study of surface wear. 

Keywords: Activation technique, Thin layer activation, Surface loss, Ion beam nuclear reaction, Corrosion, Erosion 

1 Introduction 
Over the past decades many methods have been 

developed for investigation of surface phenomenon 
such as wear, corrosion and erosion in different 
materials. Thin layer activation (TLA) like gravimetry, 
metallography, electrical resistance etc. are some  
of the conventional techniques which are still in 
practice1,2. However, it is difficult to make in-situ 
applications of these conventional methods when the 
structures are too big or are not easily accessible.  
A desirable technique is still in need in case of 
complex structures which can produce radioactivity in 
confined parts without affecting the ongoing operations2. 
TLA technique is one of the most extensively used 
methods nowadays, since it measures radio-activities 
at very shorter depths in material more precisely.  
It can be achieved using beams of light ions like 
proton, deuteron an alpha particles3-5. The principle  
of TLA usually involves activation of desired  

radio-isotopic nuclide in the material of interest at 
required depths and selected area6,7. With the advent 
and availability of heavy ion accelerators, it is now 
possible to produce heavy ion beams like 12C, 14N and 
16O etc. Range of activity induced using TLA may 
vary from micrometers to nanometers depending upon 
the types of incident beam and materials used8-18. The 
sensitivity of TLA technique is high due to the 
capability of low level radio-activity measurement 
performed by gamma spectrometry. With the help of 
such sensitive and effective methods one can detect, 
measure and monitor the surface phenomenon more 
precisely. Tantalum is widely used in many industrial 
applications as an important construction material 
being highly anti-corrosive and inert to most of acid 
attacks. Further, it is also used in making capacitors 
and transistors alongwith medicinal applications such 
as dental, surgical instruments and implants without 
affecting the immune system19-20. By employing  
TLA technique with heavy ions beams, we have made 
an attempt to study the surface activity induced in —————— 
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tantalum material. Nuclear energy from fusion is one 
of the key forms to fulfil the ever increasing demand 
with almost negligible green house effects. Since 
tantalum is an important material not only for the fission 
reactor but also for fusion reactors as well, we have 
chosen it as a material for analysis in the present work. 
 

2 Experimental Details 
Experiments were carried out21 using 15 UD-

Pelletrontandem van-de-graaf type accelerator at the 
Inter University Accelerator Centre (IUAC), New 
Delhi, India. Heavy ion oxygen beam with charge 
state of 7+ was projected on tantalum targets. Targets 
of spectroscopically pure 99.99% tantalum of ≈1.5 
mg/cm2 thickness were prepared using rolling 
technique at target laboratory. Tantalum targets were 
irradiated for about 8-10 hrs with three different beam 
energies viz. 100, 98 and 88 MeV with a constant 
current of ≈50 nA in the general purpose scattering 
chamber (GPSC) consisting in-vacuum transfer 
facility. The activities produced after irradiation were 
recorded using a pre-calibrated (with various standard 
γ-sources, such as 60Co, 133Ba, and 152Eu, of known 
strengths), High purity germanium (HPGe) detector of 
100 c.c. active volume coupled to a PC through 
CAMAC based FREEDOM software. The various 
radio isotopes populated through various reaction 
channels have been identified using gamma 
spectroscopy through characteristic γ-lines followed 
by decay curve analysis. In Table 1 the reaction 
residues populated with various reaction channels xn, 
pxn and αxn etc. have been listed along with 
spectroscopic properties. The cross sections of various 
reaction products for the 16O + 181Ta system are 
measured in energy range 70 MeV - 100 MeV. 
Practical yields have been obtained using these cross 
sections and further applied in TLA for measuring the 
activity induced. 

3 Measurement of Cross-Section 
 
3.1 Yield curves 

Measured cross-sections for various reaction 
products by activation ion technique have been used 
to obtain yield curves. Plot for variation of yield 
against the depth from the surface has been obtained 
for generating the yield curves. Incident energy on 
each foil has been calculated using stopping power of 
16O beams. The yields of different isotopes obtained 
from the intensity of characteristic γ- lines are 
194,193,192TI, 193,192Hg and 192,191,190Au across different 
energies and varying depths are plotted in Fig. 1. 

Nuclides shown in Figs 1(a-c) represent the 
variation of yield per micron thickness against the 
depth as well as incident energy. The yield curve 

Table 1 – List of final reaction products along with their 
spectroscopic properties. 

Isotope Half-  γ-ray  
 life     
      
  Eγ (keV)  Iγ (%)  

192
Tl 10.8 m 422.9  31.1 

193
Tl 21.6 m 365, 244  90.1, 15.2, 

194
Tl 33 m 636.1  99 

192
Hg 4.85 h 274.8  50.4 

193
Hg 3.8 h 381.6, 861.1  11.0,13.0 

190
Au 42.83m 295.9, 301.9  71.0, 25.1 

191
Au 3.18 h 283.9, 399.8  6.3, 4.5 

192
Au 4.94 h 295.5, 316.5  22.7, 58.0 

 
 
Fig. 1 – Yield curves of isotopes (a) 194,193,192Tl (b) 193,192Hg & (c) 
192,191,190Au from Ta material. 
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represents the yield of an isotope per unit thickness at 
a certain depth of the metal.  Integral area of the curve 
from the front surface to the final depth from where 
the given isotope production starts (i.e., threshold of 
reaction) has been utilised to compute the net yield of 
particular isotope in the thick target by absorption of 
16O induced beams. It can be seen from Figs 1(a-c) 
depending on the Q-value and various reaction 
channels the yields of different isotopes are also 
different. The area under the curves gives the total 
yield of the isotope generated in the thin target by 
absorption of energetic 16O beams. In the present 
work, residual activity of radio-isotopes populated via 
various xn, pxn and αxn channels were found to have 
contribution up to ≈ 12 μm depths from the surface. 
 
3.2 Calibration curves 

The integral area under the yield curves gives the 
total yield of the isotopes. Fig. 2(a-c) represents the 

total residual activity induced in material. It can be 
seen from the figure that various points have been 
obtained at regular intervals of increasing depth along 
with the reduced activity. The remnant activity 
induced is then computed by fitting a polynomial 
function to the yield curve after removal of certain 
thickness and then by applying integration to the 
polynomial function with respect to depth of material 
removed from the surface. Plot of percentage of 
remaining activity against the depth of material 
removed from the surface gives calibration curves  
as shown in Fig. 2(a-c). As a matter of fact, these 
calibration curves may be considered to correspond to 
pure metals bombarded with 16O ion of 70-100 MeV. 
 

4 Conclusions 
Sensitivity of TLA technique is very high 

compared to conventional methods. Any small 
amount of γ-activity can be easily detected without 
making any changes in ongoing operation. Due to its 
high sensitivity and precision it can be applied to 
monitor loss of materials under real operation 
conditions. The precision range using TLA technique 
may vary from few nanometers to hundreds of 
micrometers in the fields of wear, corrosion or 
erosion. Most of industrial applications involve 
working parameters such as pressure and temperature 
especially process industries. Since, temperature and 
pressure being intensive property and γ-emission 
remaining unaffected with these parameters TLA  
can be easily employed in various industries. Its 
sensitivity, potentiality, capability, adaptability and 
versatility in metallic and non-metallic materials have 
been established by numerous reported works to date. 
Therefore, a database compilation of reliable cross 
sections of nuclear reactions will be highly useful for 
generation of calibration curves for TLA applications. 
In the present work an attempt has been made to 
develop theTLA technique using 16O incident beam to 
determine the surface wear in the micron order in Ta 
material. With the help of calibration curves and 
residual activity induced one can easily estimate the 
surface phenomenon process such as wear, corrosion 
or erosion of materials used for construction in 
various industrial applications. Failure in detection of 
even a small amount of loss of material due to surface 
phenomenon in industries like nuclear, process and 
heavy machineries could lead to catastrophic losses. 
A highly precise and sensitive technique like TLA can 
be employed in such conditions to investigate the 
surface phenomenon. 

 
 
Fig. 2 – Calibration curves of isotopes (a) 194,193,192Tl (b) 193,192Hg
& (c) 192,191,190Au from Ta material. 
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