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SYNOPSIS 
 

Fusion power offers inexhaustible source of clean energy for mankind due to attractive 

features including vast availability of fusion fuels [Deuterium (D) and Tritium (T)] and almost 

negligible production of long lived radioactive waste. Fusion fuels are confined to a small volume and 

their temperatures are raised high enough to facilitate the nuclear fusion reactions. There are mainly 

two schemes namely magnetic confinement fusion (MCF) where a strong magnetic field is used to 

contain the hot plasma and inertial confinement fusion (ICF) where high power density lasers and/or 

particle beams are used to compress the fusion fuels [Ongena et al. 2016, Betti et al. 2016]. 

Based on MCF, fusion devices of various configurations like Stellerator [Miyamoto 1978], 

Tokamak [Goldstone 1984], Reversed field pinch [Ortolani 1989] and Spheromak [Jarboe 1994] have 

been developed. Out of these configurations, tokamak is the most developed and studied. Tokamaks 

have been studied to address various issues pertaining to physics of fusion plasma such as 

confinement and stability, transport and turbulence as well as various technological challenges such as 

selection of materials for different components, their characterization and further improvement, 

development and testing of diagnostic techniques among others [Goldstone 1984, Federici et al. 2001]. 

Nevertheless, the commercial deployment of fusion power has been restricted by insurmountable 

scientific and technological challenges. Selection of materials amongst existing ones or development 

of new materials remains the main challenge for construction of future fusion reactor such as tokamak 

based ITER (International Thermonuclear Experimental Reactor) and DEMO (Demonstration power 

station). Heat loads varying from 0.5 to 20 MW/m2 on different plasma facing components are 

estimated to be produced during the ITER normal operation and transient events [type - 1 edge 

localized modes (ELMs), plasma disruptions, vertical displacement events (VDEs)]. In addition, 

many components will also be exposed to high flux (1014 n/cm2/s) of 14.1 MeV neutrons [2
1D (3

1T, 

4
2He) 1

0n] [Federici et al. 2001, Hirai et al. 2005]. It is therefore essential to study the behavior of 

materials under similar environment. 



vii 
 

Various facilities are in operation to irradiate and experimentally simulate the behavior of 

materials under ITER-relevant conditions like electron beam facilities, particle beam facilities, IR 

heaters, plasma gun and spallation neutron sources [Hirai et al. 2005]. An accelerator-driven intense 

neutron source called IFMIF (International Fusion Material Irradiation Facility) is being developed 

for simulation of effects of 14.1 MeV neutrons on materials. The neutron emission rate of typically 

1017 n s-1 is estimated in IFMIF, which would result in a neutron flux of typically 1014 cm-2 s-1at the 

target [Moslang et al. 2000]. Each of these facilities has been used to see effects of heat loads due to 

specific radiations only. Heat flux produced in the above devices does not match with that estimated 

to be produced in a fusion reactor. Moreover, they are complex in operation and also high in cost. 

      

Plasma focus (PF) is a fusion device that produces fusion-like environment, by 

electromagnetic acceleration and compression of plasma, for a short time varying from a few tens to a 

few hundred nanoseconds [Filippov et al. 1962, Mather 1965]. This is simple in operation and also a 

low-cost alternative to the above-mentioned devices for understanding various issues related to fusion 

research. This is a compact source of radiations (ions, electrons, X-rays and neutrons). Neutrons of 

2.45 MeV and/ or 14.1 MeV energy are produced when pure deuterium and/or deuterium-tritium 

mixture gas respectively are used as the filling gases in the PF device. It produces a wide range of 

heat flux relevant to fusion reactor in the form of ion beam and plasma streams depending on the 

operation energies and size of the device. Pimenov et al. [2008] used PF devices (PF-1000, PF-6 and 

PF-5M) with hydrogen and/or deuterium as the filling gas for irradiation of prospective plasma facing 

materials (tungsten and stainless steel) of a fusion reactor. They have studied the influences of high 

power density ions and plasma streams upon surface damage, evolution of microstructure and 

subsequent properties of the materials. 

The radiations produced in PF devices have applications in many other areas as well. Ions can 

be used in material science for applications such as ion implantation [Feugeas et al. 1988], surface 
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modification [Lepone et al. 1999], thin film deposition [Rawat et al. 1993] and short-lived 

radioisotope production for medical applications [Roshan et al. 2010]. X-rays are useful in 

semiconductor industries e.g. micro-lithography [Wong et al. 2004] and in radiography of various 

substances [Moreno et al. 2002] while neutrons have been used for non-destructive assaying of 

nuclear materials [Raoux et al. 2003], neutron activation analysis [Tartari et al. 2002], illicit material 

and explosive detection [Gribkov et al. 2010] along with various other applications [Gribkov et al. 

2015]. 

PF devices operating at energies in sub-kilojoule to megajoule range have been developed in 

various laboratories across the world since its inception in 1960s independently by N. V. Filippov 

[Filippov et al. 1962] and J. W. Mather [Mather 1965]. They have been used to understand the 

underlying science of plasma focus and of fusion plasma as well as for applications. However, even 

after six decades of intensive research, some of the questions related to plasma focus dynamics and 

mechanisms of radiation emission such as saturation of neutron yield of PF devices operating at 

energies beyond MJs range are still difficult to be clearly explained. Various reports are often 

contradictory in nature [Bernard et al. 1998, Soto 2005, Krishnan 2012]. 

In view of the above, a number of PF devices operating at energies of 100 J to 17 kJ have been 

designed and developed in our laboratory [Niranjan et al. 2011, Rout et al. 2013, Niranjan et al. 2012, 

Niranjan et al. 2015, Niranjan et al. 2010, Niranjan et al. 2016]. Since durations of various physical 

processes in the PF device typically range from a few tens of nanoseconds to a few µs, it is important 

to develop relevant diagnostics techniques to record signals related to the respective processes. In 

addition, important information about possible physical processes can also be obtained by 

characterizing the emitted radiations without perturbing plasma focus dynamics. The radiations are 

emitted for a short time typically ranging from a few ten to a few hundred nanoseconds.  

The work in the thesis focuses on development, optimization and study of radiation emission 

characteristics of different PF devices, specifically operating in the energy range of 200 J to 17 kJ. 



ix 
 

The thesis also covers design, development and characterizations of Faraday cup for study of time-

resolved emission of ions in PF devices. The ions have been characterized to understand the 

mechanisms of their acceleration to high energies (up to a few MeV) and to understand their effects 

on neutron emission as well as for applications in materials science. Applications of PF device as ion 

source in material science such as for irradiation of fusion reactor relevant materials and for 

deposition of thin films of carbon have been included. Several other applications of PF device as 

neutron source such as neutron activation analysis (NAA) of nuclear fissile materials using delayed 

neutrons [Tomar et al. 2013] and delayed gamma counting [Andola et al. 2014] as well as radio-

isotope productions [Rout et al. 2013] have also been discussed.  

Two different PF devices operating at energies in sub-kilojoule range have been developed 

and optimized.  T - Niranjan et al. 2011] and the 

- Niranjan et al. 2012] were operated at 200 J and 500 J 

respectively. The PF configurations of these two devices are of tubular geometry. The SPF1-P2 

device uses smallest plasma chamber of volume of 33 cm3. The plasma chamber was evacuated to     

-5 mbar using rotary - diffstac pump and then filled with deuterium gas at optimum pressure 

(8mbar). Neutron emission was observed for 200 shots over a time span of more than 200 days 

without refilling of the deuterium gas. Maximum neutron yield of (3.8 ± 1.7)  104 

 ± 5) ns was measured in the first 50 shots. Neutron yield was 

observed to be decreasing with subsequent PF shots and it was reduced below the detector threshold 

[(1080 ± 30) neutrons/ shot] of 3He detector after 200 shots. The enhancement in time averaged 

neutron yield was achieved in the PF-P5 device through repetitive operation. Time averaged neutron 

yield of (1.3 ± 0.2)  105  ± 5) ns was 

enhanced to (1.4 ± 0.3)  106 neutrons/shot (1 shot = 10 neutron pulses) in to at10 Hz 

repetition rate. This study should prove useful in achieving high neutron yield/shot without increasing 

the operation energy and the PF device size. Both the devices are compact and portable, hence, they 
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 106 neutrons/shot) is required such as 

detector testing. 

- - -

range have also been developed and optimized for radiation emissions [Niranjan et al. 2015, Niranjan 

et al. 2010, Niranjan et al. 2016]. The PF configurations of these three devices are of squirrel-cage 

-  kJ, was assembled with a single 

- a 

capacitor bank consisting of four capacitors (each 10 µF, 25 kV). PF device in MEPF-12 was 

assembled using parallel plate transmission lines in a compact geometry. The maximum neutron yield 

of (1.2 ± 0.3)  109 e width of (46 ± 5) ns was obtained 

-

with a capacitor bank consisting of six capacitors (each, 10 µF, 25 kV). PF device in this case was 

connected using forty-eight RG213 coaxial cables (each 5 m long). Here, a maximum neutron yield of 

(7.1 ± 1.4)  108 

as well as flexibility of RG213 cables allow PF device to be positioned in any convenient orientation 

suitable for specific applications. Such provision has been incorporated for the first time in such 

medium energy operating devices. Anisotropies in neutron yield/energy i.e. ratio of neutron yield/ 

energy in the axial to that of in the radial direction were measured in MEPF-17 device by varying the 

filling pressures at 17 kJ. It was observed that the anisotropy factor for neutron yield and neutron 

energy was (1.33 ± 0.18) and (1.35 ± 0.09) respectively. This suggests that the mechanism of neutron 

emission is predominantly a beam-target phenomenon, in conformity with other such reported works 

[Verma et al. 2009]. 

Effect of operation parameters (filling pressure and operation energy) on emission of ions and 

neutrons has been studied with deuterium as the filling gas. Numerical computation of ion fluence 

from different PF devices operating at 0.4 to 480 kJ has been reported by Lee et al. [2012]. 
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Comparative analysis on the characteristics of ion beams from different PF devices operating at 

energy range of 5 to 50 kJ was reported by Sadowski et al. [2000]. Here, time-resolved emission of 

ions has been measured using Faraday cup in MEPF-12 device at operation energies of 3.9 to 9.7 kJ 

and different filling pressures of 1 to 10 mbar. Also, angular emission anisotropy of ions and effect of 

filling pressures on them was observed using CR39 detector. 

Typical deuterium ion fluence of (7.0 ± 1.1)  1014 ions/cm2 at 14 cm axial distance was 

measured at operation energy of   9.7 kJ and filling gas pressure of 4 mbar. The deuterium ion fluence 

was observed to be varying with operation energy and filling gas pressure. Variation in deuterium ion 

fluence over given operating energy range was 13% and for given filling gas pressure range was 19%. 

The variation was due to possible poor shot to shot reproducibility as well as error in the detection 

process [Calker et al. 1985, Tarifeno-Saldiviaa et al. 2012].  Therefore, it may be concluded that 

deuterium ion fluence in the axial direction was nearly independent of operation energy and filling 

pressure for a specific PF device. Nevertheless, peak density and most probable energy of deuterium 

ions were observed to be varying significantly with operation energy and filling pressure. 

Simultaneous measurement of neutrons showed variation of neutron yield/shot and the reason may be 

attributed to variation in deuterium ion energy spectrum over the operating energy and filling pressure 

range.  

The study of spatial emission profile of ions using CR39 track detector in MEPF-12 device 

revealed that the ion emission was anisotropic with more ions emitted in the forward direction (30 deg. 

to electrode axis) than that of in the radial direction (90 deg. to electrode axis) [Sadowski et al. 2000, 

Jager et al. 1987, Bernstein et al. 1972]. Angular emission anisotropy, ratio of track density in the 

forward direction to that in radial direction was observed to be varying with filling pressures. The 

possible reason of this variation is due to change in energy spectrum of ions with filling pressures and 

this also reinforces the observations carried out using Faraday cup.  
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MEPF-12 device was used to irradiate different fusion reactor relevant materials viz. tungsten 

(W), molybdenum (Mo), copper (Cu), nickel (Ni) and stainless steel (SS). Each sample was irradiated 

with twenty PF discharges. Surface morphologies and surface roughness were characterized using 

scanning electron microscope (SEM) and surface profilometer respectively. X-ray diffractometer 

(XRD) was used to characterize crystalline structure and energy dispersive X-ray spectroscopy (EDX) 

was used to measure elemental compositions of samples before and after irradiation. Irradiations 

using multiple PF discharges have resulted into melting and erosion of surface layer of all samples. 

Other effects such as blisters, micro-cracks, pores and voids were also revealed in the SEM images of 

the irradiated samples. The microcracks were observed to have formed over the entire surface of the 

W, Mo and Ni samples and it may be concluded that the

under exposure to pulse irradiations. On the contrary, the craters were seen to have formed on the 

surfaces of SS and Cu samples. Comparative analysis of surface damages of all the irradiated samples 

indicate that the surface of the Cu sample has the most while that of the W sample has the least 

damage features amongst all irradiated samples. 

 Comparative analysis of XRD profiles of irradiated samples along with virgin samples 

revealed no structural phase transformation in W, Mo, Cu and Ni samples but in SS, the structural 

 [Niranjan et al. 2015].Variation in intensities and shifts in 

the irradiated samples. These observations may possibly be due to crystalline defects such as lattice 

dislocations, point defects as well as compressive stress due to non-steady heat load by the energetic 

deuterium ions and plasma streams. The EDX analysis of irradiated samples revealed presence of iron 

(Fe), chromium (Cr) and Ni. This is possibly due to erosion of anode material (SS) due to relativistic 

electrons post plasma focus disruptions and then depositing over the surface of the target material. 

The study revealed that materials (W and Mo) having high melting point, low thermal expansion 
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coefficient and low thermal conductivity as well as high energy threshold for sputtering are suitable 

for use as plasma facing materials in fusion reactors [Pimenov et al. 2008]. 

-

Acetylene (C2H2) as the filling gas [Niranjan et al. 2015]. Characterizations of deposited films using 

Raman spectrometer suggest formation of diamond like carbon (DLC). Moreover, the characteristics 

of DLC films seem to depend on the depositions conditions such as angular positions with respect to 

electrode axis and number of PF discharges. 

All the above points have been divided in six chapters of thesis as described below. 

Chapter-1 begins with a general introduction of plasma focus, its dynamics and radiation 

emission characteristics. A short review on updated results of the experimental and theoretical works 

performed by the researchers across the world on the radiation emission from plasma focus device is 

included. Various current as well as prospective applications of radiations in material science and 

many other fields have also been discussed. Finally, the chapter concludes by discussing the scope for 

thesis work behind carrying out the present work. 

Chapter-2 describes the details of diagnostics employed in the present work. The diagnostics 

include electrical (Rogowski coil, resistive divider), neutron detection (silver activation based GM 

counter, 3He detectors, plastic scintillator-photomultiplier tube) and that for ions (Faraday cup, solid 

state nuclear track detectors) which have been discussed. The chapter also discusses material 

characterization techniques used in the present work viz. SEM, EDX, XRD, surface profilometer and 

Raman spectroscopy.   

Chapter-3 presents the design, construction and optimizations of various plasma focus 

devices operating at energies in sub-kilojoule to kilojoule range developed as a part of the thesis work. 

This chapter discusses in details about the design criterion of plasma focus devices and associated 

systems such as capacitor bank, spark gap switches, transmission lines and high voltage charging 

power supply. 



xiv 
 

Chapter-4 describes the experimental results. Results on optimizations and radiation emission 

characteristics of various plasma focus devices used in the work have been discussed in details. 

Considerable emphasis has been given on the ion emission characteristics of plasma focus devices 

operating at energies in the kilojoule range.  

Chapter-5 discusses the applications of plasma focus devices in different fields. A significant 

emphasis has been on the exposure of materials to multiple plasma focus discharges and their 

characterizations. The chapter presents comparative analysis of the surface damages of irradiated 

materials along with virgin samples. The use of plasma focus for deposition of thin films of carbon on 

silicon substrates and the effect of ion emission characteristics on the properties of the films has also 

been discussed. 

Chapter-6 summarizes various results and then concludes with future scope of the present 

work. 

 To conclude, the thesis reports on design and development of PF devices based on novel 

concepts. The neutrons emission was observed for the longest time-span (over 200 days) and for the 

- -top device 

incorporating smallest plasma chamber among its class of miniature devices reported from different 

laboratories. Reasonably high neutron yield ( 106 neutrons/pulse) was achieved using another 

-P5" device in repetitive operation. The provision of orienting plasma 

focus head through use of RG213 coaxial cables was incorporated for the first time in a medium 

energy operating MEPF-17 device.  

The fluence of ions in MEPF-12 device was observed to be nearly independent of operation 

energy and filling gas pressure but the peak density and most probable energy were found to be 

varying. Comparative analysis of materials irradiated using twenty PF discharges revealed that the 

surface damage features are strongly dependent on the materials properties. The structural phase of SS 
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material was transformed post irradiation with no such effect being observed in materials like W, Mo, 

Ni and Cu.  
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Chapter-1 

Introduction 

 

1.0 Preamble 

Nuclear fusion offers the prospect of an almost inexhaustible source of energy for future 

generations. It has potential of fulfilling the growing energy demands associated with continued 

economic growth, given the availability of fusion fuels deuterium (D) and tritium (T). But, the 

commercial deployment of fusion power has been restricted by insurmountable scientific and 

engineering challenges. The major challenge has been to develop a device that can heat the fusion fuel 

(D-

reactions is sufficient to get the reaction going further in the remaining fuel. Broadly, there are two 

schemes which used to confine the hot plasma (i) magnetic confinement fusion (MCF) [Ongena et al. 

2016], and (ii) inertial confinement fusion (ICF) [Betti et al. 2016]. In MCF, a strong magnetic field is 

used to confine the plasma whereas in ICF, high power lasers and/or particle beams are used to 

compress fusion fuel pellet to extremely high densities and temperatures.   

Various approaches for magnetically confining the plasma have been investigated and they are 

classified as open and toroidal system. The former contains magnetic mirrors [Post et al. 1987], field 

reversed configuration [Tuszewski et al. 1988], and cusps [Tuck et al. 1960], while the latter can 

further be divided into (i) axially symmetric systems viz. Tokamak [Goldstone et al. 1984], Reversed 

field pinch [Ortolani et al. 1989], Spheromak [Jarboe et al. 1994]), and (ii) axially asymmetric 

systems viz. Stellerator [Miyamoto et al. 1978], Heliac [Blackwell et al. 1985], Bumpy torus [Uckan 

et al. 1983]).  

 The Tokamak is the most developed of all the devices. They have been studied in order to 

maximize the potential of fusion as an energy source. Most of the studies have been focused on (i) 

identifying engineering problems such as testing of materials for different components, their 
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characterization and improvement, (ii) technology developments such as new diagnostic concepts and 

prototypes, design of control and data acquisition systems and others and (iii) topic concerning 

plasma physics such as confinement and stability, transport and turbulence. The experiences gained 

with these studies can further be theoretically extrapolated for next step fusion reactors International 

Thermonuclear Experimental Reactor (ITER) and Demonstration Power Station (DEMO). However, 

there are still a number of issues for which the existing database is still fragmentary or which are 

critical on the basis of extrapolation from present fusion devices. Nevertheless, considering the 

complexities as well as high cost involved in commissioning and operation of a Tokamak, it is 

necessary to have simple and low cost alternatives for addressing various issues in order to meet the 

ITER timeline.   

The plasma focus is a fusion device based on Z-pinch principle [Hartman et al. 1977]. This is 

a coaxial plasma accelerator which essentially uses a self-generated magnetic field to compress the 

plasma to high density (1019 - 1020 cm-3) and temperature (~ 1 keV). It is simple in operation and 

economical where conditions similar to fusion reactor are produced for a few tens to a few hundreds 

of ns [Mather 1965 & Filippov et al. 1962]. It has generated immense interest among researchers 

since its inception in early 1960s primarily because of neutron emission. The observation of intense 

bursts of neutrons from plasma focus led the researchers to believe of achieving controlled 

thermonuclear fusion. Subsequently, plasma focus devices were developed in various laboratories 

across the world leading to the great progress in understanding of plasma focus dynamics as well as in 

improving the associated technologies relevant to controlled fusion research. However, after more 

than six decades of intensive research, a better understanding of plasma focus dynamics and 

mechanism of neutron production have raised fundamental doubts on the relevance of plasma focus as 

the controlled thermonuclear fusion device. Nevertheless, plasma focus devices are currently being 

used as a tool in controlled fusion research for various investigations like exposure of fusion reactor 
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relevant materials to understand interaction of fusion grade plasma with material, and testing of 

diagnostics techniques to be employed in fusion reactor.  

Among the various issues, selection of materials for different components of fusion reactor is 

one of the key issues that need to be resolved for realization of fusion power. Various components in 

fusion reactor are expected to be exposed to high heat flux in form of energetic plasma particles and 

electromagnetic radiations. In addition, exposure to high flux (~ 1017 m-2s-1) of energetic neutrons 

(14.1 MeV) will also cause displacement damage which in turn will lead to swelling and 

embrittlement of component materials [Brooks et al. 2009; Hirai et al. 2005; Renk et al. 2005]. 

Various radiation sources viz. electron beam, ion/particle beam, IR heaters, plasma guns, laser, and 

International Fusion Material Irradiation Facility (IFMIF) have been in use for experimental 

simulation of effects of fusion reactor relevant heat fluxes on prospective materials. Heat fluxes 

produced in each of the above sources are of specific radiations only and they do not match to that of 

estimated in the fusion reactors (ITER and DEMO). Moreover, they are complex in operation and of 

high cost. Plasma focus device has proven to be an excellent simulator for testing of materials in 

fusion reactor relevant conditions as it provides a realistic fusion reactor environment including all 

sort of radiations e.g. neutrons, X-rays, electrons and ions. The advantages of plasma focus are high 

radiation yield with appropriate radiation energy spectrum, point source characteristics and possibility 

of higher repetition rate operations which allows varying heat flux levels to match the varying heat 

loads on different components of the fusion reactor in relatively small size as well as at low cost. 

Moreover, they are being explored for a wide range of applications from activation analysis and 

material detection to radiography and plasma nanotechnology. 

The plasma focus device as a neutron source is being used in many applications such as 

activation of material for its detection and also to produce short-lived radioisotopes (for applications 

in industry or medicine). A plasma focus device generating (3 - 4)  108 neutrons per pulse has been 

reported to be used in fast neutron activation analysis of gold by inelastic scattering in the reaction               
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197Au ) 197Au [Verri et al. 2000]. A compact plasma focus device producing 2  108 

neutrons/pulse has been used for detecting water contents of a few percent in volume by neutron 

scattering [Tartaglione et al. 2004]. Gribkov et al. [2010] reported use of plasma focus based neutron 

source for single-shot detection of illicit materials and explosives. The device has also been used 

[Tomar et al. 2013] for activation and non-destructive assay of sample containing 235U using delayed 

neutron counting through which it has been possible to detect 18 mg of 235U with a neutron yield of 

(1.2 ± 0.3)  109 neutron/shot. Similarly, samples were irradiated to assay 235U content using delayed 

gamma counting wherein the detection limit was observed to be 14 mg of 235U [Andola et al. 2014]. 

Moreover, owing to its excellent neutron emission characteristics, plasma focus device is also being 

explored for applications in other areas such as in-vitro irradiation of enzymes [Gribkov et al. 2004, 

Gribkov et al. 2006], Boron Capture Neutron Therapy (BCNT) [Benzi et al. 2004], and hybrid nuclear 

reactors based on combined fusion and fission processes [Gribkov 1983, Zoita et al. 2001, Sinha et al. 

2015, Clausse et al. 2015]. 

The plasma focus as an ion source has found many applications including radiation material 

science (irradiation, implantation and thin film depositions) and for production of short lived 

radionuclides useful for medical applications. High energy ions produced in the plasma focus device 

have been used to produce short-lived isotopes used in nuclear medicine through Positron Emission 

Tomography (PET) [Roshan et al. 2014]. The deuterium ions produced in the plasma focus device 

were used to produce 13N radionuclide using nuclear reactions 12C (d, n) 13N for the tomographic 

diagnostics of human body. Thus, plasma focus as ion source can be a potential alternative to the 

classical accelerators viz. cyclotrons, LINAC in production of various radio-isotopes, in particular 

because of its potentially lower cost and simple operation.  

X-rays produced in plasma focus devices have been used for applications such as X-ray 

lithography in microelectronics and radiography. Several groups across the world have used plasma 

focus device as X-rays source for various commercial applications. Wong et al. [2004] used NX2 
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plasma focus device at NTU/Singapore as an X-ray source to imprint a test lithograph on a highly 

sensitive photo-resist SU-8 when operated with neon filling gas. Their 0.2 kJ fast miniature plasma 

focus device (FMPF-1) was used as a pulsed X-ray source for fast (< 32 ns exposure time) 

radiographic applications using hydrogen as filling gas [Verma et al. 2010]. The following sections 

discuss details about construction, working principle and radiation emission characteristics of the 

plasma focus device. 

 

1.1 Plasma focus device configurations   

 Operation of the plasma focus device is based on Z -pinch principle. It operates by a fast 

transfer (typically a few µs) of the electrical energy to a coaxial load by means of a spark gap switch. 

The electrical energy transforms rapidly into electromagnetic energy through electrical discharge in 

the gas filled at low pressure of a few mbar. A fraction of the electromagnetic energy is converted into 

the kinetic energy of plasma through electromagnetic acceleration and compression while the rest is 

lost in the form of radiations, mainly Bremsstrahlung and line emissions. 

 It may be worth noting here that various Z  pinch configurations namely classical Z  pinch 

(Anderson et al. 1958), vacuum spark (Cilliers et al. 1975), exploding wire (Burkhalter et al. 1977), X 

 pinch (Baker et al. 1979), gas puff (Shiloh et al. 1978), high density Z  pinch (Hammel et al. 1983) 

have been conceptualized and studied extensively over the years. However, several limitations were 

experienced with these configurations. The limitations include (1) the pinch disintegrates much before 

the driver current could attain its maximum value and (2) the insulator wall of the pinch (required 

.         

 Above problems are overcome by a device like plasma focus device. The device was 

originally conceived and developed in two configurations, independently by Filippov and Mather in 

the early 1960s. Both configurations of plasma focus device have two coaxial electrodes i.e. anode 
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FIG.1.1 Schematics of Mather and Filippov type plasma focus devices.  

(center electrode) and cathode (outer electrode) separated by an insulator sleeve. Two configurations 

differ in aspect ratio (length to diameter) of electrodes i.e. for Mather-type is >1 whereas for Filippov 

type, it is < 1 as shown in fig. 1.1. 

Even though they are different in aspect ratio, they exhibit similar dynamics and radiation 

emission characteristics such as scaling laws for neutron emission, characteristic emission of ions and 

electrons, X-rays and other electromagnetic radiations. But, Mather type has been more popular over 

Filippov type due to relatively simple design, convenient access to various diagnostics and 

distinguishable phases of current sheath dynamics. The dynamics of plasma focus and its radiation 

characteristics have been discussed in subsequent sections. 

 

1.2 Plasma focus device dynamics 

Working of the plasma focus device from initial electrical discharge to acceleration and then 

finally compression into the form of a dense and hot plasma column is divided in three distinct phases: 

(a) Breakdown, 
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(b) Axial acceleration phase or axial rundown, and  

(c)  Radial compression  

Significant features of the three phases are discussed in brief below. 

 

1.2.1 Breakdown phase 

The breakdown phase is considered as the most crucial phase of plasma focus dynamics as it 

sets the stage for plasma focus formation. The electrical breakdown in gas (a few mbar) occurs when 

a pulse high voltage (a few kV to a few ten kV) is applied between the electrodes of the plasma focus 

device using capacitor bank. A schematic of plasma focus device dynamics is presented in fig. 1.2. 

The anode and cathode are at high voltage and ground respectively. Electric field intensity is 

estimated to be highest in the region between the edge of the cathode and the insulator. The 

breakdown is initiated by the free electrons present in the region near the edge of the cathode. Free 

electrons accelerate towards insulator and ionize the gas molecules along the path. Once the 

breakdown is initiated, ionization avalanche is formed and subsequently number of charge particles 

grows exponentially according to Townsend law [Braithwaite et al. 2000, Lisovskiy et al. 2000] for 

electrical gas breakdown. A uniform sheath of ionized gas 

sliding discharge over surface of the insulator and this bridges 

the gap between two electrodes. Subsequently, this provides the lowest resistance path for the current 

to flow.  

It has been observed through different diagnostics such as image converter camera, magnetic 

probe, Rogowski coil, that formation of current sheath depends on many factors like the insulator, 

electrode-insulator configurations, polarity of electrodes, and filling gas [Bruzzone et al. 1993, 

Donges et al. 1980]. For optimized conditions, uniform current sheath is observed to be formed over 

the insulator surface through sliding discharge which is essentially required for strong plasma 

pinching. Mather [1965] and Kies et al. [1986] independently observed that a few initial discharges 
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are always required to form a uniform current sheath. The possible reason is that during these 

conditioning discharges the micro-cracks over the surface of the insulator are filled with metal vapors 

of electrode material. The metal vapor increases the surface conductivity of the insulator which in turn 

helps in the formation of the uniform current sheath. After some time (typically 50 - 500 ns, 

depending on plasma focus device parameters), the current sheath detaches from the insulator surface 

due to the Lorenz force (J  B) in an inverse pinch manner. This is the end of the breakdown phase 

and the focus formation process enters in to the second phase i.e. the axial run-down phase.  

 

 
FIG. 1.2 Schematic of plasma focus device dynamics 
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1.2.2 Axial acceleration phase  

The axial acceleration phase (or axial run-down phase) starts after arrival of the current sheath 

at the inner wall of the cathode. Thereafter, the current sheath is axially accelerated along the 

electrodes axis by the axial component (Fz) of the J  B force and simultaneously pushed radially 

outward by the radial component (Fr). As the J  B force has 1/r2 dependence, the current sheath 

evolves into a parabolic shape. The axial component is stronger near the anode and it results into 

higher acceleration close to the anode as shown in fig. 1.2. At the end of the axial phase, the current 

sheath sweeps around the end of the anode in radially inward direction whereas it continues moving 

up axially due to the radial and the axial components of the J  B force respectively.  

The current sheath in axial acceleration phase is reported to be a double layered structure 

consisting of an ionization front and a magnetic piston [Bernard et al. 1998]. It is pushed by the 

magnetic piston to a supersonic speed that produces shock which subsequently heats and compresses 

the neutral gas in its front. Therefore, the sheath has a complex structure which includes a compressed 

and hot ionizing region, a plasma region carrying the current and a nearly vacuum magnetic field 

region behind this. 

Various diagnostic techniques such as magnetic probe measurement, Schlieren imaging, 

shadowgraphy, interferometric investigations, and image converting camera have been employed for 

characterizing the axial acceleration phase. Axial sheath velocities ranging from 1.5 to 15 cm/µs have 

been measured and the thickness of the current sheath structure is 1 to 4 cm, for a wide energy range 

of plasma focus devices [Krompholz et al. 1981, Herold et al. 1989, Mather 1965]. Thickness of the 

current sheath and its axial velocities depend on various factors such as capacitor bank characteristics, 

plasma focus geometries, and filling gas pressure. The dynamics of the current sheath and its structure 

 

The axial acceleration phase is important in two aspects for a strong plasma focus formation (i) 

the time at which the moving current sheath reaches at the electrode axis, and (ii) structure i.e.     (r, z) 
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profile of the current sheath. The time to reach the current sheath at electrode axis should match to the 

discharge current quarter time-period and this is common requirement to all pinch devices enabling 

them in maximization of energy transfer from the capacitor bank to the plasma at the time of pinch. 

The second aspect includes thin and symmetric (r, z) profiles of the current sheath. 

 

1.2.3 Radial compression phase 

The radial compression phase starts with the sweeping of current around the tip of anode in the 

radially inward direction as shown in fig. 1.2. This phase typically lasts for a few tens of nanoseconds 

to a few hundred nanoseconds depending on the plasma focus device parameters. This phase is rich in 

underlying science due to its extremely high energy density, transient nature and for being a copious 

source of intense electromagnetic radiations, high energy electrons, ions and nuclear fusion products 

(neutrons, protons, tritons and helium ions in case of deuterium or deuterium-tritium mixture as filling 

gas). Radial compression phase can further be divided into four sub phases namely compression phase, 

quiescent phase, unstable phase, and decay phase. 

 

1.2.3.1 Compression Phase 

The compression phase begins with the sweeping of current sheath around the end of anode 

and it ends with compression of the sheath to the minimum radius (rmin) with plasma density at its 

maximum (~1019 - 1020 cm-3) [Mather 1965]. The current sheath collapses radially and axi-

symmetrically in a non-cylindrical, funnel shaped profile [Bernard et al. 1998].  The radial 

compression velocity is in 6 - 60 cm/µs range and depend mainly on the current density, geometry of 

electrodes, filling gas pressure and current sheath structure [Krompholz et al. 1981, Herold et al. 1989, 

Mather 1965]. The instant at which plasma sheath compresses to its minimum radius is taken as 

reference point for the maximum compression of plasma i.e. when r = rmin, t = 0. At the end of the 

compression, the pinch column forms and stagnates for a brief period. The diameter and the length of 
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the compressed plasma column are typically about 1/10th and 1/2 of the anode radius respectively at 

the optimum operation conditions [Lee et al. 1996]. 

The temperature and density of plasma column are estimated using Bennett relation. 

Assuming radial pressure (magnetic and kinetic plasma pressure) equilibrium conditions at the time of 

the pinch, the temperature depends on the current (I) and line density N i.e. T ~ I2/N. This indicates 

that lower the line density, higher will be the temperature. The magnetic field at this stage starts 

diffusing into the plasma column and leads to an anomalous resistance. In addition, impedance of the 

system increases due to increase in the inductance because of rapid radial compression of plasma 

sheath. Correspondingly, the sharp spike and the dip are observed in the voltage and current 

derivative signals respectively.  

 

1.2.3.2 Quiescent phase 

This phase marks the beginning of the expansion of the pinch plasma column. The plasma 

column expands in the radial as well as in the axial direction. The rate of expansion in radial direction 

is limited by the confining magnetic pressure. But due to funnel shape of the current sheath, it 

continues to expand/accelerate in the axial direction leading to formation of an axial shock front.  

Earlier in compression phase, the sharp change in plasma inductance due to rapid compression 

of the current sheath induces high electric field in the plasma column. This electric field accelerates 

relative drift velocity between electrons and ions increases and approaches the electron thermal 

velocity. This is the condition for the onset of the micro instabilities such as the electron cyclotron and 

various other forms of beam-plasma instability [sausage (m = 0) and kink instability (m = 1)] 

[Vikhrev et al. 1993, Comisar 1969]. Due to sausage instability, the plasma column compresses and 

then expands repeatedly before breaking up. The time between the first compression and onset of 

sausage instability can be defined as the pinch lifetime tp.  
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1.2.3.3 Unstable phase 

During unstable phase, the pinch plasma column disrupts by the rapid development of 

instabilities. This phase is the richest in terms of associated phenomenon such as soft and hard X-ray 

emission, fast ions and electrons and fusion products. Due to the growth of m = 0 instabilities, the 

induced electric field gets enhanced and this accelerates the electrons and ions towards and away from 

the anode respectively. The accelerated ions act as an ionization wave front which moves with 

velocities as high as 120 cm/µs (deuterium ions in deuterium gas) [Bernard et al. 1975, Mather 1965]. 

This ionization front overtakes the axial shock front (formed due to continued axial expansion of the 

plasma column during the quiescent phase). The beginning of the ionization front coincides with the 

start of the hard X-rays and the neutron pulses.  

 

1.2.3.4 Decay Phase 

The last phase of radial compression and also the last stage of the plasma focus dynamics is 

the decay phase. During the decay phase, a very large, hot and thin plasma cloud is formed due to the 

complete breaking of the plasma column. A large amount of Bremsstrahlung radiation is emitted 

during this phase. The soft X-ray emission rises abruptly during the decay. At this stage, the neutron 

pulse which started at the beginning of the unstable phase, reaches its peak value.  

 

1.3 Plasma focus radiations 

As mentioned, plasma focus is a copious source of pulse energetic radiations including 

neutrons, X-rays, electrons and ions. They are emitted for a time duration of a few 10s ns to a few 

100s ns. Their mechanisms of emission have been studied in detail but it is yet to be understood fully. 

Their general emission characteristics such as yield, pulse duration, energy spectrum and their 

correlation to plasma focus parameters viz. electrode geometry and dimension, capacitor bank energy, 

peak current etc. have been discussed in the following sections. 
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1.3.1 Neutrons 

 The plasma focus device is one of the most efficient pulsed sources of neutrons when 

filled and operated with deuterium or mixture of deuterium and tritium gas. Using deuterium or 

deuterium-tritium mixture gas, plasma focus devices produce fusion neutrons of ~2.45 MeV and 

~14.1 MeV. Basic nuclear fusion reactions through which neutrons produced are: 

 

 
  2

1D + 2
1D = 3

1T (1.01 MeV) + 1
1p (3.03 MeV) 

  2
1D + 2

1D = 3
2He (0.82 MeV) + 1

0n (2.45 MeV) 

  2
1D + 3

1T = 4
2He (3.52 MeV) + 1

0n (14.06 MeV) 

 

The cross section for D - T fusion reaction is high compared to D - D fusion reaction at a 

given temperature [Bosch et al 1992]. Hence, the neutron yield is estimated to be enhanced by 

approximately two orders of magnitude (~100) when operated with D - T mixture gas instead of pure 

deuterium gas.  

The probabilities of occurrences of first two nuclear reactions above are equal and half i.e. 

tritium produced in the D (d, p) T reactions are same as that of neutrons produced in the D (d, 3He) n 

reactions. At typically reported maximum neutron yield of 1012 neutrons per pulse [Gribkov et al. 

2007], same number of tritium is expected to generate which is too small in number to further cause D 

- T fusion. Hence, probability of occurrence of D - T fusion reactions would be insignificant as 

compared to D - D when deuterium is used as the filling gas. 

Various mechanisms were proposed to explain the intense bursts of neutrons (i) 

Thermonuclear mechanism (ii) Quasi-the -

target mechanism. In thermonuclear mechanism, the neutrons are produced by thermal collision 

between deuterons (Maxwellian distribution) in the bulk of pinch plasma column. The rate equation 

for thermonuclear fusion yield can be described as: 
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         (1.1) 

 

Here, nd is the deuterium ion number density in pinch plasma column, Vp is the volume of the pinch 

plasma column, tp` 

with relative velocity of two particles over all the temperature T.  

At the beginning of plasma focus research, thermonuclear mechanism of neutron production 

was considered [Mather et al. 1971]. However, the measured neutron yield and its anisotropy (ratio of 

neutron flux along and perpendicular to the anode axis) do not match the estimated values using the 

experimentally observed values of pinch density, temperature, volume and lifetime. Forrest et al. 

[1974] performed ion and electron temperature measurements through laser scattering and found that 

the temperature of Deuterium ions (Ti)  1 keV, was too low for a purely thermonuclear interpretation 

of neutron production. Moreover, the average neutron energy in the axial direction is also found to be 

more than 2.45 MeV which suggests the presence of non-thermal mechanism [Castillo et al. 2000, 

Milanese et al. 1978]. 

quasi-thermonuclear mechanism 

was proposed [Willenborg et al. 1976]. -thermonuclear mechanism, 

neutrons are produced by a moving Maxwellian distribution of deuterium ions. Gentilin et al. [1979] 

performed experiments on low energy Mather-type plasma focus devices and concluded that beam-

target is the dominant mechanism of neutron production. Michel et al. [1974] also concluded that the 

low energy deuterons (< 50 keV) contribute mainly in the neutron production. Tiseanu et al. [1994] 

concluded that in a small energy plasma focus device, the medium energy deuterons (50 - 100 keV) 

with a relatively broad angular distribution are responsible for most of the neutron yield. 

The rate equation for beam-target fusion yield is given as: 

 

          (1.2) 
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Here, nd is the number density of deuterium ion beam, n0 is the background ion density, rp and 

zp are radius and length of pinch plasma column respectively

is ion beam speed and tp is the beam-target interaction time which is assumed as proportional to the 

confinement time of the pinch plasma column. 

rom the electrode axis in 

downstream, to the radial direction (90o) is given by the relation [Shyam 1981]:  

 

      (Ed<<2.45MeV)  (1.3) 

 

here Ed (in MeV) is deuterium ion beam energy. The neutron flux anisotropy i.e. ratio of neutron flux 

in the axial (0o) to that of in the radial direction (90o) is 

 

                  (1.4) 

 

 The neutron flux anisotropy has typically been reported to be ~ 1.2 - 3, for a wide energy 

range of plasma focus devices operating in the kJ to MJ range [Koh et al. 2005, Zakaullah et al. 1998, 

Schmidt et al. 2002]. Stygar et al. [1982] concluded that most of the neutrons produced are correlated 

to 30 - 300 keV energy deuterium ions, with peak at around 100 keV. For deuterium beam energy of 

100 keV, anisotropy comes out to be ~ 1.4. 

The measurement of neutron yield from plasma focus devices operating at energies from sub-

kilojoule range to hundreds of kilo-joule range suggests that it follows empirical scaling laws w. r. t. 

plasma focus device parameters i.e. operation energy (E0), peak discharge current (I0) and the current 

flowing through the plasma during focus called the pinch current (Ip). The scaling laws are expressed 

as [Schmidt 1980]: 
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   Yn = 10 E2   (E in Joule)   (1.5) 

   Yn = 1.7  10-10 I0
3.3 (I0 in Amp)   (1.6) 

   Yn = 1.7  10-13 Ip
4  (I0 in Amp)   (1.7) 

 

The scaling exponent shows variations in some devices. [Decker et al. 1980, Krompholz et al. 

1981, Lee 2008] The variation in the energy scaling exponent is mainly on account of the operating 

parameters of the plasma focus device, which should be optimized in terms of external inductances, 

charging voltage, electrode geometry, filling pressure etc. The variation in the peak discharge current 

scaling exponent is due to the variation in leakage current (peak discharge current  current flowing 

through plasma). Values of the pinch current (current flowing through plasma in radial compression 

phase) differ distinctly from device to device, even in a particular device operated at same energy and 

delivering same peak discharge current. This variation in pinch current is mainly due to snowplow 

efficiency and electro-dynamical processes of the plasma focus device. Therefore, pinch current (Ip) is 

considered to be the most appropriate parameters for scaling of the neutron yield. It is used to be 

numerically computed using Lee model code [Lee et al. 1996]. 

 The scaling laws hold up to a few hundred kJ of the bank energy. Beyond this, neutron yield 

saturates or even decreases [Gourlan et al. 1978, Herold et al. 1989] with energy in spite of best 

efforts to optimize various parameters. The saturation effect has been observed at ~170 kJ in a 360 kJ 

device [Jerzykiewicz et al. 1984] and above ~300 kJ in a 500 kJ device [Herold et al. 1988]. It is 

believed that at higher energy the impurities entering into the plasma from the electrode and insulator 

[Herold et al 1988] spoil the plasma sheath. Moreover, at high energies the leakage current across the 

insulator [Oppenlander et al. 1977, Gourlan et al. 1978] most likely increases, thus reducing the pinch 

current. These factors result in deterioration of the neutron yield. It still remains to find the exact 

reason for neutron yield saturation at high bank energies. 
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1.3.2 X-rays 

X-rays are produced in plasma focus for a time duration ranging from a few nanoseconds to a 

few hundred nanoseconds. The energy spectrum of X-rays is of wide range, from a few hundreds of 

eV to several hundreds of keV. The X-rays can broadly be categorized as soft (a few tens eV to 

 10 keV) based on the energies. Soft X-rays are quasi-equilibrium thermal 

radiation from pinch plasma and hard X-rays are non-thermal radiation from electron beam 

interacting with non-plasma targets (plasma focus anode). 

It has been inferred from various reports that soft X-ray emitting region is near the anode tip 

and it is cylindrical in shape [Rout et al. 1989; Choi et al. 1989]. Its dimensions vary from below      1 

mm to over 10 mm in diameter and axial length from a few mm to a few cm. Spectral filtering of the 

X-ray image reveals a fine structure presenting intensely radiating small macroscopic entities called 

 

Rout et al. [1989] reported the observation of helical structure and hot spots using the fast 

optical camera and X-ray pinhole camera with Beryllium filters in a 3 kJ Mather-type plasma focus 

device operated with deuterium gas. They observed two pulses of X-rays, each of 10s of ns duration 

and separated by a few 10s of ns. The first pulse was observed to be emitted at the time of pinch 

formation while second pulse was observed after the onset of sausage instability. The maximum 

estimated temperature during the first pulse was ~ 0.1 keV, while it was ~ 1 keV during the second 

pulse. This indicates that the helical filament, hot spots and other areas of high temperature were 

produced during the second X-ray pulse i.e. after onset of sausage instability.  

Choi et al. [1989]  µm which occur 

within 5 ns of first compression during the period of the stable phase of the pinch. They concluded 

 = 0 instabilities which disrupt the pinch 

column. Favre et al. [1992] investigated the temporal and spatial characteristics of the X-ray emission 
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in a 3 kJ plasma focus operated with hydrogen-argon mixture. They observed two soft X-ray pulses 

corresponding to two successive compressions of the plasma column.  

The energy spectrum of hard X-rays is determined by the accelerated electron beam. Time-

resolved measurements show that the energy spectrum follows the power law: dN/dE ~ E-  = 2 

- 4, E in keV and NHX in photons per cm2, for 50 - 500 keV energy range [Bostick et al. 1972, Lee et 

al. 1971]. On correlating hard X-ray emission with neutron emission when deuterium used as the 

operation gas, it was observed that total neutron yield was high when the X-ray emission was high.   

The X-ray emission characteristics strongly depend on the plasma focus device parameters 

such as filling gas composition and pressure, capacitor bank energy, peak discharge current, electrode 

material and its shape. Among them, the composition of the gas and pressure has the strongest 

influence. For an X- rays optimized plasma focus device, the scaling law for X-ray yield YX as a 

function of peak discharge current (I0) and the pinch radius rp, is empirically given as [Serban et al. 

1997] 

      (1.8)

  

However, the exact mechanisms by which high intensity X-rays are emitted in the plasma focus are 

still not clear and experimental works are underway to optimize X-ray production for practical 

applications. 

 

1.3.3 Electrons  

Electrons are accelerated to high energies up to MeV in the unstable phase of plasma focus. 

Acceleration of the electrons to high energies is linked with m = 0 instabilities [Vikhrev et al. 1993, 

Lee et al. 1971, Paassen et al. 1970]. The growth of this instability in plasma column during unstable 

phase enhances the induced electric field. This enhanced electric field together with the magnetic field 

accelerates the electrons towards the anode. The accelerated electrons approach relativistic energies 
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before collision with anode. Electron beam interaction with the metallic anode was proposed as the 

source of hard X-ray emission [Newman et al. 1975]. Another explanation for energetic electrons is 

that the plasma resistance in pinch column increases rapidly, while the plasma current remains 

constant. Therefore, the voltage along the pinch column increases, so that the electric field along the 

axis also increases [Bernard et al. 1998]. 

Electron emissions have been studied in different plasma focus operating at energies ranging 

from kJ to MJ. Most experiments employ the X-ray emission from a target (which could be the anode 

itself) for electron beam measurement.  The direct measurements of the electron beam use Faraday 

cups, magnetic spectrometers, nuclear emulsions among others. 

Stygar et al. [1982] scaled the electron beam current as a function of pinch current: Ip
(2.9 ± 0.5). 

A total electron beam current of 17 kA was estimated from a 12.5 kJ plasma focus device. Beckner et 

al. [1969] studied the X-ray spectral distribution and proposed a scaling law as I(E) ~ E-  = 2 

and 7 < E < 29 keV. From time-integrated energy measurements with nuclear emulsions for fast 

electrons (30  400 keV), the energy spectrum was also described by th  = 2.5 - 5. 

Using a Perspex Cerenkov detector on a 28 kJ / 60 kV Mather-type plasma focus device 

operated with hydrogen (5 torr) and Argon (0.15 torr), Choi et al. correlated the electron beam to 

plasma focus dynamics at nanosecond resolution. The relativistic electron beam (REB) with energy 

above 180 keV occurs at the time of maximum compression in contrast to various reports which states 

that it is concomitant to sausage (m = 0) instability [Choi et al. 1990]. It can be inferred from these 

reports that emission mechanism of electrons is still not clear as it requires to be probed further. 

 

1.3.4 Ions 

The plasma focus device is an intense source of ions having wide energy range varying from a 

few eV up to MeV. They are accelerated along axially upward direction opposite to that of electrons. 

Acceleration of ions to high energies and its study are of vital importance in view of the underlying 
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physics as well as various applications [Jiang et al. 2001, Rawat et al. 1993, Kant et al. 1998, 

Srivastava et al.1996, Roshan et al. 2014]. The emissions of ions over wide range of operation 

energies, filling gases, and electrode configurations have been characterized experimentally as well as 

theoretically in the past. Various mechanisms have been proposed for ion acceleration and several 

theoretical as well as computational models related to ion production and acceleration have been 

developed [Bostick et al. 1993, Bernstein et al. 1972, Jager et al. 1987, Zambreanu et al. 1992]. Most 

acceptable explanation is that the generation of high electric field which results from constriction of 

plasma column due to development of magneto-hydrodynamic instabilities mainly the m = 0 

instability [Haruki et al. 2006] or from the degradation of the plasma conductivity by strong 

turbulences [Haines 1983]. Other proposed models assume collective acceleration of ions [Gary et al. 

1974], wave particle interactions [Hsieh et al. 1976], multiple reflections from the magnetic piston 

layer [Deutsch et al.1988], and formation of a plasma diode [Goldstein et al.1975]. The motion of the 

 [Jager et al. 

1987] which also explains the neutron generation.  

Although some qualitative conclusions are in good agreement with the experimental data, 

none of the above-mentioned models can explain all the characteristics of ion beam emission and 

evolution.  Various reports on ion emission and its characteristics are often found to be contradictory. 

Some of the recent results as well as earlier reported results on ion emission characteristics of 

different plasma focus devices are briefly described below. 

Gullickson et al. [1978] reported that the maximum ion emission occurs along the electrode 

axis (0 deg.) and they found that ion fluence decreases gradually with increasing angle. On the 

contrary, Sadowski et al. [1988] observed a distinct drop of ion fluence at 0 deg. However, Kelly et al. 

[1996] measured angular distribution of fast deuterons in a 5 kJ plasma focus and observed that the 

number of ions detected in the 90 deg. direction is approximately 50% of the corresponding number 

in the 0 deg. direction.   
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It has been reported that the energy spectrum of ion beam follows the power law:  , 

where E is the ion energy, N is the ion number and x  ranges between 2 to 5 [Stygar et al. 

1982, Sanchez et al. 1997]. Stygar et al. [1982] measured the mean deuterium ion fluence using the 

SSNTD technique in a plasma focus device operating at 12.5 kJ. The deuterium ion fluence was 

estimated to be (6 ± 2)  1014 cm-2 over a 15 cm diameter plate kept 20 cm away from the focus. 

Mohanty et al. [2005] used multiple Faraday cup assembly to measure angular distribution of 

nitrogen ion beam in a low energy 2.2 kJ plasma focus device. They found that the ion flux strongly 

depends on the filling gas pressure. Further, they observed that the ion flux is minimum at 0 deg. i.e. 

along the anode axis and maximum at 5 deg. They attributed this to trapping of ions with the conical 

tunnel of the collapsing current sheet and lack of ions within a hole due to finite Larmor radius in an 

azimuthally magnetic field around the pinch column. 

Bhuyan et al. [2011] measured the temporal and spatial profiles of neon ion beam in a 2.2 kJ 

plasma focus device using Faraday cup and CR39 nuclear track detectors. They have characterized 

the neon ion beam for different filling pressures as well as at axial and angular positions. Ion flux was 

found to be maximum at 25 deg. from electrode axis. It was found that the most probable ion densities 

at 0, 20, and 25 deg. were around 9.7  1019, 11  1019, and 15.5  1019 m-3, respectively with the 

most probable energy of around 57, 20 and 12 keV respectively. 

Habibi et al. [2016] reported the measurement of angular distribution of argon ion beam in a 

3.5 kJ plasma focus device using different shapes of anodes i.e. cylindrical with a flat and hollow top 

and cone with a flat and hollow top at various filling pressures. They found that the angular 

distribution of ions was significantly reduced at angles higher than 11 deg. and the maximum ion 

emission was between 0 and 11 deg. The maximum ion flux of about 5.57  1012 ions/steradian was 

obtained with cylindrical-flat anode tip that increases to 9.82  1012 ions/steradian per shot for cone-

flat anode tip. They attributed the reason behind more ion flux in cone-flat anode compared to 

cylindrical-flat anode tip to the fact that the small diameter in the case of conical anode tip resulting 
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into short radial compression phase and therefore enhance induced electric field. This has resulted 

into more acceleration of ions toward the Faraday cup detectors.  

Lee et al. [2012] numerically computed ion emission characteristics for a range of plasma 

focus devices working at different capacitor bank energies ranging from 0.4 to 280 kJ. The computed 

ion fluence was (2.4 -7.8)  1020 m-2 and it was found to be independent of stored electrical energy.  

It is clear from the various reports that mechanism of ion emission and its characteristics are 

yet to be understood fully. It needs further study for understanding of plasma process as well as for 

applications. 

 

1.4 Scope of thesis  

Mechanism of radiation emissions is a matter of further investigation as none of the existing 

models is able to explain its general emission characteristics. Although, its emission mechanism is yet 

to be fully understood, they have found applications in many areas as explained earlier. In quest of 

understanding its emission mechanism and for various applications, plasma focus devices operating at 

a few joules to several hundred kJ are being developed and optimized. In the past few decades, 

miniaturization of plasma focus devices is of major interest due to its portability and efficient neutron 

emission at a low cost. The efforts are being made to construct sealed tube based plasma focus 

devices and improving associated pulse power systems to make it commercially viable for many of 

applications which requires operation away from the regular activity area. Moreover, through the 

improvement in associated technologies, neutron flux of the same order to that of expensive 

accelerator based sealed tube neutron generator can be achieved by operating them repetitively at high 

repetition rate. This requires a lot more research and dedicated efforts.  

In view of the above, two different devices - - for operation at 200 J and 

500 J respectively. The SPF1-P2 is a sealed tube plasma focus. This device is operated continuously 

for 200 shots without purging deuterium gas for a time spanning over 200 days. Another semi-sealed 
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tube but of larger volume based PF-P5 device is developed. This device is repetitively operated at a 

repetition rate of 10 Hz. The time average neutron yield is observed to be enhanced by a factor 

approximately equal to number of repetitive pulses.  

In additi - - -

developed and characterized for operation at 2 kJ, 11.5 kJ and 17 kJ respectively. All three devices are 

of squirrel-cage geometries. The PF-2 and MEPF-12 devices are using parallel-plate transmission 

lines with one end of the spark electrode is connected to the capacitor bank collector plate and other 

end is interfaced to the anode of plasma focus. The MEPF-17 device is using coaxial cables. All the 

three devices have been optimized for maximum radiation output through variations of parameters 

such as electrodes dimensions, insulator, filling pressures and operation energies.  They are used for 

applications in material science as an ion and plasma source such as irradiation on fusion reactor 

relevant materials and thin film depositions. It is demonstrated that pulsed neutrons are useful in 

different applications such as assaying of fissile materials and short-lived radioisotopes production as 

well as their half-life measurements.  

The present work includes conceptualization, development and optimization of five different 

plasma focus devices mentioned above. The radiation emissions with emphasis on ion emissions are 

studied in details. This further includes the various applications using different plasma focus devices. 
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Chapter-2 

Diagnostics Techniques 

 

 
2.0 Introduction 

The plasma focus device is abundant in physical processes as well as it has found many 

applications across multidisciplinary areas including pulse power technology, nuclear physics 

radiation material science, and radiation biology among others.  It is essential to characterize them to 

understand various physical processes related to plasma focus dynamics and fusion grade plasma as 

well as to maximize the radiation output. The physical processes are of transient in nature which last 

only for a few hundred nanoseconds to a few microseconds. Moreover, radiations (optical and X-rays) 

and fusion products (protons, tritons, helions and neutrons when deuterium is used as filling gas) 

carry information pertaining to plasma focus dynamics. Various diagnostics techniques (active as well 

as passive) have been in use for characterization of plasma focus and the emitted radiations over the 

years since its inception. The diagnostic techniques such as magnetic probe, Faraday rotation, Faraday 

cup, Thomson scattering, interferometric system etc. are based on active probing method whereas 

Rogowski coil, voltage divider, image converter camera, X-ray pinhole imaging etc. are based on 

passive probing method. 

Several indigenously designed and developed plasma focus devices have been characterized to 

understand plasma focus dynamics and mechanism of radiation emission as part of the thesis work. 

Various parameters such as current and voltage are recorded using Rogowski coil (by passively 

integrating current derivative signal recorded using Rogowski coil) and voltage divider. The neutron 

is measured using 3He proportional counter, silver activation detector, plastic-scintillator detector. 

Ions are measured using Faraday cup and CR39 track detector.  
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Plasma focus devices have been used for many applications such as irradiation on fusion 

reactor relevant materials, deposition of thin films, non-destructive assay (NDA) of Uranium (235U), 

and short-lived radioisotope production. Various material characterization techniques such as 

scanning electron microscope (SEM), surface profilometer, X-rays diffractometer (XRD), energy 

dispersive X-ray spectroscopy (EDX), and Raman spectroscopy have been used. Short descriptions of 

them have also been also included in the subsequent sections. 

 

2.1 Electrical diagnostics 

Two basic electrical diagnostics, for measurements of the discharge current and the voltage are 

used. Rogowski coil and voltage divider is used to record current-derivative and voltage respectively.  

The working principles of these two diagnostics are discussed in details below. 

2.1.1 Rogowski coil 

Rogowski coil is a multi-turn air core solenoid bend into a torus which encircles the current to 

be measured [Rogowski et al. 1912]. It works by sensing the magnetic field produced by current as 

geometry as well as electrically safe as it has no direct electrical connection with the main circuit. 

Numerous Rogowski coils have been designed in-house using RG174 and RG58 coaxial cables. Fig. 

2.1(a) shows schematic of a Rogowski coil with n turns per unit length and cross-sectional area A 

which encircles a conductor carrying a current I. For an alternating current the voltage output from the 

coil is given by the rate of change of flux: 

 
 

     (2.1) 

 
 
 

(= 0nA) is described as self-inductance of the coil. The eq. 2.1 shows that the voltage output 

from the coil is independent of the way the coil is placed round the conductor. 
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Considering the equivalent circuit shown in fig. 2.1(b) 

 

           (2.2) 

 

Here, L is the inductance of the coil and R = Rc + RL, where Rc and RL is the resistance of the coil and 

the output resistance across which the current is measured. 

Combining eqs. (2.1) & (2.2), one may write 

 

           (2.3) 

For  ,    and the coil is called a differentiating Rogowski coil. 

And, for  ,   or Ic 

 

FIG. 2.1 Schematic of (a) Rogowski coil and (b) electrical equivalent circuit. 
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The current is obtained by externally integrating the Rogowski coil signal.  In an LCR 

discharge, the maximum peak current I0 can be expressed as: 

            (2.4) 

The charging voltage V0 and capacitance C0 are known values whereas the information about 

inductance L0 and voltage reversal k are obtained from experimentally observed current waveform. 

Thus, by obtaining values of k and L0 from the experimentally observed signal, I0 can be estimated 

and compared with the voltage V (maximum peak voltage) observed experimentally. The calibration 

factor f for the Rogowski coil can be computed from  

            (2.5) 

2.1.2 Resistive Divider 

 Measurement of voltage is of two types: (i) measurement of high voltage (DC) on the 

capacitor bank and (ii) measurement of high transient (a few hundred ns) voltage across the plasma 

focus. For measurement of high DC voltage, resistive divider of conventional design is usually 

employed whereas for measurement of high transient voltage, special attention is required as 

frequency response of the conventional resistive dividers gets distorted due to stray capacitance of the 

resistive elements. 

 
FIG. 2.2 Schematic of a resistive divider. 



 

37 
 

Here, a standard FLUKE make HV probe (Model no. 80K-40) is used to measure DC voltage 

and an aqueous copper-sulphate (CuSO4) based resistor divider is used to record transient voltage. A 

schematic of resistive divider is shown in fig. 2.2. The resistances R1 and R2 are termed as the high 

voltage and low voltage arm respectively.  

Simple aqueous resistor is proven to be a suitable alternative of the conventional resistors 

[Beverly 1995]. The aqueous CuSO4 has low value of series inductance and this is used as high 

voltage arm. Low voltage arm consists of ten resisters (each 10 

CuSO4 resistor is chosen for its proven ability to withstand large electric fields. The solution has the 

advantage of being readily shaped by varying the container shapes, providing good contacts and being 

self- healing in the event of a voltage breakdown. The aqueous CuSO4 divider has good high 

frequency and low frequency response. It is immune from the effects of stray inductance and 

capacitance due to large area and higher resistivity compared to other resistors such as carbon film 

resistors. The output voltage of this copper sulfate divider is terminated using 50 

carefully designed column following features can be achieved: (i) constant divider ratio, (ii) wide 

bandwidth, (iii) linearity in ratio vs frequency, or amplitude, (iv) high voltage sustaining capacity, (v) 

better signal to noise ratio, and (vi) large energy dissipation. 

 

2.2 Neutron detectors 

2.2.1 Silver activation counter 

The neutron yield is measured by the activation of metal foils. The activated nuclei decays by 

emitting beta and gamma rays which are then detected using the Geiger-Muller (GM) counter. Silver 

[White 1948] and Indium [Pedretti et al. 1985] are commonly used metal foils. In our experiments, 

the silver foil activation is used [Gentilini et al. 1980]. Natural silver has two stable isotopes 107Ag 

and 109Ag which occur in almost equal percentage of 51.35% and 48.65% respectively. The decay 

process along with the half-life (T1/2 a) for thermalized neutrons are: 
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The detector used here for measurement of neutron flux consists of eleven GM tubes of 2 cm 

outer diameter and 17 cm length. The outer surface of each tube is covered with 250 µm thick silver 

foil. The GM tubes are arranged in two rows (six in front and five in second row) inside a rectangular 

box (10  30  30 cm3) of paraffin to increase the detection efficiency. The detector box is covered 

with 0.2 mm thick aluminum sheet which is grounded to avoid any electromagnetic noise pickup by 

the detector. The GM tubes are connected in parallel to common input and output points. The output 

is connected to a radiation counting unit through a RG58 coaxial cable which is also used for high 

voltage supply to the GM tubes. 

The silver activation detector is in-situ calibrated using the calibrated radio-isotopic neutron 

source (Pu - Be) having source strength of Nn neutrons/s. The number of activated silver atoms (A) 

produced per second is given by 

 

   A = K a n0 Nn (1  e- )        (2.6) 

 

a is the activation cross section, n0 is number 

density of silver foil an  ln2/T1/2) and t is the duration of incident neutron 

flux.  

107Ag (n, 108Ag   108Cd  (1.77  MeV)  

       (T1/2 = 162 a = 44 b) 

 

109Ag (n,  110Ag  110Cd  (2.87  MeV)  

       (T1/2 = 24.5 a = 110 b) 
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For a pulsed neutron source such as plasma focus device, t can be much less than T1/2 (i.e.     

<< 1) for the constant source such as Pu - Be, t can be more than T1/2  >> 1). In both cases, A 

can be written as  

 

   A = K a n0 Nn  t (for a pulsed source)     (2.7) 

      = K a n0 N         (2.8) 

and    A = K a n0 Nn  (for a constant source)     (2.9) 

 

The number of activated atoms decline exponentially after activation ceases. If, after 

activation in both the cases, the decay is counted for a fixed period of time, then the ratio of count 

rates can be expressed as: 

 

                    (2.10) 

  Or                   (2.11) 

 

Where Qp and Qf are the count rates (proportional to A) for a pulsed and a constant source 

respectively.     

In silver activation counter, the value of Qf is mainly due to the 110Ag decay. For time T=10 s, 

the number of counts corresponding to the number of decayed 110Ag and 108Ag nuclei will be: 

 

                 (2.12) 

 

                          (2.13) 
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The ratio of two activities is: 

 

                   (2.14) 

 

Therefore, only small fractions (~7%) of decay counts are due to decay of 108Ag. So the contribution 

of the 108Ag in measurement of counts is negligible and it can be excluded during calibration with the 

constant source. For calibration of activation detector, a Pu-Be source of source strength 5  104 

neutrons/s is used. Within the limit of unavoidable errors, the lower limit of neutron detection is  3  

105 neutrons per discharge, decided by the proximity of the set up.  

 

2.2.2 3He proportional counter 

The plasma focus devices operating at energies in sub-kilojoule range are of low neutron yield 

(typically 103-106  3  105 neutrons per discharge) of 

silver activation detector limits its use for measurement of low neutron yield. Helium (3He) detector 

[Moreno et al. 2008] is the most suitable detector for low neutron yield detection because of their high 

neutron detection efficiency and high sensitivity (~ 5330 b) for thermal neutrons (< 0.5 eV). It has 

extremely low gamma sensitivity and hence it has high neutron to gamma discrimination. The neutron 

detection principle is based on the nuclear reaction: 

 

     

The energy produced in the 3He (n, p) 3H nuclear reactions is deposited in the proportional 

counter which leads to ionization of the 3He gas. The ionization potential of 3He gas is about 25 eV.     

The cross-section for neutron capture reaction 3He (n, p) 3H strongly depends on the incident 

neutron energy, having ro

dependence, to increase the detection efficiency front (plasma focus facing) and rear of 3He detector 
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assembly is covered using 40 mm thick Perspex (two sheets, each of 20 mm thick) and a single 

Perspex sheet of 20 mm thickness respectively. The front and rear Perspex sheets serve as moderator 

and reflector respectively. Further, short pulse of neutrons (10-100 ns) is dispersed in time (a few 

100s of µs) in moderator which in turn reduces any saturation effect in the detector and also facilitates 

the detection of pulse neutrons with the available electronics. Moreover, the moderator also ensures 

that neutron pulses are separated from the electromagnetic radiations produced in plasma focus 

devices.  

It is cross calibrated using a calibrated silver activation detector for recording of pulse 

neutrons. Both detectors are used simultaneously to measure neutron yield of 106 to 107 neutrons per 

pulse from a plasma focus device. The distance of 3He detector is varied and at each distance the 

calibration factor (ratio of number of neutron pulses in 3He detector to the neutron yield measured 

using silver activation detector) is estimated. At 0.5 m distance, each pulse in 3He detector 

corresponds to (1080 ± 30) neutrons which is the lower limit of neutron detection for the 3He detector.  

 

2.2.3 Plastic scintillator Detector 

The measurement of time resolved emission of neutrons is performed using a plastic 

scintillator in combination of a photomultiplier tube. Fast neutrons (>1 MeV) create recoil protons by 

elastic collision in scintillator material which then produce scintillation through excitation and de-

excitation of scintillator atom. The scintillation photons are then detected by the photomultiplier tube. 

The scintillator used here is NE102A (Polyvinyl Toluene material, maximum emission at 425 nm) of 

size: 2-inch diameter and 2-inch length and the photomultiplier tube is XP2012. To reduce the noise 

pickup, scintillator along with the photomultiplier is encased in matching brass housing. NE102A has 

a decay constant of ~2.4 ns (G. F. Knoll, 3rd Ed.), but the response time of the system used is limited 

to 4 - 6 ns rise time due to the response of the photomultiplier.  
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For time resolved study, the PSD is placed radially w. r. t. electrode axis. PSD is sensitive to 

both the neutrons and hard X-rays. To discriminate neutron and hard X-ray pulses, a lead sheet of 

appropriate thickness is placed in front of the PSD. The lead sheet cuts off most of the hard X-rays. 

The energy of neutrons is estimated using time of flight (TOF) method.  Two identical PSDs are used 

to record neutron signal. The neutron energy using TOF method can be estimated using the formula 

given as 

 

                 (2.15) 

 

Here, d1 and d2 are the distances of PSD from the plasma focus, t1 and t2 are the neutron flight time, 

c is speed of light, v is speed and m (= 1.67  10-27  kg) is mass of neutrons.  

The energy of neutrons produced in plasma focus device can also be estimated using single 

PSD. The hard X-rays and neutrons are produced almost at same time [Mather 1965]. The hard X-ray 

pulse travels with speed of light (c) and neutron pulse travels with velocity decided by its energy (En). 

The difference in travel time of hard X-rays (tx) and neutron pulses (tn) is used to estimate neutron 

energy. The detector distance is varied to see the difference in travel time of neutron pulse with 

respect to hard X-ray pulse. The time difference (t) can be calculated as: 

                     (2.16) 

 

                    (2.17) 

 

                    (2.18) 

Here d is detector to plasma focus distance and Mn is the mass of neutron.  
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2.3 Ion diagnostics 

2.3.1 Faraday cup 

Faraday cup is one of the simplest and inexpensive diagnostics to record time-resolved 

emission of ions. It can respond to a broad energy range of ions with high temporal resolution. It 

consists of a collector made of conducting material and an outer shield, also working as ground 

electrode. The collector and the ground is separated by an insulator material. A schematic of Faraday 

cup is depicted in fig. 2.3. Their dimensions are chosen to match with impedance of coaxial cable 

used for signal transmission (i.e. 50 is estimated 

using a simple formula given as [Mohanty et al. 2005] 

 

                    (2.19) 

 

Here D and d is the inside diameter of outer electrode and outside diameter of collector r is 

dielectric constant of the insulator material. Faraday cup is used both biased and unbiased. For 

recording of ion pulses, Faraday cup is negatively biased. The negative bias prevents the electrons 

accompanying the ion beam from entering the Faraday cup. The negative biasing also prohibits the 

secondary electrons (produced from the collector surface on bombardment of the energetic ions) from 

escaping the surface of the collector. The loss of secondary electrons result in current overestimation 

for the ion beam as it gives impression that one more ion has fallen onto the collector surface.  

Faraday cup is designed and developed using indigenous components. Graphite and Brass are 

chosen for collector and outer shield material. r = 2.15). 

Graphite is chosen as the collector material as it has low secondary electron emission coefficient. 

Further, the deep cone shape of the collector surface reduces the escaping of the secondary electrons 

and therefore reduced error in the measurements of ion fluence.   



 

44 
 

The values of D and d are chosen to be 17 mm and 5 mm respectively to adjust the impedance 

value as 50 The photographs of different components of Faraday cup and its assembly are shown 

in fig. 2.4(a) and (b) respectively. An aperture of 1 mm diameter is placed at the entrance of the 

Faraday cup to control the ion fluence falling on it. It was negatively biased at 100 V for all 

experiments. 

 

 

 

 

  

  

 

FIG.2.4 Photographs of (a) parts of faraday cup and (b) Faraday cup. 

FIG. 2.3 Schematic of negative biased Faraday cup for ion measurements. 
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 The ion energy spectrum can be determined from the time of flight of ions using Faraday cup 

signals. If the ions are created and accelerated in a short time interval compared to the flight time, the 

speed of the ions vi can be estimated at a distance d from the source point using the relation: 

 

                       (2.20) 

 

here ti is the flight time of ion. The distance d should be very large compared to the ion source size. 

 The energy of ion having speed vi is estimated using time of flight   

 

   Ion energy =                   (2.21)  

 

Where mi (= 3.34  10 27 kg) is mass of deuterium ion.   

The number density of deuterium ions having velocity vi can be estimated using the formula  

 

                                     (2.22)  

 

Here Vi is the voltage corresponding to ion time of flight ti, R (= 50 

which ion current is measured, e (= 1.6  10-19 coulomb) is the electronic charge and A is the area of 

the Faraday cup aperture. The amplitude of ion pulse and its corresponding time of flight are used 

for evaluation of peak ion number density and most probable energy of ions.  

The fluence of ions is estimated from the Faraday cup signal using the formula 

 

   Total ions =                              (2.23)
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 Faraday cup has certain limitations including low signal to noise ratio, the emission of 

secondary electrons by the energetic ions and electromagnetic radiation. Above problems are 

overcome by taking various measures viz. (i) the signal to noise ratio is improved by appropriately 

shielding the Faraday cup and (ii) the secondary electrons emissions are reduced through use of 

passive methods such as proper selection of ion collector material and its shape and/or using active 

 

[Gerdin et al. 1981]. 

 
2.3.2 Solid State nuclear track detector 
 

Solid state nuclear track detector (SSNTD) is used for measurement of spatial emission profile 

of ions emitted in plasma focus device. This is a passive detection technique where ionizing particles 

pass through a dielectric material (normally plastic) and leaves a track in the form of damages such as 

ionization, broken molecular bonds etc. along the trajectory of the particles. These tracks are typically 

of a few nm in radius which is not visible to naked eye. The tracks can be made visible upon etching 

in a strong acid or base solution. Generally, aqueous solution of sodium-hydroxide (NaOH) or 

potassium-hydroxide (KOH) is used at 70O C temperature for etching of the exposed detector material. 

The etchant removes the material faster near the tracks and then these tracks are transformed into pits 

on the surface which can then be easily visible and counted using a conventional microscope. 

The plastic under conventional names CR-39/PM355 are most widely used SSNTDs for the 

detection of charged particles. Basically, this plastic material is transparent thermo-set polymer of 

12H18O7. They have threshold of specific 

energy loss (-dE/dx) for an ionizing particle [Ziegler et al. 2010]. The particle having dE/dx value 

above this threshold can only create damages severe enough to lead to an etchable track. The 

threshold is well above the specific energy loss of an electron track, so SSNTDs are inherently 

insensitive to fast electron or photons. For filtering out the charged particles with energies below a 

certain threshold, filters of appropriate material and thickness can be used in front of SSNTDs.  
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   Ionizing particles of different masses, charge states and energies can be differentiated based 

on appearance of the etched track. However

energy from the etched tracks need to be deduced carefully since the normality of the etching solution, 

charge particle track 

diameter and depths [Gaillard et al. 2007].  

2.4 Surface damage characterization techniques     

The energetic ions and plasma streams emitted in plasma focus device have been used to 

irradiate samples of different materials. They produce damage on the surface of mirror polished 

samples in the forms of erosion and various other surface defects such as blisters, micro-cracks, voids 

and so on. The surface damage is characterized using different techniques. A brief description of these 

techniques has been mentioned in the following section. 

 

2.4.1 Scanning Electron Microscope (SEM)   

Scanning Electron Microscope (SEM) is a non-destructive technique which is used to study 

surface morphology of the samples. It uses a focused, high energy electron beam that interacts with 

the specimen to generate a variety of signal from its surface. Energetic electrons in a SEM interact 

with a solid sample and produce secondary electrons (SE) used to produce SEM images, 

backscattered electrons (BSE) gives phase contrast, characteristic X-rays are used for elemental 

analysis), visible light (cathodo-luminescence) for studying luminescence under an electron beam and 

heat. Secondary electrons and backscattered electrons are commonly used for imaging samples. A 

drawing in fig. 2.5 shows interaction of focused electron beam with specimen. 

 SEM analysis requires use of a vacuum chamber, an accelerated electron beam, multi-sample 

loadable stage and various detectors. In the electron gun, electrons are produced by a field emission 

(FESEM) or thermionic technique and an accelerated to a high voltage up to 30 kV. These electrons 

are focused to a narrow beam and directed on to the sample. The various signals emitted from the 
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sample are detected by appropriate detectors. A Carl Zeiss make Supra 55 FESEM used for the 

present study. The system is equipped with energy-dispersive X-ray analysis (EDX) and it is capable 

of qualitative as well as quantitative analysis of relative concentrations of elements present. 

 

 

 

 

2.4.2 Energy dispersive X-ray Spectroscopy (EDX) 

The qualitative / quantitative measurement of elemental composition present in the sample is 

obtained by EDX. This technique operates on principle of detection of characteristic X-rays emitted 

by atoms of elements when electron beam interacts with the sample. The basic components of EDX 

are X-ray detector, pulse processor (to measure voltage corresponding to X-ray energies) and a 

computer. The size of voltage pulse is proportional to energy of X-rays. Elemental distribution maps 

or elemental line profiles can be obtained by EDX.  

Secondary electron  

Visible light 

Back-scattered electron Characteristics X-rays 

Auger electron 

Electron beam 

Transmitted electron 

Sample 

Diffracted electron 

FIG. 2.5 Diagram of electron- material interaction phenomenon used in SEM & EDX. 
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2.4.3 X-ray diffraction (XRD) 

 X-ray diffraction is a powerful tool to examine the crystal structure of the materials. The 

X-ray diffractometer (RIGAKU, ULTIMA-IV operated at 1.6 kW power) in the Bragg-Brentano 

geometry (fig. 2.6) is used to record diffraction pattern. The X-ray wavelength used is 1.54056 Å (Cu-

K  line). The principle behind X-ray diffraction is that the X-rays fall on the sample and interacts with 

the atoms in the lattice, causing scattering in all directions. When the sample is crystalline having a 

periodic arrangement of atomic planes, the X-rays scattered by each plane constructively interfere and 

result in interference maxima at particular angles. 

 

  

This happens when the path difference of the scattered X- rays from successive atomic planes 

forms an integral multiple of the -ray. The condition for the formation of 

diffracted radiation is kno   

is the wavelength of the X-  the diffraction angle and d is the lattice pacing. Diffraction 

peaks observed in the X-ray diffraction profiles contain information about the lattice parameters, 

strain, texture etc. of the samples under probe. 

FIG. 2.6 Diagram of X-ray diffraction principle in Bragg-Brentano geometry. 
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2.4.4 Raman Spectroscopy 

Raman spectroscopy is a class of vibrational spectroscopy primarily concerned with the 

qualitative and quantitative evaluation of the structural property and transformation of materials at the 

molecular level. The transformations may be in the form of energy of vibrational excitations, phase 

transformations, chemical reactivity and magnetic and electronic transitions.   It probes the sample by 

utilizing inelastic scattering processes using an intense beam of monochromatic radiation of wave 

0) in the near ultra violet, visible or infra-red region of the electromagnetic spectrum. A 

diagram depicting the working of Raman spectroscopy has been shown in fig. 2.7. 

 

 

 

Most of the radiation is scattered without a change in wave number (Rayleigh scattering). 

However, a small part of the scattered radiation (typically 1 out of 106 photons) is scattered with the 

0 m where m is characteristic wave number of molecular vibration that undergo 

0 - m 0 m scattered radiation components are known as Stokes and anti-

Stokes lines, respectively. The Raman Effect is often thought of as a vibrational or rotational 

frequency modulation of the electric field of the incident radiation.  In the present work, a Raman 

Electronic ground 
state (E0) 

Electronic excited 
state (E1) 

Vibrational state            
(E0 m) 

Virtual states 

E 

0 
0
 

0
 0 - m

 

0
 

0
 

m
 

Rayleigh scattering 
(elastic) 

 

Stokes Anti-Stokes  

Raman scattering (inelastic) 

FIG. 2.7 Diagram of Raman spectroscopy principle. 
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spectrograph (Jovin Yvon HR 460 single stage) is used with liquid nitrogen cooled charge coupled 

device (CCD). For excitation, diode pulped solid state laser (Nd-YAG) with wavelength 532 nm is 

used. Usually only the stokes lines are measured, since the intensity of anti-stokes lines are much 

weaker than that of stokes line at ambient temperature.  

 

2.4.5 Surface Profilometer 

Surface profilometer is used to measure the surface roughness profile of materials before and 

after irradiation. In this technique, a diamond stylus scans along the surface of the material at a 

constant speed for a specified distance and under a specified force. The profilometer can measure 

small vertical features ranging in height from 10 nm to 1mm. The height position of the diamond 

stylus generates an analog signal which is converted into a digital signal stored, analyzed and 

displayed, and the horizontal resolution is controlled by the scan speed and data signal sampling rate. 

The radius of diamond stylus ranges from 20 nm to 50 µm. Smaller the tip radius of the stylus greater 

is the accuracy in the measurement. 
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Chapter-3 

Design and Development of Plasma Focus Devices 

 

3.0 Introduction 

In view of relevance in fusion research and for applications, several plasma focus devices 

operating at energies in sub-kilojoule to kilojoule range are designed and developed. Sealed plasma 

focus tube based, SPF-P1  and SPF1-P2  devices operating at 200 J are developed. In SPF-P1 

device, a cylindrical tube (SS) of inner diameter: 34 mm and inner length: 80 mm is used as the 

cathode as well as plasma chamber. The effective volume including anode (SS) and insulator 

(alumina) is around 73 cm3. The plasma focus tube is assembled with single capacitor of 4 µF. 

Neutrons are seen to be produced in around 150 shots over a time spanning up to 120 days without 

purging deuterium gas [Rout et al. 2008]. In SPF1-P2, plasma chamber of the volume of    33 cm3 

(including anode and insulator) is used which makes this one of the smallest device amongst its class 

of miniature devices developed by various research groups [Soto et al. 2009, Soto et al. 2008, Silva et 

al. 2003, Verma et al. 2008, Milanese et al. 2003, Gribkov et al. 2006]. The SPF1-P2 device is 

operated for 200 shots over 200 days without purging deuterium gas. The details of construction of 

SPF1-P2 device and its optimization study are included in present work [Niranjan et al. 2011].  

Repetitive operating plasma focus -  J is designed and developed. The 

PF-P5 device is a miniature table top neutron source having plasma chamber volume of 150 cm3. It is 

operated repetitively at a repetition frequency of 10 Hz. The construction, optimization and time 

resolved neutron emission are studied in detail and reported [Niranjan et al. 2012]. 

Three different - - -  operating at 

kilojoule range i.e. at 2 kJ, 11.5 kJ and 17 kJ respectively are developed.  They have relatively large 

electrodes dimensions as per scalability laws for plasma focus [Soto et al. 2010, Lee et al. 1996] This 

allows to conveniently place different diagnostics without perturbing plasma focus processes and also 
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convenient for applications. Constructions and optimization studies on all three plasma focus devices 

have been discussed in details in this chapter. 

 

3. 1 Design of plasma focus and associated components 

Design of plasma focus device is primarily based on the scaling laws for the radiation yield. 

[Decker et al. 1980, Krompholz et al. 1981, Lee 2008] The parameters such as capacitor bank energy 

and peak discharge current are primarily decided for the required radiation yield and then matching 

plasma focus and associated pulse power systems are designed. In the following sections, details of 

design of capacitor bank, associated pulse power systems and matching plasma focus have been 

discussed. 

 

3.1.1 Capacitor bank  

The capacitor bank is used as an energy driver for plasma focus device. The energy E0 (

) required for achieving the desired radiation yield can either be obtained by proper 

selection of capacitance (C0) or operation voltage (V0). Primarily, the operation voltage is chosen, and 

then accordingly, all the electrical parameters are determined. The peak discharge current (

depends on the parameters such as capacitance, C0, voltage V0, equivalent series 

resistance (ESR), and equivalent series inductance (ESL) of the capacitor. Therefore, for a particular 

operation voltage, a single or an appropriate number of capacitors are connected in parallel to meet 

the total peak discharge current requirement. The parallel configuration of capacitors is termed as the 

s reduced inductances and resistances. The capacitor bank is 

connected to a switch (triggered spark gap) using transmission lines for fast energy transfer to the 

plasma focus load in a minimum possible inductance configuration.  

The connection from switch to plasma focus load is also made using transmission lines. The 

transmission lines are either made of parallel plates or a number of coaxial cables connected in 
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parallel. Each of them has associated advantages and disadvantages. The parallel plate transmission 

lines make the overall system compact, transportable and easy in dismantling and also have lowest 

possible inductance. The coaxial cable offers the flexibility but it also has disadvantage of making the 

system bulky and immovable. For large energy capacitor bank with multiple discharge modules 

operating in parallel, use of coaxial cables are beneficial, since it is easy to lower the inductance by 

parallelization. For small and medium energy capacitor bank, use of parallel plate transmission lines 

is beneficial as it reduces the overall size of the system and it is more reliable and economical.  

 

 

 

The peak discharge current is estimated using short circuit. Figs. 3.1(a) and (b) depict the 

electrical equivalent circuits for plasma focus device and short circuit. It consists of a capacitor bank 

of capacity C0, an equivalent series inductance L0 (including the inductances of the capacitor bank, 

connections and switches) and an equivalent series resistance, R0, of the circuit. The moving plasma 

sheath is considered as an inductance and resistance with temporal dependence Lp(t) and Rp(t) 

respectively. The stored energy in the capacitor bank is discharged into the plasma focus load through 

the triggerable spark gap (SG) switch.  

(a) (b) 

FIG. 3.1 Electrical equivalent circuit for (a) plasma focus device set up and (b) short circuit set up. 



 

56 
 

lasma focus 

equivalent circuit [fig. 3.1(a)] can be expressed as:   

 

       (3.1) 

 

The plasma inductance in the axial and the radial phases can be written as  

 

 Axial Phase:         (3.2) 

 

 Radial phase:         (3.3) 

 

Here, a and b are the anode and the cathode radius respectively, z0 is the effective anode 

length (exposed to plasma in run down phase), zp(t) and rp(t) are length and radius of the plasma 

column in the radial compression phase. 

The resistance associated with the plasma column in the radial phase can be expressed as: 

 

            (3.4) 

Here,   is the electrical conductivity. 

 

For short circuit [fig. 3.1(b)], the eq. (3.1) can be rewritten as: 

 

         (3.5) 
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The current, I (t) flowing in the short circuit is described by the following equations: 

 

                                 (3.6) 

 

Here,  with  

 

For plasma focus, value of R0 is low (typically 0) 

and discharge time-period (T) can be expressed as: 

 

    ;                  (3.7) 

 

                      (3.8) 

 

Here, k is a constant, defined as voltage reversal (i.e. ratio of two consecutive current/voltage 

amplitudes). The peak discharge current I0 and rise time (T/4) are used for determination of plasma 

focus dimensions.  

 

3.1.2 Triggered spark gap  
 

The triggered spark gap switch is used to transfer capacitor bank energy to the plasma focus 

load. 

liquid or solid). It is preferred over other available pulse power switches like Rail-gaps, Thyratron, 

Ignitron, Pseudo spark etc [Burkes et al.1978], because of its simple design, reliable operation low 

cost as well as lesser maintenance. This operates by inducing a dielectric breakdown through high 
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amplitude (25 - 30) kV, fast rise (<1 µs) trigger pulse in the dielectric medium between the two 

electrodes. The electrode materials are chosen based on the peak current transfer from the capacitor 

bank to the load. The commonly used electrode materials are SS304, brass or an alloy of tungsten. 

The SS304 is usually preferred over other materials because of low erosion rate, easy machinability 

and availability at cheaper rate. 

All spark gap switches used here are using open air as the dielectric medium. The spark 

electrodes are of hemispherical shape and they are made of SS304 material.  The center pin triggered 

and edge triggered spark gap geometry are used here. In the center pin triggered, the trigger electrode 

is inserted in the middle of the discharge end of the spark electrode whereas in the edge-triggered, a 

trigger electrode is fixed over the discharge end of spark electrode. In center pin triggered switch, 

trigger pin is insulated from spark electrode using tube made of Ultra High Molecular Weight 

(UHMW). 

 

3.1.3. High Voltage Charging Supply 

The constant current charging is used to charge the capacitor bank. A schematic of constant 

current supply is shown in fig. 3.2. The input of the main supply (0 - 230 V AC) through an isolation 

transformer and a motorized variac is fed to a high voltage step up transformer. The output of high 

voltage step up transformer is converted to DC voltage using a half-wave rectifier circuit. A shorting 

device based on electrically activated solenoid valves (230 V AC normally closed type) with ceramic 

resistors is placed in power supply to enable charging of the capacitor bank. The constant charging 

rate of 1 kV/s is kept for all the capacitor banks. The ratings of the components of the power supply 

are chosen to achieve the desired charging rate. The diodes of correct PIV (peak inverse voltage) are 

important to place in order to avoid the damage to the power supply due to voltage reversal. The 

voltage reversal can damage the diodes, if the magnitude of the reversal is high enough to cause 
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excessive current flow in the diodes. To avoid this, a chain of diode of PIV  2Vmax, must be placed. 

Here, Vmax is the maximum output voltage of the power supply.  

 

   

3.1.4 Plasma focus 

Design of plasma focus load is based on the short circuit time-period and the peak current. The 

electrode dimensions are chosen such that the axial run-down time of the current sheath coincides 

with the current rise time. The axial run down time of the plasma sheath is calculated using formula 

given below [Lee et al. 1996] 

 

                     (3.9) 

 

Where I0  

FIG. 3.2 Schematic of high voltage power supply. 
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A comparison of plasma focus devices operating at different energies reveals an interesting 

facts i.e. constancy of energy density (E/Vp) and drive parameter I0/a.p1/2 (where Vp is the pinch 

plasma volume, I0 is maximum peak discharge current, a is anode radius and p is the filling gas 

pressure) at the optimal working conditions.  For all plasma focus devices with deuterium as filling 

gas, the values of energy densities are typically in the range of (1 - 10)  1010 J/m3 and the values of 

drive parameters are in the range of (77 ± 7) kA/cm.mbar1/2

same 

characteristics i.e. density and temperature [Soto et al., 2010]. This means that a similar radiation 

spectrum, although at a different scale can be achieved with energies in the range vary from subkilo-

joule to mega-joule. The scalability of the plasma focus devices has major implications in designing 

electrodes i.e. higher the capacitor bank energy and the peak discharge current, bigger will be the 

electrodes dimension. Similar, if capacitor bank energy is reduced to subkilo-joule range, then the 

electrodes dimension must be reduced to match the energy density and the current drive parameters.  

The value of  is calculated using energy density i.e. 28E/a3 [Soto et al. 2010, 

Lee 1996]. The values of b  and z0  are chosen to match the quarter 

discharge time- 0)1/2 with axial run down time of the plasma sheath as given in eq. 

(3.9). Here, values of L [= L0 + Lp(axial)] can be estimated from short-circuit (electrodes shorted at 

tip) time-period. The optimum filling pressure is determined from experiments.     

Ceramic insulators (Quartz, Pyrex glass, Alumina) are mostly used because of high melting 

point, low thermal expansion coefficient and high dielectric breakdown voltage. The length of the 

insulator is chosen to ensure uniform current sheath and therefore efficient snowplow of plasma and 

neutron gas ahead in the axial run-down phase. The effective length of insulator (over which the 

surface discharge takes place in breakdown phase) depends on operation voltage i.e. 2.5 mm per kV. 

[Zakaullah et al. 1995, Rout et al. 1995, Yusefi et al. 2007].  
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3.2 Sub-kilojoule range operating plasma focus device 

Sub-kilojoule range operating devices having neutron yield of 103 to 106 neutrons/pulse are 

important for many applications including field applications such as soil humidity measurement, 

hidden material detection. The electrodes are of short dimensions for sub-kilojoule range operation 

according to plasma scalability. The cathode is of tube shape and it also works as plasma chamber 

which make them compact, portable and feasible for field applications. Two different plasma focus 

devices, SPF1-P2 and PF-P5, operating in sub-kilojoule range have been designed, developed and 

optimized for neutron emission. The details about their constructions have been discussed in the 

following section. 

 

3.2.1 SPF1-P2 plasma focus device 

3.2.1.1 200 J Capacitor bank 

The capacitor bank of SPF1-P2 device consists of single capacitor (4 F, 10 kV). The 

capacitor is of dimension: 18 cm  15 cm  13 cm and of weight: 6.5 kg. A triggerable spark gap 

switch is assembled at the top of the capacitor in a compact geometry. One of the spark electrodes is 

connected to high voltage terminal of capacitor and the other end (discharge end) is directly interfaced 

to the plasma focus load. The spark gap switch is housed inside an enclosure made of SS304. 

The capacitor bank is charged by a battery based constant current supply through a remotely 

held control panel. The details of the supply have been described in the subsequent section. The total 

weight including the power supply and the control panel is 23 kg only. It is estimated from the short 

circuit measurement that the capacitor bank can deliver maximum peak current of 83 kA at 10 kV 

charging voltage. Typical parameters of 200 J capacitor bank for SPF1-P2 device are presented in 

table 3.1. 
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Table3.1: Typical parameters of 200 J capacitor bank  

Capacitance ( F) 4 

Inductance (nH) 44 

Operating voltage (kV) 10 

Energy (J) 200 

Voltage reversal (%) 80 

Time-period ( S) 2.7 

Peak discharge current (kA) 83 

 

3.2.1.2 Battery based high voltage power supply 

  Batteries based power supply is used to charge the capacitor bank. The input in the 

power supply is provided using two rechargeable batteries (each, 12 V, 150 Ah). The output voltage 

of maximum of 15 kV with adjustable current can be derived from the supply. It also supplies a 

negative trigger pulse of amplitude 30 kV and of less than 5 µs rise time. The overall dimension of the 

power supply is 28 cm  24 cm  20 cm. The power supply is remotely operated using a handheld 

control panel of size 28 cm  12 cm 12 cm. A photograph of the power supply along the control 

panel is shown in fig. 3.3. 

 

 

  

FIG. 3.3 Photograph of battery based capacitor charging power supply. 
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3.2.1.3 Plasma focus  

Plasma focus is a sealed tube which consists of two co-axial electrodes made of SS304. The 

inner diameter and effective length of the anode are of 10 mm and 20 mm respectively.  The inner 

diameter and effective length of the cathode are of 29 mm and 50 mm respectively. The cathode also 

works as the plasma chamber. An alumina insulator of effective length of 12 mm separates the anode 

and the cathode. The volume of plasma chamber including the anode and the insulator is 33 cm3. It is 

an all metal sealed tube and the metal to ceramic sealing is done by silver based active alloy brazing. 

The schematic of the sealed tube plasma focus is shown in fig. 3.4(a). A quarter inch bellow sealed 

valve (Swagelok mode: SS4BW) is connected to the nozzle of plasma chamber for evacuation and 

filling of the deuterium gas. The bellow sealed valve is then used to seal plasma chamber for long 

duration operation. The weight of the plasma focus unit is 0.5 kg. A photograph of the sealed tube is 

shown in fig. 3.4(b). 

 

 

 

FIG. 3.4 (a) schematic and (b) photograph of sealed-tube. 

(a) (b) 
   (a) 
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FIG. 3.5 Photograph of sealed tube based SPF1-P2 
plasma focus device. 

A photograph of SPF1-P2 device is shown in fig. 3.5. The height of the plasma focus device 

along with the capacitor and the spark gap assembly is 29 cm. For operation, plasma focus tube is 

evacuated to  10-5 mbar before filling with the optimum filling pressure. Once filled 

at optimum filling deuterium gas pressure (8 mbar), there has not been seen any drop or increase in 

filling pressure after 200 days. This makes this tube suitable for long duration operation without 

refilling.  

 
 

3.2.2 Repetitive operating PF-P5 plasma focus device 

3.2.2.1 500 J Capacitor bank 

Single capacitor (10 µF, 30 kV) is used to drive the PF-P5 device. The dimension and weight 

of the capacitor is 24 cm  34 cm  50 cm and 50 kg respectively. A triggered spark gap is installed 

right above the capacitor with one end of the spark gap is connected to its high voltage terminal. The 

discharge end of the spark gap is attached to the plasma focus anode similar to SPF1-P2 device. The 

trigger pulse is provided at the center of the spark gap. The spark gap is enclosed using a cylindrical 

enclosure made of SS304.  
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The capacitor bank is charged to 10 kV using a repetitively charging supply. The peak current 

of 85 kA is estimated to be delivered to plasma focus at 10 kV charging voltage. Typical parameters 

of 500 J capacitor bank are depicted in table 3.2. 

 

Table 3.2 Typical parameters of 500 J capacitor bank. 

Capacitance ( F) 10 

Inductance (nH) 110 

Operating voltage (kV) 10 

Energy (J) 500 

Voltage reversal (%) 80 

Time-period ( S) 6.6 

Peak discharge current (kA) 85 

 

 

3.2.2.2 Repetitive charging power supply  

 A repetitive charging power supply is used to charge and discharge the capacitor bank. This 

can charge up to maximum of 11 kV at the tunable repetition frequency of 1-10 Hz. The power supply 

also supplies negative trigger pulse of amplitude of 20 kV to the spark gap.  

 

 
FIG. 3.6 Typical voltage profile for 2 shots at repetition rate of 10Hz. 
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The repetitive operation is achieved by sequentially synchronizing charging and sequentially 

providing the triggering pulse to the spark gap for switching purpose. The input to power supply is 

supplied through a three phase 420 V AC (20 A). 

A typical charge-discharge cycle of the repetitive charging power supply for two cycles at 

repetition rate of 2 Hz is shown in fig. 3.6. The profile depicts the charging voltage as a function of 

time. At 10 Hz, the charge-discharge cycle consists of charging time (90 ms) during which the 

capacitor bank charges and then the dwell time (10 ms) during which the capacitor voltage is 

maintained at the preset operation voltage. The capacitor bank is then discharged on supply of trigger 

pulse to the spark gap. 

 

3.2.2.3 Plasma focus 

Plasma focus of PF-P5 device is of tubular geometry. The anode and the cathode are made of 

SS304. The diameter and effective (exposed) length of the anode are 10 mm and 60 mm respectively. 

The outer diameter and the effective length of the cathode are 50 mm and 120 mm respectively. The 

cathode also worked as the plasma chamber with a volume of 150 cm3 including anode and insulator. 

An alumina tube of 10 mm diameter and 2 mm wall thickness separates the anode and cathode at the 

bottom. The effective length (length exposed to plasma) of alumina is kept at 20 mm.  The alumina 

insulator is brazed to anode as shown in fig. 3.7a and between insulator and cathode silicon O-ring is 

used at the bottom for vacuum sealing. Schematic and photograph of PF-P5 device are shown in figs 

3.7(a) and (b). 
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3.3. Kilo-joule range operating plasma focus device 

Three different plasma focus devices, namely PF-2, MEPF-12 and MEPF-17 operating at 

energies 2 kJ, 11.5 kJ and 17 kJ have been developed and optimized. The construction and 

optimization of these plasma focus devices are discussed in details in the following section. 

 

3.3.1 PF-2 plasma focus device  

3.3.1.1 2 kJ Capacitor bank 

Single capacitor (10 µF, 30 nH, 30 kV) is used to drive the PF-2 device. The dimension and 

weight of the capacitor are 24 cm  34 cm  60 cm and 50 kg respectively. A triggered spark gap is 

used to transfer the energy to the plasma focus. Parallel plate transmission lines are used to connect 

the capacitor to the spark gap switch and switch to the plasma focus. One end of the spark gap is 

connected to the capacitor and other one is directly interfaced to the plasma focus anode. A 

cylindrical casing made of SS304 is used as the enclosure for the spark gap switch. The plasma focus 

load is placed over this casing in a compact geometry. This type of connections makes the device easy 

in assembly and maintenance. The capacitor bank is charged to desired voltage using a constant 

   FIG. 3.7(a) Schematic and (b) photograph of repetitive operating PF-P5 device. 

a b 
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current power supply (22 kV, 15 mA). The power supply also supplies a negative trigger pulse of    25 

kV and of < 1 µs rise time. 

Electrodes of the PF-2 device are shorted at the tip for the short circuit measurements. The 

short shirt circuit time-period is measured to be 5.0 µs. The estimated inductance and peak discharge 

current are estimated to be 63 nH and 225 kA. A typical short circuit current derivative waveform is 

shown in fig. 3.8. Typical parameters of capacitor bank with short circuit peak discharge current are 

tabulated in table 3.3. 

 

 

 

Table 3.3 Typical parameters of 2 kJ capacitor bank. 

Capacitance ( F) 10 

Inductance (nH) 63 

Operating voltage (kV) 20 

Energy (kJ) 2 

Voltage reversal (%) 80 

Time-period ( S) 5 

Peak discharge current (kA) 225 

 

FIG.3.8 Typical short circuit current derivative 
waveform from PF-2 device. 
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3.3.1.2 Plasma focus  

Plasma focus unit in PF-2 device is of squirrel-cage geometry.  The anode and the cathode are 

made of SS304 material. The diameter and the exposed length of the anode are 30 mm and        60 

mm respectively. The cathode is in form of squirrel cage consisting of eight rods, each of 10 mm 

diameters. These rods are fixed around the anode at a diameter of 80 mm. The quartz tube of 25 mm 

diameter and 1.5 mm thickness covers the anode at the bottom. The length of quartz tube inside 

plasma chamber is 45 mm. The schematic and photograph of the PF-2 device are shown in figs 3.9(a) 

and (b). 

 

 

 

3.3.2 MEPF-12 plasma focus device  

3.3.2.1 11.5kJ Capacitor bank 

The capacitor bank consists of four capacitors (each 10 µF, 30 nH, 24 cm  34 cm  60 cm, 

50 kg). High voltage terminals of all four capacitors are connected using a plate of dimension (l  w 

 t): 400 mm  300 mm  12 mm and it is made of SS304 which is termed 

grounds of all capacitors made common through a plate made of Brass of dimension: 700 mm  450 

FIG. 3.9 (a) Schematic and (b)Photograph of PF-2 device. 

a b



 

70 
 

mm  2 mm (l  w  t). The ground and high voltage is separated using novel method. The ground 

plate is raised right above the high voltage plate using thirty-two brass rods, each of 12 mm diameters 

and 135 mm long. An edge triggered open-air spark gap switch is mounted in the gap between the 

high voltage and ground plates. One end of switch is screwed to the collector and other end to the 

plasma focus. Such connections make the setup easily demountable and transportable. This also 

allows easy access of spark gap switch assembly for regular maintenance work. The bank is charged 

using a constant current charging power supply (30 kV, 40 mA).  The power supply also supplies 

negative trigger pulse of amplitude up to 50 kV to the spark gap switch.  

 

 

    

 

The anode and the cathode are shorted at the top for short circuit measurement. The short 

circuit time-period is measured to be 10.8 µs and the estimated inductance is 74 nH. Typical short 

circuit current-derivative waveform is shown in fig. 3.10. The maximum peak current estimated to be 

delivered to the plasma focus load is 499 kA at 11.5 kJ. Typical parameters of the MEPF-12 capacitor 

bank are presented in table 3.4. 

 

FIG. 3.10 Typical short circuit current derivative 
waveform from MEPF-12 device. 
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Table 3.4 Typical capacitor bank parameters of 11.5 kJ capacitor bank 

Capacitance ( F) 40 

Inductance (nH) 74 

Operating voltage (kV) 24 

Energy (kJ) 11.5 

Voltage reversal (%) 80 

Time-period ( S) 10.8 

Peak discharge current (kA) 499 

 

 

 

 

 

 

3.3.2.2 Plasma focus  

Plasma focus of MEPF-12 device is of squirrel cage geometry. The electrodes are made of 

SS304 material. The anode is of 77 mm effective length (exposed to plasma) and 60 mm diameter. 

The cathode consists of twelve rods, each of 12 mm diameter and 112 mm effective length. The rods 

are mounted at 122 mm pitch circle diameter around the anode. A quartz tube of 54 mm effective 

length and 54 mm outer diameter is placed over the anode at the bottom to separate it from cathode. 

The anode is of hollow shape at the top to minimize erosion due to impact of high energy electrons. 

The electrode assembly is put inside a high vacuum compatible experimental plasma chamber as 

shown in fig.3.11 (a). The plasma chamber is made of SS304 material and having volume of about 7.5 

L. The chamber has four side ports with opening of 100 mm diameter each. Three of the ports are 

meant for the diagnostics and the fourth port is used for the evacuation and the gas filling. Fig. 3.11(b) 

shows photograph of the MEPF-12 device. 
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3.3.3 MEPF-17 plasma focus device 

3.3.3.1 17kJ Capacitor bank 

The capacitor bank consists of six capacitors (each, 10 µF, 30 nH, 25 kV, 240 mm  340 mm 

 600 mm, 50 kg). High voltage terminals of all capacitors are connected using a common plate made 

of SS304 and of dimension: 560 mm  410 mm  12 mm (l  w  h). The grounds are made 

common using 2 mm thick and 25 mm wide brass strip. A center pin triggered spark gap switch is 

assembled right over the top of the capacitor bank. One end of the spark gap switch is screwed to 

capacitor bank and the discharge end is fixed to another plate connecting to the plasma focus load. 

Total forty-eight RG213 cables, each five-meter long, are used to connect the discharge end to plasma 

focus load. The capacitor bank is charged to the required voltage using a constant current power 

supply (40 kV, 60 mA). This also supplies the negative trigger pulse of amplitude up to 50 kV with 

rise time less than 1 µs.  

FIG. 3.11 (a) Schematic and (b) Photograph of MEPF-12 device. 

a b 
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All forty-eight coaxial cables have been connected in steps. The short circuit inductance and current 

are estimated at each step. A typical short circuit current-derivative waveform is shown in fig. 3.12. 

The inductance decreases by a factor of 2.6 i.e. from 1080 nH for 2 cables to 421 nH for 6 cables. It 

further decreases by a factor of 2.5 i.e. to 169 nH for 24 cables. A plot of inductance with number of 

coaxial cables is shown in fig. 3.13. The variation of inductance (L) with number of cables is fitted 

using a power function as: 

 

     L = A + B.NC       (3.10) 

 

where N is the number of RG213 cable.  A, B and C are constants and their values are given in 

table 3.5. This closely matches with the expected variation of inductance of a system having fixed 

inductance A and N number of cables each of inductance B.   

FIG. 3.12 Typical short circuit current derivative waveform 
from MEPF-17 device. 
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FIG. 3.13 Variation in short circuit inductance with no. of 
coaxial cables 

Table 3.5. Values of fitting parameter and standard error. 
 

Constant Value Standard error 

A 71.41 21.3 

B 1962.03 74.3 

C -0.96 -0.06 

Forty-eight cables are chosen for the minimum possible inductance of the plasma focus system 

and for convenience in mechanical assembly. The short circuit time-period and the inductance with 

forty-eight cables are 16 µs and 108 nH respectively. Maximum current of 506 kA is estimated to be 

discharged to the plasma focus unit at 24 kV charging voltage. Typical capacitor bank parameters 

have been presented in table 3.6. 

 

 

Table 3.6 Typical parameters of 17kJ capacitor bank. 

Capacitance ( F) 60 

Inductance (nH) 108 

Operating voltage (kV) 24 

Energy (kJ) 17.3 

Voltage reversal (%) 80 

Time-period ( S) 16 

Peak discharge current (kA) 506 
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3.3.3.2 Plasma Focus 

Design parameters of plasma focus of MEPF-17 device is kept same as that of MEPF-12 

device. The collector and ground plates are modified for connecting forty-eight RG213 coaxial cables 

in a compact assembly. 

-6 mbar) compatible. A side port in plasma focus chamber is used for 

evacuation and operation gas filling during operation.  The weight of the plasma focus head along 

with the experimental plasma chamber is around 35 kg. The weight of all the coaxial cables is around 

40 kg. Hence, relatively light weight of plasma focus head and flexibility of coaxial cables due to 

relatively long lengths allow the neutron source to be kept in any orientations specific to applications. 

This kind of arrangement is incorporated for the first time in a medium energy plasma focus device. 

The schematic and photograph of the MEPF-17 device are depicted in fig. 3.14 and fig. 3.15 

respectively. 

 

 

 
FIG.3.14 Schematic of MEPF-17 device 
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Chapter 4 

Experimental Results and Discussion 

 

4.0 Introduction 

The plasma focus devices developed here are optimized for maximum radiation output for 

various applications. To maximize radiation output, effects of various parameters (electrical, 

geometrical as well as operational) on emission of radiations including neutrons and ions have been 

investigated.   The correlation of neutron yield with electrical parameters (current and operation 

energy), geometrical parameters (electrodes dimensions and geometry) and gas filling pressure is 

experimentally studied in different plasma focus devices. For characterizing the SPF1-P2 device as a 

portable neutron source, quasi-continuous shots over long time-span are taken without purging the 

deuterium gas and reported [Niranjan et al. 2011]. It has been demonstrated that in SPF1-P2, neutrons 

are produced for maximum shots (more than 200 shots) and for longest time-span (more than 200 

days) with single gas filling. Enhancement in time averaged neutron is achieved by PF-P5 device in a 

repetitive mode up to 10Hz [Niranjan et al. 2012].      

The gas filling pressure and operation energy in MEPF-12 device are varied for time resolved 

measurements of neutrons and ions. Attempts are made to find correlation between emission of 

neutrons and ions. The spatial emission profile of ions in MEPF-12 device is experimentally studied 

at different gas filling pressure. In MEPF-17 device, the time resolved measurements of neutrons and 

hard X-rays in the axial and the radial direction in MEPF-17 device are performed and reported 

[Niranjan et al. 2016]. Anisotropies in neutron yield and its energy are also measured at different 

filling gas pressures. For characterization of PF-2 device as a compact source of ions and plasma, 

acetylene gas at various filling pressure is filled and optimized. The experimental investigations on 

time resolved emission of ions in PF-2, MEPF-12 and MEPF-17 have also been discussed in the 

present work. 
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4.1 Experimental results of SPF1-P2 device 

 The miniature, table top SPF1-P2 device is developed to study neutron emission over long 

time-span without refilling deuterium gas. Plasma focus chamber is evacuated to a base pressure of 

-5 mbar using rotary-diffstac pump before filling the deuterium gas. Two plastic scintillator 

detectors, each kept inside a cylindrical casing made of lead of 25 mm thickness are employed to 

record time-resolved neutron emissions. The hard X-rays from the plasma focus get significantly 

attenuated by the lead. This is also confirmed by operating the plasma focus with Hydrogen gas. They 

are placed at two different locations, 0.2 m and 1.2 m from plasma focus in the radial direction. The 

neutron signals recorded in the two detectors are used to estimate neutron yield.  

  

 

FIG. 4.1 Schematic of SPF1-P2 device with diagnostics. 
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energy using TOF method. A 3He detector is located at 0.5 m in the radial direction to record neutron 

yield. The schematic of plasma focus device with diagnostics is depicted in fig. 4.1. 

 

            

Initially, a few shots are taken at low filling pressure (1 mbar) at operation energy of 200 J for 

conditioning of insulator surface. The sharp dip in the current derivative signal is observed after six 

shots. The filling pressure is varied in the range of 1 - 10 mbar to obtain optimum pressure of 

operation. In each shot, plasma chamber is evacuated and fresh filled with deuterium gas. The 

optimum pressure is found to be 8 mbar. Typical signals of the current derivative, current and neutron 

(recorded using two PSDs) are shown in fig.4.2(a). Single pulse of neutrons in both PSDs is observed 

corresponding to strong pinch observed in current derivative and current waveforms.  Fig. 4.2(b) 

presents the typical signals of the current derivative and neutron pulse (registered by 3He detectors). 

The repetitive pulses in 3He detector are manifestation of the fact that the pulse fast neutrons 

generated in the PF shot are dispersed in time (several hundred of µs) in the moderator material as 

discussed in section 2.2.2.  

FIG. 4.2(a)Typical signals of current derivative, current and neutron and (b) Typical current-
derivative and neutron from SPF1-P2 device. 

(a) (b) 
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The neutron yield is measured to be maximum of (7.8 ± 0.7)  104 neutrons/pulse with a pulse 

width (FWHM) of (24 ± 5) ns at a filling pressure of 8 mbar. The average neutron energy estimated 

using signals from two PSDs is (2.49 ± 0.27) MeV. The average values are obtained using ten shots at 

optimized operation conditions with fresh filling in each shot. The expected neutron yield as per 

scaling law is 2.9  106 neutrons/pulse (peak current 83 kA). The possible reason for the difference 

between observed and expected neutron yield could be attributed to the use of tubular cathode. The 

operation with tubular cathode increases the current leakage i.e. the fraction of peak discharge current 

that actually flows through plasma sheath is less which in turn reduces the neutron yield. Also in 

operation with tubular cathodes, addition of impurities (due to back reflected particles from the 

cathode wall) during the axial flow, may result in a substantial drop in temperature due to increased 

radiation loss which is also consistent with the reduction in neutron output. Similar observations were 

by reported by Verma et al. [2009].  

 

 

Once optimized for its neutron emission, SPF1-P2 device is evacuated to a base pressure of 

10-5 mbar and then it is filled with deuterium gas at optimum pressure of 8 mbar. The SPF1-P2 

device was sealed using a bellow-sealed valve (Swagelok SS-4BW) for continuous operation without 

FIG. 4.3 Variation in neutron yield of SPF1-P2 device with shots and days. 

Number of days 
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refilling deuterium gas. The emission of neutrons from SPF1-P2 device is observed in about 200 shots 

over a time-span of around 200 days with a single filling. The average 2 to 3 PF shots on normal 

working days are taken. The variation in neutron yield over the number of shots as well as number of 

days is plotted as shown in fig. 4.3. Neutron yield is observed to be deteriorating in subsequent shots. 

The possible reason could be the impurities inserted into plasma due to electrode material erosion 

during axial acceleration phase of current sheath and in post pinch phase in every PF shot as well as 

accumulation of hydrogen and 3He ashes [Burns et al 1988], the products of the D-D nuclear fusion, 

over PF shots.  

The average neutron yield for first 50 shots is estimated to be (3.8 ± 1.7)  104 neutrons/pulse 

while it has decreased to (1.9 ± 0.8)  104 neutrons/pulse in next 100 shots. In the last 50 shots, the 

yield is seen to be decreased further to (1080 ± 30) neutrons/shot. The yield values further represent 

the average of best 10 shots in respective group of that. The dip in the current-derivative signal is 

observed even after 200 shots but neutron signal is not observed in 3He detector. This is due to the 

reason that neutron yield is below the detection threshold of 3He detector [(1080±30) neutrons/pulse 

at 0.5 m]. There are six out of total 200 shots where dip in the current-derivative are not observed due 

to mis-fire of the spark gap and therefore neutrons are not produced. After cleaning spark gap 

electrodes, the device is again consistently operated for neutron emission. After completion of 200 

shots, the device can again be evacuated and refilled with deuterium gas at 8 mbar optimum pressure 

for another long duration operation. 

 

4.2 Experimental results of PF-P5 device 

The plasma focus device, PF-P5 is characterized for enhancement in neutron yield by 

operating repetitively. Time resolved measurement of neutron emission (along with X-rays) is 

performed using a PSD detector placed at 30 cm from plasma focus in the radial direction. A SAD 

detector is placed at 10 cm from plasma focus in the radial direction to measure neutron yield. The 
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-5 mbar before filling deuterium gas. The 

optimum gas filling pressure is measured to be 5 mbar at 500 J. The neutron yield of (1.3 ± 0.2)  105 

neutrons/shot (1 shot = 1 pulse) with pulse duration of (22 ± 5) ns. The expected neutron yield as per 

scaling law is            3.1  106 neutrons/pulse (85 kA peak discharge current). The possible reason for 

the difference between observed and expected neutron yield could be attributed to the use of tubular 

cathode as discussed in section 4.1.  

The PF-P5 device is operated for single and multiple shots (at repetition frequency of 10 Hz). 

Typical voltage on the capacitor bank in a single shot operation is shown in fig. 4.4(a). As shown, the 

power supply charges the capacitor bank to 10 kV in 90 ms, holds the voltage for around 10 ms till 

the arrival of trigger pulse by which capacitor bank is discharged through plasma focus. In fig. 4.4(b) 

typical signals of the current-derivative and time resolved hard X-rays and neutrons are presented. 

The first and second pulses recorded in PSD are of hard X-rays and neutron. The hard X-rays and 

neutrons are produced at the same time but get separated due to the difference in TOF of the two. The 

difference in TOF is used to estimate energy of neutrons in the radial direction. The energy of 

neutrons in the radial direction is estimated to be (2.45 ± 0.3) MeV. 

 

 

 

  

FIG. 4.4 (a)Typical charge-discharge voltage signal and (b) current-derivative waveform and 
neutron signal measured from the PF-P5 device when operated for single shot . 

(a) (b) 
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For repetitive shots, PSD is placed inside a cylindrical casing made of 25 mm thick lead to 

record neutron signals only. Fig. 4.5(a) shows typical voltage across the capacitor bank and fig. 4.5(b) 

shows typical signals of current derivatives and neutrons when operated for ten repetitive shots. The 

area under neutron pulse is calculated to estimate neutron yield in each shot. The neutron yield/pulse 

is observed to be varying but the time average neutron yield is enhanced to (1.4 ± 0.3)  106 

neutrons/shot (1 shot=10 pulse). The possible reason of variation in neutron yield/pulse could be 

impurities and fraction of peak bank current that flows through plasma which may vary from shot to 

shot [Shyam et al. 1997]. 

 

4.3 Experimental results of PF-2 device 

4.3.1 Optimization study  

 
 For characterization of PF-2 device as an ion and plasma source, it has been operated 

with different gases e.g. deuterium and acetylene (C2H2). The plasma chamber is evacuated to a base 

-5 mbar before filling with working gas. Various characteristics e.g. current derivative, 

time resolved hard X-rays and time resolved ion emission are measured using Rogowski coil, PSD 

detector and Faraday cup respectively. A PSD detector is kept at 2 m in the radial direction of plasma 

(a) (b) 

FIG. 4.5(a) Typical voltage across capacitor bank and (b) typical signals of current-derivatives and 
neutrons in ten shots. 
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focus. The filling pressure of deuterium and acetylene are varied from 0.5 to 5 mbar. The optimum 

filling pressures of deuterium and acetylene gas are found to be 1 mbar and 0.5 mbar respectively. 

Typical current-derivative waveform and X-rays are shown in fig. 4.6. with acetylene filling gas. The 

pulse duration (FWHM) of hard X-rays was measured to be (25 ± 5) ns at acetylene filling pressure of 

0.5 mbar. 

 

 

    

            

4.3.2 Ion emission from PF-2 device 

Time resolved measurements of ions in PF-2 device are performed when operated with 

deuterium filling gas. A Faraday cup is placed at 5 cm from the anode in the axial direction. It is 

biased at -100 V. Typical signals of current-derivative and ions are shown in fig. 4.7. It is seen that 

ion pulse consists of a small hump followed by a distinct high amplitude peak. This hump is seen to 

be coincident with the dip in current derivative and it is termed as photo-peak since it is possibly 

generated by the photoelectric effect caused by soft X-rays [Ghareshabani et al. 2010]. The time of 

the photo-peak is taken as time at which the ions are accelerated. To confirm the ion pulse, the 

entrance of pinhole was blocked using Al foil filters of 50 µm thick to cut-off ions and also to see 

effects of electromagnetic radiations. There was no pulse except some noise coincident to dip in 

FIG. 4.6 Typical current derivative waveform and X-
rays signal from PF-2 device. 

2 µs/div. 

X-rays (10 V/div.)  

Current derivative (10V/div.) 
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current derivative signal observed in Faraday cup with this. In order to reduce the electromagnetic 

noise, the BNC connections was shielded with grounded Al foils.  Typical ion fluence is measured to 

be          (8.7 ± 0.5)  1014 cm-2 at 1 mbar. The effects like ablation plasma produced on the entrance 

aperture of the Faraday cup [Kelly et al. 1998], impurity ions emitted due to the interaction of 

electrons to anode tip [Pimenov et al. 2006] have been ignored while calculating the ion fluence.  

 

 

 

4.4 Experimental results of MEPF-12 device   

 The MEPF-12 is characterized as neutron and ion source to understand various physical 

processes as well as applications. The plasma chamber of MEPF-12 device is evacuated to a base 

pressure of  10-5 mbar before filling it to required pressure. Various diagnostics employed are e.g. 

Rogowski coil, silver activation detector, PSD detector and Faraday cup to measure current derivative, 

neutron yield, time resolved neutron emission and time resolved ion emission respectively. Initially, a 

few shots are taken at a filling pressure of 2 mbar and at a capacitor bank charging voltage of 20 kV 

for conditioning of insulator. On observation of dip in the current derivative signal, the optimum 

filling pressure is obtained by operating at varying deuterium gas filling pressures (1 - 10 mbar). The 

FIG. 4.7 Typical signals of current derivative and ion 
pulse from PF-2 device. 

     Faraday cup (10 V/div.) 

       Current Derivative (5 V/div.) 

2 µs/div. 



 

88 
 

optimum filling pressure is found to be 4 mbar at an operation energy of 11.5 kJ. Typical signals of 

current-derivative and neutrons along with hard X-rays are shown in fig. 4.8. 

 

                                    

  

 The maximum neutron yield is measured to be (1.2 ± 0.3)  109 neutrons/pulse with pulse 

duration of (46 ± 5) ns at 4 mbar and 11.5 kJ which is close to the estimated neutron yield of              

1.1  109 neutrons/pulse at 499 kA peak discharge current using scaling laws for neutrons. The 

neutron energy estimated from the time of flight is (2.45 ± 0.20) MeV. 

 The filling deuterium gas pressure and the operation energy are varied and their effects on 

time resolved emissions of ion and neutron are studied. Faraday cup is kept at 14 cm from the anode 

tip in the axial direction and silver activation detector is placed at 1.5 m from the plasma focus in the 

radial direction. The biasing voltage applied to the Faraday cup is -100 V for all shots. For time 

resolved measurements of ions, filling pressure is varied from 1 to 10 mbar at 9.7 kJ while operation 

energy is varied from 3.9 to 9.7 kJ at 4 mbar. Typical ion pulse and current-derivative waveform are 

shown in fig. 4.9. As seen from fig. 4.9, the ion pulse consists of a small hump (photo-peak) followed 

by a main peak. The time of the photo-peak is taken as reference to estimate energy of ion using TOF 

method. The area under ion pulses is evaluated to estimate the ion fluence.  

FIG. 4.8 Typical signals of current derivative, hard X-rays 
and neutrons MEPF-12 device. 

             1.0 µs/ div. 
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 The pinch in the current derivative signal is observed consistently in each shot up to filling 

pressure of 10 mbar, beyond which focus is not observed consistently (either mild focus or no focus is 

observed). Hence, ion characteristics are estimated in filling pressure range of 1 to 10 mbar. Typical 

Faraday cup signals obtained at different filling pressures have been shown in fig. 4.10. Ion pulses at 

some filling pressure consist of main peak followed by many small humps and sometime two 

different ion peaks. The main ion peak is always correlated to dip in the current derivative. Strong and 

sharp dip in the current derivative signal result into high density of energetic ions. It can be attributed 

to instability induced acceleration of ions after onset of pinch disruption phase [Gary et al. 1974]. The 

possible reason of the other small peaks could be the low energy ions being trapped inside the 

magnetic field and escaping at different instants. Fig. 4.11 presents typical ion pulses observed at 

different operation energies and at a filling pressure of 4 mbar. 

FIG. 4.9 Typical signals of current derivative and ions from MEPF-12. 
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FIG. 4.10 Typical Faraday cup signals in deuterium gas filling pressure range of 1 - 10 mbar. 
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FIG. 4.11 Typical Faraday cup signals at different operation energy range of 3.9  9.7 kJ. 



 

92 
 

 

The ion characteristics like ion fluence, peak ion number density and most probable ion 

energy are estimated at each filling pressures using Faraday cup signal. The deuterium ion fluence is 

observed to be varying with filling pressure. Variation in deuterium ion fluence with filling pressure is 

shown in fig. 4.12(a). The value of deuterium ion fluence is found to be maximum of (7.0 ± 0.7)  

1014 cm-2 and minimum of (5.7 ± 0.8)  1014 cm-2 at 4 mbar and 8 mbar respectively. The pulse 

duration [full width at half maximum (FWHM)] is measured to be in the range of 190 ns to 440 ns 

over the filling pressure range. Variation in deuteron fluence (w. r. t. maximum value) is 19% for 

filling gas pressure range of   1 - 10 mbar. It appears that the observed variation in ion fluence with 

filling pressure is not significant as it is possibly because of well-known poor shot to shot 

reproducibility under apparently identical operating conditions (electrodes geometry, pressure, 

voltage). [Calkeret al. 1985, Bruzzone et al. 2008, Tarifeno-Saldiviaa et al. 2012]. Variation in current 

flowing through plasma (capacitor bank discharge current  leakage current) is one of the several 

other reasons such as multiple weak pinch formations instead of single and strong focus formations, 

impurities as well as error in measurement techniques that may be attributed for shot to shot variation. 

Considering this, it may be concluded that deuterium ion fluence is nearly independent of filling gas 

pressure range of 1 - 10 mbar.    

FIG. 4.12 Variations in (a) deuteron fluence and (b) neutron yield with deuterium gas filling 
pressures at 9.7 kJ. 
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 The peak number density and most probable energy of deuterium ions are found to be 

increasing with increase in filling pressure and they reach a maximum at 4 mbar. Beyond 4 mbar, they 

decrease with further increase in filling pressure as seen in fig. 4.13(a) and (b) respectively. The 

maximum values of peak deuteron number density and most probable deuteron energy are found to be 

(6.7 ± 0.7)  1012 cm-3 and (228 ± 34) keV respectively. These variations led to variation in the 

neutron yield at each filling pressure.  

 

 

 

The neutron yield is seen to be varying from (8.4 ± 0.3)  108 neutrons/shot at       

1 mbar to (3.6 ± 1.4)  108 neutrons/shot  at 10 mbar.  The maximum neutron yield of         

(1.1 ± 0.3)  109 neutron/shot with pulse duration of (42 ± 6) ns is measured at 4 mbar. The variation 

in neutron yield with filling pressure at operation energy of 9.7 kJ has been shown in fig. 4.12(b).  

The deuterium ion fluence measured over operation energies ranging from 3.9 kJ (14 kV, 40 

F) to 9.7 kJ (22 kV, 40 F) has similar trend as that for filling gas pressures. Variation in deuterium 

ion fluence with operation energies (capacitor charging voltage) is shown in fig. 4.14(a). The 

deuterium ion fluence varies from (7.3 ± 1.1)  1014 cm-2 to (7.0 ± 0.7)  1014 cm-2 in the given 

FIG. 4.13 Variation in (a) peak deuteron density and (b) most probable deuteron energy with 
deuterium gas filling pressure at 9.7 kJ 
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operation energy range. The maximum ion fluence is found to be (8.1 ± 0.9)  1014  cm-2 at charging 

voltage of 18 kV. The ion pulse duration (FWHM) varies from 240 ns to 340 ns. Variation in 

deuterium ion fluence is 13% (w.r.t. maximum deuterium ion fluence) over operation energy range. 

This again appears to be not significant which suggests that variation in deuterium ion fluence does 

not really depend on operation energy. It could also be a result of well-known poor shot to shot 

reproducibility of the plasma focus device as mentioned earlier.  

 

 

FIG. 4.14 Variations in (a) deuteron fluence and (b) neutron yield with operation energy at 4 
mbar. 

 

 

FIG. 4.15 Variation in (a) peak deuteron density and (b) most probable deuteron energy with 
operation energy at 4 mbar. 
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The peak number density and most probable energy of deuterium ions are found to be 

increasing with increase in operation energy as shown in fig. 4.15(a) and (b) respectively. The 

minimum and maximum values of peak deuteron number density are found to be                               

(2.3 ± 0.5)  1012 cm-3 and (6.7 ± 0.7)  1012 cm-3 at 3.9 kJ and 9.7 kJ respectively. The minimum and 

maximum values of the most probable deuteron energy are found to be (84 ± 17) keV and                 

(228 ± 34) keV and at 3.9 kJ and 9.7 kJ respectively. The neutron yield increases from                      

(9.1 ± 5.6)  107 neutrons/shot at 3.9 kJ to (1.1 ± 0.3)  109 neutrons/shot at 9.7 kJ. Variation in the 

neutron yield with operation energy is shown in fig. 4.14(b). Variation in neutron yield is due to 

change in density and energy of deuterium ions with operation energy.  

Measurements of deuterium ion fluence, peak ion number density, most probable deuterium 

ion energy and their correlation to neutron yield confirms that beam-target fusion is the main 

mechanism of neutron production in plasma focus device. The beam-target neutron yield is 

approximated as: 

 

~       (4.1) 

 

Here, nD(v)dv is velocity distribution of deuterium ions, v is the deuterium ion relative 

velocity w. r. t. neutral deuterium atoms/molecules, which 

section and n0 is number density of background deuterium gas in the plasma chamber. The variation in 

neutron yield suggests that the deuterium ion velocity distribution, nD(v)dv is different at different 

filling pressure/operation energy. Moreover, it can also be inferred that, although ion fluence is nearly 

independent of filling pressures and operation energies, it is variations in number density and energy 

of ions which is resulting into variation in neutron yield as estimated by eq. 4.1. In order to 

substantiate this fact anisotropy in neutron yield/energy i.e. ratio of neutron yield/ energy in the axial 

direction to that of in the radial direction is measured using MEPF-17 device described in next section.   
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The values of deuterium ion fluence closely match with the reported results as discussed 

further. Stygar et al. 1982 experimentally measured deuterium ion fluence in a plasma focus 

operating at    12.5 kJ using the SSNTD technique and the value they obtained was (6 ± 2)  1014  cm-

2 at 20 cm distance from the plasma focus anode tip and it close to measured deuterium ion fluence in 

MEPF-12. The deuterium ion fluence numerically computed using Lee Model Code is also falls in the 

range of (2.4 - 7.8)  1016 cm-2 for plasma focus devices operating from 0.4 to 486 kJ at their 

optimum operating conditions. [Lee et al. 2012] They derived an expression for ion fluence using 

first principle calculation and it is expressed as [Lee et al. 2013] 

 

    (4.1)

  

Here, Ipinch is current flowing through the pinch, rp and Zp are the final pinch radius and length, 

b is cathode radius, U is the disruption caused voltage which is equal to 3  Vmax, where Vmax is the 

maximum voltage induced by radially collapsing current sheath (All quantities are in SI unit). We run 

Lee Model Code to obtain various parameters and they are inserted in eq. 4.1 to compute the ion 

fluence and average ion energy. 

Typical MEPF-12 configuration parameters used are: 9.7 kJ: L0 = 74 nH, C0 = 40 µF, b = 5.5 

cm, a = 3 cm, Z0 = 11.5 cm, r0 = 2  22 kV and P = 3 torr deuterium. Fitted mass and 

current factors are fm= 0.075; fc = 0.7; fmr= 0.15 and fcr= 0.7. Typical experimental and simulated 

current waveforms are shown in fig.4.16. Relevant outputs computed from the code are: Ipinch = 261 

kA;        rp= 0.43 cm; Zp= 4.4 cm and U = 3  38.4 kV=115.2 kV. The ion fluence is estimated to be                     

3.3  1016 cm-2 with average energy of 115 keV. The computed ion fluence for MEPF-12 device 

falls in the range i.e. (2.4 - 7.8)  1016 cm-2 for operating energy range from 0.4 to 486 kJ. The 

difference in experimentally measured and computed values of deuterium ion fluence is due to the 
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fact that the computed value of ion fluence is of pinch column which will decrease as 1/r2 with 

distance from the pinch column.  

 

 

FIG. 4.16 Typical experimental and simulated current waveform from MEPF-12 device. 

 

 

 

Angular emission profile of ions is measured using CR39 nuclear track detectors. Three 

different CR39 detectors are placed at three different angular positions i.e. 0, 30 and 90 deg. at 9 cm 

from the plasma focus anode tip.  The angular positions are w. r. t. plasma focus anode axis. The 

experimental chamber is filled with hydrogen gas at pressures varying from 1 to 7 mbar. Protons of 

energies ranging from a few 10s eV to several hundred keV are expected to produce in each plasma 

focus shot. Proton tracks in two consecutive shots are recorded at each filling pressures to get 

countable tracks. The exposed CR39 detectors are etched in 6N potassium-hydroxide (KOH) solution 

at 60 oC for two hours. The tracks are counted using a Zeiss-microscope. Typical microscope images 

of proton tracks in CR39 detectors at 30 and 90 deg. are shown in fig. 4.17 (a) and (b).  The CR 

detectors placed along the electrode axis is seen to be overexposed due to high fluence of proton and 
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therefore it is not possible to count tracks. A typical image of such proton tracks at 0 deg. is presented 

in fig. 4.18.  

 

 

 

    
 
 
     
             

    
  

FIG 4.18 Typical microscope image of tracks observed in 
CR39 detectors placed along the axial direction. 

     0o 

30o 

Fig. 4.17 Typical proton tracks in CR39 detector placed at 30 and 90 deg. 
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An Al foil of 25 µm thick is used as filter to avoid overexposure of CR39 detectors by protons 

but in axial direction (0 deg.), it is found to be ruptured after plasma focus shot. The filters at 30 and 

90 deg. are found to be intact after shot. The possible reason could be melting and evaporation of 

filters due to high heat flux produced by the intense and energetic protons along the axis. Therefore, 

to compare proton fluence at three different angular positions in identical conditions, bare CR39 

detectors were used. The proton track densities recorded at 30 deg. and 90 deg. angular positions are 

considered for estimation of anisotropy factor. The proton track densities are observed to be more at 

30 deg. compared to 90 deg. This indicates that the emission of ions is anisotropic i.e. ions accelerated 

along the axially forward direction is more than in the radial direction in conformity with other reports 

[Aliaga-Rossel et al. 1998]. For each filling pressure, the anisotropy factor i.e. the ratio of track 

densities in the 30 deg. to that of in the 90 deg. is calculated. Fig. 4.19 shows the variation of 

anisotropy factor with filling hydrogen gas pressures. The anisotropy factor is found to be increasing 

with filling pressure up to 5 mbar and then decrease with further enhancement in filling pressure. The 

value of anisotropy is estimated to be maximum of 1.43 at 5 mbar and minimum of 1.04 at 1 mbar of 

hydrogen gas filling pressure. 

 

 

 

FIG. 4.19 Variation of angular anisotropy of 
protons in MEPF-12 device. 
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 4.5 Experimental results of MEPF-17 device 

 The MEPF-17 is characterized as a neutron and ion source for understanding of emission 

mechanism as well as applications. The plasma focus head of MEPF-17 device can be placed 

conveniently in any orientation suitable for required applications as well as to study neutron emission 

characteristics such as anisotropy in neutron yield and its energy.   

 

 

FIG. 4.20 Typical signals of current derivative, current and voltage signals (top to bottom) 
from MEPF-17 device. 
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 Two silver activation detectors and two PSD detectors are placed in the axial and radial 

directions simultaneously to measure time integrated neutron yield and time resolved emission of 

neutrons. Rogowski coil and aqueous copper-sulphate (CuSO4) based voltage divider are used to 

record current derivative and voltage across plasma focus. The current is obtained by passively 

integrating the current derivative signal. For experiments, the plasma chamber of MEPF-17 device is 

evacuated to  10-5 mbar before filling deuterium gas to pressures of (1 - 10) mbar and 

operated at maximum of 17 kJ. The optimum filling pressure is found to be 5 mbar. Typical signals of 

the current derivative, current and voltage from MEPF-17 device are shown in fig. 4.20. Fig. 4.21 

depicts typical signals of time resolved neutrons (along with hard X- rays) and the current-derivative.  

                                                          

 

 

In this particular device, the current  derivative waveform is observed to have oscillatory 

structures. The reason may be attributed to the impedance mismatch between plasma focus load and 

coaxial cables (48, each 5 m) used for connecting it to the capacitor bank. The hard X-rays pulse is 

ascertained by putting 25 mm thick lead brick in front of the PSD detector in a few plasma focus shots. 

The first pulse is either attenuated or completely cutoff after passing through lead brick. Also, the 

separation between the two pulses changes by changing the location of PSD detector away from 

FIG. 4.21 Typical current derivative waveform, 
neutrons and X-rays signal from MEPF-17 device. 

1.0 µs/div. 
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FIG. 4.22 Variation in neutron yield in the 
radial direction with deuterium gas pressure. 

plasma focus. It is because of different TOFs of hard X-rays pulses and neutron pulses. The TOF 

method is used to measure neutron energy assuming that hard X-rays and neutrons are produced at the 

same time [Gribkov et al. 2007].  

The neutron yield is measured at each filling pressures in both directions. The variation in the 

neutron yield in the radial direction with the deuterium gas filling pressure is shown in fig.4.22. The 

average neutron yield increases to a maximum of (7.1 ± 1.4)  108  mbar 

and then starts decreasing with further increase in filling pressure. The average values are obtained 

from 10 consecutive plasma focus shots. 

 

 

The neutron yield anisotropy Y0
o/Y90

o i.e. ratio of the neutron yield in the axial direction to 

that of in the radial direction is evaluated at each filling pressure. It is found to be increasing with 

increase in filling pressure and a maximum of (1.33 ± 0.18) is observed at 5 mbar. It decreases with 

further increase in filling pressure as shown in fig. 4.23(a). Also, the neutron energy anisotropy 

E0
o/E90

o i.e. ratio of the neutron energy in the axial to that of in the radial directions is estimated using 

signals recorded in two PSDs kept in the axial and radial directions. Similar to neutron yield, the 

anisotropy in neutron energy initially increases with increase in filling pressure reaching a maximum 
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of (1.35 ± 0.09) at 5 mbar, and then decreases with further increase in filling pressure.  The variation 

of neutron energy anisotropy is shown in fig. 4.23(b). The maximum values of neutron energies in the 

axial and the radial directions are found to be (2.90 ± 0.20) MeV and (2.58 ± 0.20) MeV respectively. 

As observed in figs. 4.23(a) and (b), the variations in the anisotropies of neutron yield and its energy 

has similar trends. This is possibly due to change in deuterium ion energy spectrum i.e. deuterium ion 

number density and its energy in the axial and the radial direction with filling pressures [Roshan et al. 

2009, Kelly et al. 1996]. The maximum of anisotropy factors for neutron yield and its energy are 

observed at 5 mbar which is the optimum pressure at 17 kJ operations. This suggests that deuterium 

ions have maximum fluence as well as energy at optimum filling pressure for a plasma focus device. 

 

   

The measurements of time resolved emission of deuterium ions is performed using Faraday 

cup located at distance of 14 cm from the anode tip. Typical signals of current-derivative and Faraday 

cup are shown in fig. 4.24. The average ion fluence per pulse is measured to be (5.1 ± 0.5)  1014   

cm-2 at optimum 5 mbar deuterium gas filling pressure. The measured values of peak number density 

and most probable energy of deuterium ions are (2.7 ± 0.7)  1012 cm-3 and (180 ± 50) keV 

respectively at 5 mbar. 

FIG. 4.23 Variations in (a) neutron yield anisotropy and (b) neutron energy anisotropy with filling pressure. 

(a) (b) 
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4.6 Summary and Conclusions 

 Miniature sealed tube based plasma focus device, SPF1-P2, operating at 200 J is characterized 

as portable neutron source for long duration operation without purging deuterium filling gas. Neutron 

emission in SPF1-P2 device is observed for 200 shots over 200 days without refilling deuterium gas. 

It has smallest plasma chamber of volume of 33 cm3 among known miniature devices developed by 

various research groups across the world. The neutron emission is observed to be deteriorating in each 

shot. The possible reason of neutron yield deterioration is impurities due to electrode material erosion 

and accumulation of hydrogen and 3He ashes (nuclear fusion products). In repetitive PF-P5 device, 

enhancement in time averaged neutron yield has been achieved by repetitively operating at 10 Hz. 

Time resolved measurements of neutrons revealed that neutron emission varies from one pulse to 

other but total neutron yield multiplies to a factor approximately equal to the number of pulses. The 

pulse to pulse variation in neutron emission may be attributed to impurities and variation in leakage 

current that flows through insulator backwall. 

Three different plasma focus devices, PF-2, MEPF-12 and MEPF-17 are characterized for 

radiation emission mechanism and their correlation to different parameters. A compact PF-2 is 

FIG. 4.24 Typical signals of current derivative and ion pulse 
MEPF-17 device. 
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characterized as a pulse ion source. MEPF -12 is characterized as neutron and ion source. It is found 

that the measured neutron yield of (1.2 ± 0.3)  109 neutrons/pulse with pulse width of (46 ± 5) ns. 

The neutron energy estimated from the time of flight is (2.45 ± 0.20) MeV in the radial direction. The 

variation in neutron energy is due to deuterium ions of wide energy range that participate in nuclear 

fusion process. The measurement of time resolved emission of ions suggests that peak ion density and 

average energy of ions change with changing operation parameters (filling pressure and operation 

energy) but ion fluence remains nearly independent of each of them. The present study finds that it is 

velocity distribution of deuterium ions that changes with operation parameters but not the total 

deuterium ions. Study of spatial profiles of ion using CR39 track detector confirms anisotropic 

emission of ions with more energy and fluence in the axial direction than in the radial direction of 

plasma focus. 

In MEPF-17, the neutron yield measured in the radial direction is (7.1 ± 1.4)  108 

 mbar. The maximum values of neutron energies in the radial direction is 

estimated to be (2.58 ± 0.20) MeV respectively. Anisotropies in neutron yield and their energy are 

measured in MEPF-17 device. The anisotropy factors vary with filling pressures and it follows similar 

trend for neutron yield and its energy. The maximum values are obtained as (1.33 ± 0.18) and         

(1.35 ± 0.09) for neutron yield and neutron energy respectively at 5mbar. The reason of anisotropy 

may be attributed to beam-target fusion mechanism of neutron emission in conformity with other 

reports. 
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Chapter-5 

Material Science Investigations using Plasma Focus  

 
5.0 Introduction 

The plasma focus devices, as an ion and plasma source, have been used for irradiation on 

materials. They have also been used for deposition of thin films. The neutrons are used for non-

destructive assaying of materials, and short-lived radioisotope productions. Different investigations in 

material sciences are described in following sections. 

 

5.1 Ion irradiation and surface damage study of fusion relevant materials  

The major challenge in realization of fusion power is selection of materials for various 

components of thermonuclear fusion reactor. The thermonuclear fusion reactor such as ITER has 

many components (structural and functional) namely first wall, blanket, diverter, vacuum vessel, 

cryostat with superconducting magnets, and various support structures [Barabash et al. 2007]. They 

will be exposed to heat loads (steady and transient) in form of energetic ions and electromagnetic 

radiations [Brooks et al. 2009, Hirai et al. 2005, Renk et al. 2005]. Steady state heat load of 5 to 20 

MW/m2 for the diverter and 0.5 MW/m2 for the first wall are estimated during ITER operations. 

Transient heat load, such as plasma disruptions is estimated to deposit energy densities of several ten 

MJ/m2 for durations of the order of 1ms on the diverter. Other transient events namely type-I edge 

localized modes (ELMs) and vertical displacement events (VDEs)are expected to deposit large energy 

density in short time typically of sub-ms to a few hundred ms [Hirai et al. 2005]. In addition to heat 

flux, exposure to energetic (14.1 MeV) neutrons is expected to change structural properties of the wall 

materials through displacement damage and nuclear transmutations. The neutron flux at the first wall 

of ITER is estimated to be the order of ~1017 m-2s-1 [Hirai et al. 2005]. As a consequence, there are 

stringent requirements regarding the properties of plasma facing materials (PFM) of fusion reactor 
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such as high thermal conductivity, good thermo-mechanical properties, low activation by neutrons, 

resistance to radiation damage, low retention of fusion fuels among others. Thus, it is essential to 

understand materials behavior under conditions similar to that in fusion reactors which will help in 

selection of materials from existing materials and also in developing new materials as well as 

predicting their behavior in fusion reactor environment. 

For experimental simulations of materials behavior under the fusion reactor relevant heat flux, 

different heat sources e.g. electron beam, ion beam, IR, plasma guns, and high power lasers, have 

been applied. An accelerator-driven intense neutron source, International Fusion Material Irradiation 

Facility (IFMIF), is being designed for simulation of effects of 14.1 MeV neutrons on materials. The 

neutron emission rate of typically 1017 n.s-1 is estimated in IFMIF, which would result in a flux of 

some 1014 n.cm-2.s-1 at the reactor first wall. Therefore, displacement damage and transmutation in the 

irradiated material would match the neutron-induced effects anticipated in the fusion reactor 

environment. Each of the above facilities is used to see effects due to particular radiation only and 

they do not provide manifestation of fusion reactor environment. 

The plasma focus device is proven to be an excellent simulator for materials behavior under 

fusion relevant conditions. This provides a fusion reactor environment for several tens ns with all sort 

of radiations including X-rays, ions, electrons and neutrons. Using plasma focus device, it is possible 

to attain heat flux required for fusion research with a relatively compact and at a cost lesser than other 

experimental facilities. Energetic ions with the average energy of ~ 100 keV and plasma jet of 

temperature ~ 0.1 1.0 keV as well as of extremely high power density (up to P ~ 1012 W/cm2) are 

generated [Pimenov et al. 2008]. It has been reported that a combined interaction of energetic ions, 

plasma jet and electro-magnetic radiation in a wide range of power density: 107 to 1012 W/cm2 with 

the target materials produce significant changes in materials properties [Pimenov et al. 2002]. Another 

advantage is high neutron yield with right energy spectra. Also, though repetitive operations at high 
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repetition rate, high neutron flux required for fusion research can be attained with relatively small size 

device at low cost. 

Bostick et al. [1976] used plasma focus devices for irradiation of deuterium ions on the plates 

of polycrystalline Al, Cu and single crystal Si for the first time. They used two plasma focus devices 

in 5 to 10 kJ range to expose samples to the pulsed deuteron beams. They presented the preliminary 

results on radiation damage (blistering and pitting) in the metal (Al, Cu) and Si plates. 

Pimenov et al. [2008] used different plasma focus devices for irradiating plasma facing 

materials (W and stainless steel) by high power density pulses of ion beam and plasma streams. They 

used PF-1000, PF-6 and PF-5M devices with the hydrogen and/or deuterium as the filling gas. They 

have studied the influence of high power density ions and plasma streams upon surface damage, 

evolution of microstructure and subsequent properties of the materials. 

Bhuyan et al. [2013] used 2.2 kJ plasma focus device for irradiation of protons on the tungsten 

plates using multiple shots (5, 10 and 20 shots). They observed various damage features such as 

micro-cracks (w-type and r-type cavitation) on the tungsten surface after irradiations. Dutta et al. 

[2014] used 2.2 kJ plasma focus device to study the helium ion induced changes in the tungsten 

material. They have exposed polycrystalline tungsten sample using multiple shots (5 and 10) and 

studied their surface damage characteristics. 

In present work, five different materials viz tungsten (W), nickel (Ni), stainless steel (SS), 

molybdenum (Mo) and copper (Cu) are chosen to study their surface damage characteristics under 

pulse ion irradiation using a medium energy plasma focus device. These materials and/or their alloys 

have been considered as candidate materials for many of the components of ITER and other fusion 

devices [Barabash et al. 2007, Brooks et al. 2009]. Tungsten has been considered as the first wall 

materials and ferritic-martensitic steel has been selected as the main structural material for the ITER 

vacuum vessel and in vessel components. Molybdenum has been used for the first wall materials in 

the Alcator C-Mod TOKAMAK [Hutchinson et al. 1994]. Copper is proposed to be used as clad in 
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vacuum vessel while copper alloy e.g. CuCrZr is proposed to be used in ITER first wall and diverter 

applications. The Ni alloy e.g. NiAl bronze has been selected for vacuum vessel and blanket support 

in ITER. Moreover, comparative analysis of surface damages on materials having different physical, 

thermal and mechanical properties exposed to same power flux density will prove to be useful in 

understanding the interaction of fusion grade plasma with material. Different properties of interest for 

the material investigated here are described in table 5.1. 

 

Table 5.1 Various properties of materials. 

Materials Crystal Structure Melting point 
(K) 

Thermal Conductivity 
(W/(m·K)) 

Elastic Constant 
(GPa) 

W BCC 3695 173 411 

Mo BCC 2896 138 329 

SS Duplex (FCC and 
BCC) 

1658-1716 19 193 

Ni FCC 1728 90.9 200 

Cu FCC 1358 401 120 

 

 

5.1.1 Experimental procedures 

The samples of materials are cut into discs of 2 mm thickness and 10 mm in diameter. The 

samples are polished to reduce surface roughness (Ra

alcohol to remove dust particles before irradiations. The sample is mounted at 6 cm from the anode tip 

along the axial direction in the plasma chamber. Initially it is at room temperature. A schematic of 

experimental set up is presented in fig. 5.1. The plasma chamber is evacuated to a base pressure of    

10-5 mbar using a rotary-diffstac pump. A shutter is placed before sample. It is used to prevent the 

samples from exposure of thermal plasma in initial insulator conditioning shots. During these shots (5 

- 6 shots), either no focus or mild focus is observed. Once strong focus is observed, the shutter is 

removed without breaking the vacuum in experimental chamber. The MEPF-12 device is operated 
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with optimum deuterium gas filling pressure of 4 mbar at capacitor bank energy of 11.5 kJ. Each 

sample is exposed to twenty plasma focus discharges at a gap of minimum 30 minutes. In each plasma 

focus discharge, the deuterium ion and neutron fluence at sample position are measured to be                         

~ 1014 ions/cm2 and ~ 106 neutron/cm2 respectively. The energies of deuterium ions are estimated to 

be in the range of 100s of eV to 100s of keV at sample position. Along with the pulsed energetic 

deuterium ions and neutrons, dense plasma jet of velocity ~107 cm/s and shock wave fronts are 

reported to be formed in the plasma focus discharge [Pimenov et al. 2008].  

 

 

 

5.1.2 Analysis of irradiated samples 

Irradiated samples along with virgin samples of all the materials are characterized using 

various experimental techniques namely SEM, surface profilometer, XRD and EDX. Surface damage 

features e.g. surface morphology, surface roughness, crystallinity and elemental compositions of all 

samples after and before irradiations are analyzed and a comparative analysis is presented here. 

 

 

FIG.5.1 Schematic of ion irradiation setup. 
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5.1.2.1 SEM characterizations  

The SEM micrographs of the irradiated surfaces indicate multifold melting, recrystallization 

and various surface defects such as blisters, pores, craters and cracks whereas the virgin surface is 

smooth and only a few traces of mechanical treatment during polishing are observed. The SEM 

micrographs of the W surface before and after irradiations are shown in fig.5.2(a) and figs.5.2(b) to (d) 

respectively. It is seen erosions due to evaporation and sputtering of the surface layer. The formations 

of the cracks, blisters of different shape and size over the entire W surface are visible.  

 

 

 

Figs. 5.3 to 5.6 display the surface morphologies of Ni, SS, Mo and Cu respectively before 

and after exposure to twenty shots. The irradiated surfaces of W, Mo and Ni samples have cracks all 

over as evident from the micrographs. The micrographs reveal that the cracks propagate along and 

penetrate the surfaces of the samples. The cracks in the W and Mo propagate along the surface up to 

lengths varying from tens to hundreds of micrometers. They are connected to each other in the shapes 

 
FIG. 5.2 SEM micrographs of the surface of tungsten sample (a) before and 
(b), (c) and (d) after exposed to 20 PF discharges. 
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like x- and w-type cavitation whereas the cracks on the Ni sample are isolated from each other. They 

mostly propagate unidirectionally along the surface like r-type cavitation. The lengths of the cracks in 

the Ni sample are in the range of a few to tens of micrometers. The widths of the cracks are in the 

range of 0.1 - 1.1  - 1.4 µm and 0.3 - 2.7 µm in W, Mo and Ni respectively. Similar patterns of 

the cracks are reported to be observed in the W when irradiated with deuterium ion [Bhuyan et al. 

2013], and with helium ion [Dutta et al. 2014] in the plasma focus device. These materials indicate 

 

 

 

 

 

 

 

 

 
FIG.5.3 SEM micrographs of the surface of nickel sample (a) before and (b), 
(c) and (d) after exposed to 20 PF discharges. 
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FIG. 5.5 SEM micrographs of the surface of molybdenum (a) before and (b), 
(c) and (d) after exposed to 20 PF discharges. 
 

 
FIG. 5.4 SEM micrographs of the surface of stainless steel (a) before and 
(b), (c) and (d) after exposed to 20 PF discharges. 
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The micrograph [fig.5.4(d)] of the irradiated SS surface show a few micro-cracks of 25 - 30 

µm lengths and of widths in the range of 0.7 - 1.4 µm. The irradiated copper surface has no cracks as 

shown in SEM micrographs [fig.5.6(b) to (d)]. The Copper being a ductile material and having low 

melting point (1358 K) and low threshold for sputtering (36 eV), has more melting and erosion. 

Moreover, the melted surface layer due to ion beam irradiation may get splashed by the high-speed 

plasma jets. This results in craters formation rather than the microcracks. The variation in dimension 

and shape of the cracks are possibly due to variation in the thermal stress developed on different 

materials under exposure to multiple pulsed deuterium plasma streams [Pimenov et al. 2002].  

The surface temperature profile and thermal evolution of the samples are of transient (a few 

hundred ns) and to a depth of a few micrometers as the range of 100 keV deuterium ion is typically a 

few microns in different samples [SRIM- 2008]. The measurements of surface temperature profile of 

sample under irradiation require diagnostics having time resolution of a few ns and depth resolution 

of 100s of nm which is technologically not viable to achieve simultaneously. Therefore, thermal 

evolution of the samples is mainly used to studied theoretically.  

 
FIG. 5.6. SEM micrographs of the surface of copper sample (a) before and 
(b), (c) and (d) after exposed to 20 PF discharges. 
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Sanchez et al. numerically estimated surface temperature profile of SS, Cu and Ti under 

irradiation of pulsed nitrogen and argon ion beam in plasma focus device [Sanchez et al. 1997]. They 

used one dimensional heat equation for estimation of temperature using finite difference method: 

 

          (5.1) 

 

here T is the temperature,  

 

            (5.2) 

  

For calculation, the energy transfer from the ion beam to the target is considered as an energy 

ux. It is assumed for simplicity that the whole kinetic energy of the ions is transformed into thermal 

energy of the target and there is negligible loss due to radiation and convection. The calculation 

showed that fast heating of the surface layer of target material under strong temperature gradients 

( 10 K.ns 1 and 700 K.µm 1 respectively for SS under nitrogen ion irradiation) takes place and 

peak temperatures sometime reach high enough for melting and even vaporization of thin surface 

layers. This strong heating process has a depth of several micrometers into the material, and it is 

followed by a fast cooling down (through a thermal conduction process to the sample bulk) which 

leads to its thermal relaxation within a few microseconds. 

The blisters/bubbles are observed in the SEM micrographs of irradiated surfaces of W, Ni, SS 

and Cu. The diameters of the blisters are in the range of 30 - 70  - 24  - 80  - 100

accumulation of deuterium atoms around the crystalline defects such as vacancies, interstitials, and 

lattice dislocations, under pulsed irradiation of energetic deuterium ions [Evans et al.1978, Yoshida et 
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al. 2005, Shu et al. 2009]. Moreover, thermal evolutions of the crystalline defects e.g. thermal 

densities of vacancies/interstitials, vacancies coalescence, thermal migration of interstitials, deuterium 

atom diffusion rate etc are controlled by temperature. The temperature of surface layer of sample 

increases up to a few thousand degrees centigrade under the action of pulsed deuterium ions and 

plasma streams. It mainly depends on radiation power flux density and samples properties namely 

density, specific heat and thermal conductivity [Sanchez et al. 1997, Krivobokov et al 2013, Carslaw 

et al. 2001]. The thermal evolution of various crystalline defects under the enhanced sample 

temperature is different for different samples which results into the formation of blisters of different 

sizes under exposure to the same irradiation conditions. These blisters increase the integrated lateral 

stress in the surface layer which causes the formation of cracks as interpreted from the inter bubble 

fracture model proposed by Evans et al. [1978]. According to this model, the bubbles grow and 

coalesce which creates a local stress sufficient to form surface micro-cracks. The evolution of various 

features e.g. blisters, cracks on Ni under the increasing radiation power flux density are studied and 

reported [Niranjan et al. 2013]. 

The surface defects such as open bubbles, craters are observed in the SEM micrographs of the 

Ni, SS and Cu [figs.5.3(c), 5.4(d) and 5.6(c)]. These surface defects are formed possibly because of 

blisters explosion. Figs. 5.4(d) and 5.6(d)reveal that the craters of typically 10 µm diameter and of 7 

to 100 µm diameters are formed on the surfaces of the SS and the Cu respectively after irradiation. 

The SEM micrographs of SS, Mo and Cu reveal splashing and motion of melted surface layer due to 

momentum transferred by energetic ions and dense plasma streams as seen in figs.5.4(b), 5.5(b) and 

5.6(b) respectively. The irradiated surface of the Mo has no other surface defects such as blisters, 

pores, and craters but only has micro cracks of different shapes [figs.5.5(b) to (d)]. The possible 

reason may be that the surface defects are formed on exposure and are removed thereafter due to the 

erosion on exposures to successive pulses. Pimenov et al. [2002] have similar observations on 
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surfaces of pure vanadium after exposure to powerful hydrogen plasma jets and fast hydrogen ion 

beams in the PF-1000 plasma focus device.  

The Cu has surface damage deep down to depths of tens to hundreds of micrometers into the 

sample. This is possibly due to high thermal conductivity (401 W/mK), low melting temperature 

(1358 K) and boiling temperature (2835 K) of Cu. The rise in the surface temperature of the Cu by 

multiple irradiations and increased heat transfer from the surface to the bulk due to high thermal 

conductivity leads to erosion and defects formation more deep into the sample.  

 

5.1.2.2 Surface profilometry analysis  

The surface profilometer measurements have been carried out in all the samples under 

investigation. It is revealed that the average surface roughness (Ra) values of the irradiated surfaces of 

different samples increase after exposures to twenty shots.  The profilometer scanned over 7 mm 

length of the samples show many sharp ridges on the irradiated surfaces. The surface defects such as 

blisters, pores, craters, and cracks as well as the erosion due to evaporation and sputtering of materials, 

resulted into high roughness of the irradiated surfaces. Figs.5.7(a) and (b) present the surface 

roughness profiles of W before and after irradiations respectively.  

 
FIG. 5.7 Roughness profile of tungsten sample (a) before and (b) after exposed to 20 PF discharges. 
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The Ra value of W has increased by threefold (0.2 to 0.6 µm) after irradiations. The Ra values 

are measured within error of ± 2%. The maximum peak to peak roughness of the W before and after 

irradiation were 1.7 µm and 5.7 µm respectively. Figs. 5.8, 5.9, 5.10 and 5.11 show surface roughness 

profiles of the Ni, SS, Mo and Cu respectively. The high Ra value (~ 4.0 µm) of virgin Ni surface is 

because of mechanical treatment during polishing and it remains unchanged.  

 

 

 

 

 
FIG. 5.9 Surface roughness profile of stainless steel sample (a) before and (b) after exposed to 20 PF 
discharges. 

 
FIG.5.8 Surface roughness profile of nickel sample (a) before and (b) after exposed to 20 PF discharges. 
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FIG. 5.11 Surface roughness profile of copper sample (a) before and (b) after exposed to 20 PF 
discharges. 

 
FIG. 5.10 Surface roughness profile of molybdenum sample (a) before and (b) after exposed to 20 PF 
discharges. 
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The Ra values of SS, Mo and Cu have increased by eighteen-fold (0.6 to 10.8 µm), six-fold 

(0.5 to 2.9 ) and eighty-six-fold (0.18 to 15.5 ) after irradiations. The maximum peak to peak 

roughnesses of Ni, SS, Mo and Cu are increased from 14.0 to 31.5 µm, 5.2 to 87.1 µm, 2.9 to 20.7 µm 

and 1.4 to 125.8  The surface roughness profiles of W and Mo suggest increase in the 

roughness mainly due to the micro cracks and erosion as seen in figs. 5.7(b) and 5.10(b). Fig. 5.8(b) 

shows that the crest of the wavy surface in virgin Ni is eroded after multifold melting, evaporations 

and sputtering. A large number of ridges and grooves are observed in the roughness profile of the 

irradiated Ni due to formation of blisters, pores and cracks of different dimensions. The high Ra 

values of irradiated SS and Cu surfaces as observed in figs.5.9(b) and 5.11(b) are due to the blisters 

and craters of different sizes formed on the surfaces and high erosion due to splashing of the melted 

surface layer. These observed differences in the surface roughness of different samples may be 

attributed to difference in erosions due to the evaporation and the sputtering and surface defects 

characteristics. For light ions incident on heavy materials, sputtering yield is determined by the 

threshold energy (Eth) transferred to the target atoms. 

 

  

The energy, Eth, can be approximated by [Federici et al. 2001] 

 

         (5.3) 

 

Here M1 and M2 are the incident particle mass and target mass, respectively, and Es is the 

surface binding energy. Among all the materials (W, Ni, SS, Mo and Cu), the threshold energy 

[SRIM- 2008, Federici et al. 2001] of deuterium ions needed for physical sputtering is minimum 
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(36eV) for Cu and is maximum (212eV) for W. The threshold energy of deuterium ion beam required 

for sputtering of different materials has been tabulated (table 5.2) 

 

Table 5.2 Threshold energy of deuterium ion beam for sputtering of materials. 

Material W Mo Ni Cu 

Eth(eV) 212 92 39 36 

 

 

The sputtering of the materials depends on the surface binding energy, surface morphology, 

incident ion mass, energy and angle of incidence of ions [Makeev et al. 2004]. Moreover, the 

enhancement of sputtering yield due to the increased surface roughness and the surface temperature 

rise [Mcckacken et al. 1975, Makeev et al. 2004] after successive exposures to plasma focus 

discharges leads to variation in the erosion and the roughness of different samples. The extent of 

surface damage depends on radiation power flux density and the materials physical (density, atomic 

mass, surface binding energy, and lattice displacement energy), thermal (melting and boiling point, 

specific heat, and thermal conductivity) and mechanical (elastic constant, and hardness) properties.  

 

5.1.2.3 X-ray Diffraction analysis 

The X-ray diffraction analysis of the irradiated samples suggests formation of various 

microstructures and structural phase transformation due to the thermal stress and the crystal defects 

(vacancies, interstitials, and lattice dislocations) [Ivanov et al. 2000, Pimenov et al. 2002, Pimenov et 

al. 2008, Singh et al 2008, Feugeas et al. 1988, Morozov et al. 2015]. The structural phases of W, Ni, 

of the SS is observed after multiple irradiations. The diffraction peaks have asymmetrically broadened 

and peak intensit
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estimated using angular shifts in diffraction peaks [Singh et al. 2008]. The changes in d-values of the 

 

 

                             (5.4) 

 From this relation, the strain produced in the crystalline reflection planes of different samples 

is given as 

 

           (5.5) 

The residual stress can be estimated by multiplication of the elastic constant of material with 

the strain produced on the samples after irradiations. The XRD profiles of the W before and after 

irradiations are shown in figs.5.12 (a) and (b) respectively.  

 

 

 

 

 
FIG. 5.12 X-ray diffraction profile of tungsten sample (a) before and (b) after exposed to 20 PF 
discharges. 
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The diffraction peaks belong to body centered cubic (BCC) phase of the W and there are no 

other phases formed after irradiations. The shifts in angular positions are different for different peaks. 

This is possibly due to the non-steady state heat influence into the deeper solid layers and multifold 

recrystallization under exposure to multiple deuterium ions pulses [Ivanov et al. 2000]. The (110) 

diffraction peak shifts by 0.38 deg. i.e. from 40.34 to 40.72 deg. so the corresponding value of strain 

is 0.0078. The elastic constant of the W is 411 GPa and therefore the residual stress is estimated to be 

3.21 

most intense diffraction peaks in the XRD profiles of exposed samples with respect to unexposed 

samples.                                                                   

The XRD profiles of irradiated Ni, Mo and Cu have similar characteristics as shown in figs 

5.13, 5.15 and 5.16 respectively.  

 

 

 

                                                                                                                                                                                        

 

    

 

 
FIG.5.13 X-ray diffraction profile of nickel samples (a) before and (b) after exposed to 20 PF 
discharges. 
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FIG. 5.15 X-ray diffraction profile of molybdenum sample (a) before and (b) after 

exposed to 20 PF discharges. 

 

 
FIG.5.14 X-ray diffraction profile of stainless steel sample (a) before and (b) after exposed to 20 
PF discharges. 
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 The BCC phase of the Mo does not change after irradiations but the diffraction peaks 

corresponding to (200) and (211) reflection planes diminish as seen in the fig.5.15(b). The angular 

position of the (110) diffraction peak is shifted by 0.54 deg. so the corresponding strain value is 0.011. 

The elastic constant of Mo is 329 GPa and therefore residual stress is estimated to be 3.6 GPa. The 

(111) diffraction peaks corresponding to face centered cubic (FCC) phase of Ni and Cu have shifted 

by 0.2 deg. and 0.14 deg respectively. The strain values for Ni and Cu are calculated to be 0.0029 and 

0.0026 respectively. The values of elastic constants for Ni and Cu are 200 GPa and 120 GPa 

respectively and corresponding residual stresses are 0.58 GPa and 0.31 GPa respectively.  

SS sample after irradiations as seen in fig.5.14. The XRD profile of unexposed SS304 sample has 

exposure to twenty shots has

 
FIG. 5.16 X-ray diffraction profile of copper sample (a) before and (b) after exposed to 20 PF 
discharges. 
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 (1   

  (311) are observed due to non-steady state heat influence on the SS sample. 

Ivanov et al. [2000] 

phase in the 10Cr12Mn20W steel and 25Cr12Mn20W steel under the multifold exposures to 

deuterium ion pulses and deuterium plasma streams in dense plasma focus. Morozov et al. [2015] 

observed phase structural transformations in austenitic 18Cr10NiTi SS to martensitic SS upon 

implantation with deuterium ions at atomic concentration (ratio of atomic density of deuterium to 

 0.5. The structural phase transformation is probably due to change in lattice parameters 

of the austenite-ferrite SS as implanted deuterium ions may occupy interstitial lattice sites Moreover, 

shock wave could also result in displacement of atoms into an interstitial position which could trigger 

the phase structural transformations.  (111) diffraction peak is 0.02 deg. and the 

corresponding strain value is 0.0004. The elastic constant value is 193GPa and therefore residual 

stress is estimated to be 0.08 GPa. Therefore, residual stresses after irradiation are  of  0.08 GPa,   

0.31 GPa, 0.58 Gpa, 3.21 GPa and 3.6 GPa for SS, Cu, Ni, W and Mo respectively.  

 
5.1.2.4 EDX analysis   

 

The measurements of elemental content using EDX suggested no change in chemical 

compositions as the deuterium ions largely remain undetected in the EDX measurement. The EDX 

analysis show that elements of the anode material (SS) have deposited over the irradiated samples. 

The reason is that the relativistic electrons having energy up to a few MeV are accelerated in the 

axially downward direction and erode the anode materials. After multiple irradiations, the eroded 

material mix with the melted surface layer in liquid phase and it results in to alloying of sample 

surface layer uniformly. The elemental composition (weight %) of surfaces of different material 

samples before and after irradiations is depicted in table 5.3. 

for all elements. The surfaces of irradiated W, Mo, and Cu contain Ni, Fe and Cr which are alloying 
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elements of the anode material. These elements are not present before irradiation. Similarly, Ni and 

SS form alloy with the anode material after irradiations. The erosion of anode material is attempted to 

reduce by using deep hollow anode. This can further be reduced to a very large extent by inserting 

material having higher threshold for erosion such as tungsten at the tip of the anode.   

 

 

 

 

 

 

 

 

 

 

5.2. Carbon nanostructure formations 

The hot and dense plasma in the focus phase is being used to evaporate materials kept at the 

tip of the anode. The evaporated materials are deposited over substrate and form a thin film over 

substrate. Thin films of elements as well as compound materials are being deposited over any 

substrate in good stoichiometry. Thickness of the thin films or the size of the nanoparticles depend 

strongly on plasma focus parameters such as operation energy, filling gas species and its pressure, 

number of plasma focus deposition shots [R. S. Rawat et al. 2001]. Pan et al. [2009] reported the 

deposition of nanostructured cobalt-platinum (CoPt) on Si using repetitive NX2 device. The CoPt thin 

films was synthesized at various filling hydrogen gas pressures (2, 4, 6 and 8 mbar) at a fixed distance 

of 25 cm from the anode top by 25 deposition shots at 1 Hz repetition rate.  The thicknesses of the 

CoPt thin films deposited at 2, 4, 6 and 8 mbar were measured to be around (94 ± 4.0) nm,               

Table 5.3: Elemental compositions (wt %) of various samples before and after irradiations. 
 
Material  W Mo Cu Ni Fe Mn Cr O C 
Anode  - - - 7.92 69.57 2.16 17.72 - 2.64 

 Before 91.48 - - - - - - 4.66 3.86 
W After 58.53 - - 4.1 26.07 - 7.37 - 3.94 
 Before - - - 100 - - - - - 

Ni After - - - 54.42 33.86 - 8.69 3.03 - 
 Before - - - 8.29 70.28 2.06 17.73 - 1.64 

SS After - - - 7.81 69.49 2.27 18.41 - 2.02 
 Before - 77.18 - - - - - 22.82 - 

Mo After - 65.59 - 3.08 21.88 - 6.05 - 3.40 
 Before - - 94.42 - - - - 2.23 3.35 

Cu After - - 72.23 2.73 16.69 - 4.69 1.34 2.32 
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(58 ± 3.0) nm, (44 ± 2.0) nm and (22 ± 1.0) nm respectively. They correlated the decrease in thickness 

to decrease in focusing efficiency with increasing pressure. J. J. Lin et al. [2008] used 3kJ plasma 

focus device for synthesis of uniform FePt nanoparticles through nano-structuring of pulsed laser 

deposited FePt thin films by single shot H+ irradiation. 

Bhuyan et al. [2007] used plasma focus device for formation of hexagonal silicon-carbide (SiC) 

layer on Si(100) substrate. They irradiated high-energy ion beam on Si (100) substrates using a 1.8 kJ 

plasma focus device operating in methane gas. The interaction of the energetic carbon ions (60 450 

keV) with the Si surface results in the formation of silicon-carbide. Further, the carbon ion beams 

produced in the 1.8 kJ plasma focus device were used for production for sub micrometer-sized carbon 

composite coatings on different substrates including Si (100) and Ti. On Si substrate, a step-bunched 

surface layer of hexagonal SiC or an amorphous carbon layer is formed, depending on the focus 

anode material whereas on Ti, gradient layers of titanium-carbide (TiC) with embedded carbon 

nanostructures were observed. The natural angular anisotropy of the focus ion beams allowed 

investigation of the effect of ion beam characteristic energy and flux on the resulting coatings using 

SEM, EDX, XRD, AFM, AES, and Raman spectroscopy techniques [Bhuyan et al.2010]., 

In present work, PF-2 device is used for deposition of carbon nanostructures on Si substrate. 

The silicon substrate (8 mm x 8 mm x 0.5 mm) is placed at 10 cm axial distance from the anode tip 

and operated with 0.5 mbar of Acetylene (C2H2) gas at 2 kJ. The schematic of setup is shown in fig. 

5.17. The substrate is exposed to 50 shots. In another experiment, graphite rod is inserted in the 

hollow anode and substrate is exposed to 50 shots. In each shot, the ablated graphite material along 

with the chemical precursors such as C2H2+, CH+, C+, etc. get deposited over the substrate. The 

thickness of the deposited films depends on the number of shots. Effect of ablation of graphite, 

angular emission of ions and number of shots are studied by characterizing the deposited thin films. 

The deposited thin films are characterized using SEM, Raman Spectroscopy and EDX. Typical SEM 
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images of thin films deposited using hollow anode and graphite rod inserted anode by 50 shots are 

shown in figs. 5.18(a) and (b) respectively.  

 
 
 
 

 

FIG. 5.18 Typical SEM image of thin films formed over the Si substrate (a) without graphite insert and 
(b) with graphite insert using PF-2 device. 

(a) (b) 

FIG.5.17 Schematic of thin film deposition setup. 
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Clusters of size typically of several hundreds of nm to a few µm are formed using former 

method whereas uniform and smooth thin film is formed using graphite inserted anode. Clusters are 

distributed uniformly over the substrate as seen in fig. 5.18(a). The possible reason of formation of 

clusters is the energetic precursors which deposit and diffuse over the Si substrate to form clusters of 

various sizes. As seen in fig. 5.18(b), uniform thin film of carbon is deposited due to the ablation of 

graphite materials. 

The exposed Si substrates have also been characterized using Raman Spectroscopy. The 

Raman spectrum [figs. 5.19(a) to (b)] suggests that the deposited thin films are of diamond like 

carbon (DLC) with two peaks corresponding to D and G band. The peak characteristics such as 

intensity, peak width, and peak positions are signature of DLC properties. The intensity ratio of the 

two peaks i.e. ID/IG is related to the content of sp3 bonded carbon in the film [Namba et al. 1992, 

Wang et al. 1997, Beeman et al. 1984, Dillon et al. 1984]. The FWHM of the G peak is related to the 

size of the sp2 cluster as well as content of the sp2 bonded carbon. The peak characteristics can be 

determined by de-convolution using multi-peak Lorentzian fitting. It is observed that the position of G 

peak shifts towards lower wave number from 1584 to 1575 cm-1 and the FWHM of G peak decreases 

from 97.6 to 45.7 when deposited using graphite inserted anode.   

 

FIG. 5.19 Typical Raman spectrum of thin films deposited using (a) hollow anode and (b) Graphite 
inserted anode.  

(a) (b) 
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5.3 Assay of nuclear fissile material 

Plasma focus devices as a neutron source have many applications such as neutron activation 

analysis, and short-lived radio-isotope productions. Nuclear activation analysis (NAA) is a non-

destructive method to determine absolute mass of different elements in samples as well as for 

detection of elements present in sub-ppm range. It is independent of form of samples. In this method, 

 1 MeV) and thermal (0.025 eV) neutrons are used to irradiate samples followed by detection of 

reaction products. The decay gamma spectrum is characteristics of a nucleus which allows their 

identification and quantification. Both, prompt and delayed gammas are used for analysis of samples. 

NAA has been used for active assay of nuclear fissile materials [Uranium (235U)] using 

delayed neutron counting [Raoux et al. 2003, Lyoussi et al. 2000, Lakosi et al. 2011] and delayed 

gamma counting [Fisher et al. 1964, Hollas et al. . 1998]. Neutron sources 

normally used are spontaneous fission based neutron source (252 tron 

source (Am-Be, and Pu-Be), fission reactors and particle accelerators (cyclotrons or LINACs). In the 

case of252Cf, the source is stored behind a shielding (for gamma rays and neutrons) and  it is brought 

to the sample for a short period after which it is quickly pushed back to the shield. However, despite 

the shielding, the background neutrons cannot be completely eliminated leading to an increase in the 

detection limit. In the case of the D-T LINAC, the neutron pulse repetition rate (typically few Hz) 

results in the rise and fall of delayed neutron counts during irradiation and hence the de-convolution 

of the decay profile into individual delayed neutron groups is difficult. Plasma focus based neutron 

source is desirable over other neutron sources since it produces high neutrons with short pulse 

duration (several 10s of ns). Therefore, efforts are made by many researchers [Verri et al. 2000, 

Tartari et al. 2002, Gribkov et al. 2010] to see feasibility of plasma focus in the activation of 

substances for their detection and also to produce short-lived isotopes. Such feasibility studies have 

also been carried out in present work as described further. 
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Non-destructive assay (NDA) of 235U in U3O8 samples using MEPF-12 device has been 

performed and reported [Tomar et al. 2013]. Different amounts of U3O8 samples (0.1 to 40 g) 

containing enriched 235U (14.8%) are irradiated separately with (1.2 ± 0.3) x 109 neutrons/pulse 

having pulse duration of (46 ± 5) ns. Subsequently delayed neutrons and/or delayed gammas from 

activated samples are measured using appropriate detectors. The samples are in powder form doubly 

sealed in a polyvinyl chloride (PVC) bag of size 50 x 50 mm2. They are placed inside a cylindrical 

cavity kept along the axial direction. The cavity is made of high density polythene (HDPE) of size: 60 

mm diameter and 30 mm depth. The effective HDPE thickness of 40 mm is used for moderation of 

2.45 MeV neutrons. The delayed neutrons from activated samples are measured using 3He detectors 

coupled to a data acquisition system operating in multichannel scaling (MCS) mode. The schematic of 

experimental setup is shown in fig.5.20. 

 

 

 

 

 

FIG. 5.20 Schematic of the experimental setup for assay of nuclear fissile materials. 
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Fig. 5.21a shows typical temporal spectrum of delayed neutrons from a sample containing   40 

g of U3O8. Fig. 5.21b shows the plot of time integrated delayed neutron counts for 25 s (normalized to 

the neutron yield) as a function of 235U mass. It appears that the time integrated delayed neutron 

counts increase nearly linearly with the 235U content. However, it is best fitted using second order 

polynomial (a + bw + cw2) where a = (12.7 ± 2.5), b = (1308.1 ± 72.6) and c = (-64.6 ± 14.5) and w is 

the mass of 235U.  The detection limit (D) of the system is determined using the formula Dn = Cb,n + 

3 b,n. Here, Cb,n is average background and b,n is standard deviation of the average background. The 

detection limit is found to be 18 mg of 235U.  The detection limit is further expected to be less with 

high neutron yield.  

 In another experiment, delayed gammas from the irradiated U3O8 samples are measured 

[Andola et al. 2014] using NaI(Tl) scintillator detector coupled to a data acquisition system in MCS 

mode. The schematic of experimental setup is shown in fig. 5.20. Fig. 5.22(a) shows the time profile 

of delayed gammas (above 3 MeV) from a sample containing 5 g of U3O8. Fig. 5.22(b) shows time 

FIG. 5.21 (a)Temporal profile of delayed neutron counts (solid line is multi-exponential fit) and (b) 
calibration graph of delayed neutron count rate vs 235U mass with second order polynomial fits. 

(a) (b) 
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integrated delayed gamma counts for 100 s (normalized to the neutron yield) as a function of 235U 

mass. 

 

 

The delayed gamma counts are best fitted using second order polynomial (a + bw + cw2) 

where a = -61.48, b = 7591.6 and c = -881.52.  The detection limit (D) of the system is determined 

using the formula D= C  and it is found to be 14 mg of 235U.  Here, C  and  is the delayed 

gamma radiation background and standard deviation of the background respectively.   

 

5.4 Short-lived Radioisotopes production and half-life measurement  

Various short-lived radio-isotopes [198Au, 56Mn and 165mDy] are produced using MEPF-12 

device and their half-life is estimated from decay gamma spectrum [Rout et al. 2013]. Approximately 

one gram of each samples namely gold-chloride (AuCl3), manganese-oxide (MnO2) and dysprosium-

oxide (Dy2O3) are irradiated using single or multiple shots in MEPF-12 device operated with 

deuterium as the filling gas. The samples are in powder form doubly sealed in a polyvinyl chloride 

(PVC) bag of size 50 x 50 mm2. They are placed inside a cylindrical cavity kept along the axial 

direction. The cavity is made of high density polythene (HDPE) of size: 60 mm diameter and 30 mm 

FIG. 5.22(a)Temporal profile of delayed gamma radiation counts and (b) calibration graph of 
delayed gamma radiation count rate vs 235U mass with second order polynomial fits. 
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depth. The effective HDPE thickness of 40 mm is used for moderation of 2.45 MeV neutrons. The 

decay gammas are measured offline using a NaI(Tl) detector coupled to a calibrated multichannel 

analyzer (MCA). The experimental setup (fig. 5.20) used here is same to that for non-destructive 

assay of fissile materials. The neutron yield in each shot is measured to be (1.2 ± 0.3)  109 

neutrons/pulse with pulse duration of (46 ± 5) ns. 

 The AuCl3 sample is exposed to eight shots. By capturing thermal neutrons, the nuclide 197Au 

transforms into 198Au through the neutron capture reaction 197Au 198Au. The cross-section for 

the nuclear reaction is 98 b. The radioisotope 198Au has a mean lifetime of 2.7 days [Mughabghab 

2003]. It then,  decay, passes to an excited 198Hg which decays to the ground state by emitting 

gamma radiation of 412 keV energy [Be et al., 2008]. Typical time profile and energy spectrum of 

gamma radiations from the irradiated AuCl3 sample are in fig. 5.23 (a) and (b) respectively. The half-

life of 198Au measured from decay gamma counts is 2.84  0.6 days. This is approximately same as 

that of reported half-life of 2.69 days [ Heath 1997]. 

 

 

FIG. 5.23 (a) Energy spectrum and (b) decay gamma counts from decay of 198Au. 

(a) 

(b) 
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 Similarly, for Manganese, the reaction by neutron capture is 55 56Mn with cross-

section of 15 b [Mughabghab 2003]. The 56Mn then decays to 56Fe with half-life of 2.57 h. The energy 

spectrum and temporal profile of decay gammas are measured. Typical energy spectrum and temporal 

profile of decay gammas are shown in fig. 5.24(a) and (b) respectively.  

 

 

As seen in fig. 5.24(a), a characteristic peak at 847 keV corresponds to 56Mn decay [Be et al. 2008]. 

The half-life obtained from the decay profile is 2.56 hrs., approximately same to that of literature 

value of 2.58 hrs [R. L. Heath 1997]. 

The natural dysprosium has seven isotopes: 156Dy, 158Dy, 160Dy, 161Dy, 162Dy, 163Dy, and 164Dy. 

It also has at least 11 metastable isomers, ranging in atomic mass from 140 to 165 and the most stable 

of these is 165mDy which has a half-life of 1.257 min. [Mughabghab 2003]. The 165mDy -decays to 

165Ho (stable). The neutron capture reaction is 165D 165mDy with cross-section of 2100 b. After 

the irradiation, the gamma rays resulting from the decay of 165mDy are measured. A characteristic 

peak is observed at 165 keV [Be et al., 2008] which corresponds to decay of 165mDy. Typical energy 

spectrum and temporal profile of decay gamma rays have been shown in fig. 5.25(a) and (b) 

FIG 5.24 (a) Energy spectrum and (b) decay gamma counts from decay of 56Mn. 

(a) 

(b) 
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respectively. The half-life of 165mDy obtained from the decay profile is 86 s, close to the literature 

value (78 s) [R. L. Heath 1997]. 

 

 

 

 

5.5 Summary and conclusion 

 Plasma focus devices are used for wide range of applications ranging from short-lived 

radioisotope production to study of fusion reactor relevant materials surface damage. The high power 

density ions and plasma produces damages (thermal as well as radiative). The thermal damage 

consists of melting and evaporation as well as micro-cracks due to thermal stress on the surface layer 

of material. The radiation damage consists of sputtering of surface layer as well as various crystalline 

effects such as vacancies, interstitials, pores, bubbles etc. Comparative analysis of surface damages on 

the samples of various materials suggests that they are highly dependent on materials physical, 

thermal as well as mechanical properties. Among the samples studied here, the W has the least and 

the Cu has the most damage in various forms. The reason is attributed to various properties of W such 

FIG. 5.25 (a) Energy spectrum and (b) decay gamma counts from decay of 165mDy. 

(a) 

(b) 
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as the high melting point (3695 K), high threshold for sputtering (212 eV), high elastic constant (411 

GPa) among others. The study reinforces for use of W as the first wall material in ITER fusion reactor.   

 The observed phase transition (ferritic-austenitic to austenitic) in SS is attributed to the fact the 

implanted deuterium atoms occupy interstitial sites which triggers the phase transition. Moreover, 

shock wave could also result in displacement of atoms of alloying elements into an interstitial position 

which could trigger the phase structural transformations. This study shall prove to be useful in 

understanding pulse fusion grade plasma and material interaction and also in predicting various other 

materials behavior in fusion reactor environment. 

Study on deposition of DLC on Si substrate and its characterization further bolsters the 

position of plasma focus device as tool to modify the surface tribological properties through coatings 

of various materials on different substrate materials.  

 Non-destructive assay of 235U in varying masses of U3O8 samples is performed using pulse 

neutrons. Detection of 235U as low as 14 mg using this method proves that plasma focus device can be 

efficiently and effectively used for detection of explosives and illicit materials present in trace amount.  

Feasibility study on production of short-lived radioisotopes (56Mn, 198Au, 165mDy) and their 

half-life measurements proves potential applications of plasma focus devices in producing 

radioisotopes for application in different areas such as for medical applications [Boron Capture 

Neutron Therapy (BCNT)]. 
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Chapter 6 

Summary and Future scope of Studies 

 

6.0 Summary  

The present work includes design, development and characterization of pulsed radiation 

sources based plasma focus devices for applications in different areas. A Faraday cup is indigenously 

designed, developed and characterized for time resolved measurement of ions. Plasma focus devices 

operating at 200 J to 17 kJ are optimized for pulsed radiations including neutrons and ions. The 

parameters like electrodes dimensions, electrodes configurations, insulator, filling pressure as well as 

transmission lines for a given operation energy are optimized for maximum radiation output. By 

multiple iterations of electrodes dimensions, neutrons emissions from a miniature and portable sealed 

tube based device, SPF1-P2, are observed. This device is characterized for neutron emissions for 200 

shots without purging deuterium filling gas between shots. This device has plasma chamber of 

effective volume of  33 cm3 which is smallest among its class of miniature devices.  

Compatibility of plasma focus device for repetitive operation is studied in PF-P5 device. 

Enhancement in time averaged neutron yield is observed by repetitively operating at a repetition rate 

of 10 Hz. Time resolved measurements of neutrons performed using PSD detector revealed that the 

neutrons yield/pulse vary from shot to shot at the same operation conditions but time integrated 

neutron is typically multiplied by number of shots in repetitive operations. The reason may be 

attributed to the fact that the impurities and their effects on plasma sheath are statistically distributed. 

Also, the leakage current may vary in each shot and this results into variation in pinch current (Ip).  

Three different plasma focus devices operating in kilojoule range viz. PF-2, MEPF-12 and 

MEPF-17 have been optimized for radiation emissions as well as to understand the plasma focus 

dynamics. The PF-2 and MEPF-12 devices are assembled using parallel-plate transmission lines 

whereas multiple coaxial cables are used in MEPF-17. The parallel plate transmission lines reduce the 



 

147 
 

overall system inductance as well as they make the whole system compact and transportable. The 

coaxial cables provide the desired flexibility to the plasma focus head. 

The PF-2 and MEPF-12 are characterized as a compact radiation source. Time resolved 

emissions of neutrons and ions are measured in MEPF-12 device. A correlation between neutrons and 

ions is tried to establish at various filling pressures. It is found that the neutron yield varies with 

deuterium pressures but the ion fluence (in axial direction) remains nearly same in filling pressure 

range 1  10 mbar. The possible reason is that the although total ion is same but the velocity 

distribution of deuterium ions varies with filling pressure. The measurements carried out by varying 

operation energies, showed similar characteristics. The ion fluence of typical 14 cm-2 is 

measured using faraday cup signal in MEPF-12 device (11.5 kJ, 499 kA). Similar order of ion fluence 

is measured in PF-2 device (2 kJ, 225 kA) and MEPF-17 device (17 kJ, 506 kA). This reinforces the 

r ions which essentially means that plasma focus devices of 

all the energies have same ion fluence. This means that a similar ion energy spectrum, although at a 

different scale can be achieved with operation energies in the range of sub-kilojoule to megajoule.  

The angular anisotropy in ion emissions is measured using CR39 track detectors in MEPF-12. 

It is found to be more along the electrodes axis than in the perpendicular directions and it also varies 

with filling pressure. This is assumed to be the main reason of anisotropy in neutron yield and their 

energy. To further confirm, anisotropies in neutron yield/energy i.e. ratio of neutron yield/ energy in 

the axial to that in the radial direction were measured in MEPF-17 device by varying the filling 

pressures at 17 kJ. It was observed that the anisotropy factor for neutron yield and neutron energy was 

(1.33 ± 0.18) and (1.35 ± 0.09) respectively. This suggests that the mechanism of neutron emission is 

predominantly a beam-target phenomenon, in conformity with other reports. 

Samples of different materials (W, Mo, Cu, Ni and SS304) have been exposed to fusion grade 

plasma in the MEPF-12 device. The combined effects of ions, neutrons, plasma streams, X-rays on 

the surfaces of the above samples have been studied. They are expected to produce damages in the 
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sample under irradiation (thermal as well as radiative). The thermal damage consists of melting and 

evaporation as well as micro-cracks due to thermal stress on the surface layer of material. The 

radiation damage consists of sputtering of surface layer as well as various crystalline effects such as 

vacancies, interstitials, pores, bubbles etc. Comparative analysis of surface damages on the samples of 

various materials suggests that they are highly dependent on materials physical, thermal as well as 

mechanical properties. Among the samples studied here, the W has the least and the Cu has the most 

damage in various forms. The reason is attributed to various properties of W such as the high melting 

point (3695 K), high threshold for sputtering (212 eV), high elastic constant (411 GPa) among others. 

The study reinforce for use of W as the first wall material in ITER fusion reactor.        

 The observed phase transition (ferritic-austenitic to austenitic) in SS is attributed to the fact the 

implanted deuterium atoms occupy interstitial sites which triggers the phase transition. Moreover, 

shock wave could also result in displacement of atoms of alloying elements into an interstitial position 

which could trigger the phase structural transformations. This study shall prove to be useful in 

understanding pulse fusion grade plasma and material interaction and also in predicting various other 

materials behavior in fusion reactor environment. 

 Study on deposition of DLC on Si substrate and its characterization further bolsters the 

position of plasma focus device as tool to modify the surface tribological properties through coatings 

of various materials on different substrate materials.  

 Non-destructive assay of 235U in varying masses of U3O8 samples is performed using pulse 

neutrons. Detection of 235U as low as 14 mg using this method proves that plasma focus device can be 

efficiently and effectively used for detection of explosives and illicit materials present in trace 

amounts.  

 Feasibility study on production of short-lived radioisotopes (56Mn, 198Au, 165mDy) and their 

half-life measurements proves potential applications of plasma focus devices in producing 
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radioisotopes for application in different areas such as for medical applications [Boron Capture 

Neutron Therapy (BCNT)]. 

6.1 Future scope of studies 

Ion fluence is observed to be nearly same for three different plasma focus devices PF-2, 

MEPF-12 and MEPF-17. Also, it is seen to be nearly independent of filling pressures and operation 

energies. The anisotropy in ions can be studied in different plasma focus devices and effects of filling 

pressures and operation energies on them can be studied further. Deuterium ion acceleration and their 

propagation in the thermal plasma and background neutral gas can further be studied. This will be 

useful in understanding accelerated ion-plasma interactions, effects of collisions with neutrals/ 

thermal plasma on the ion energy spectrum and range of ions and for estimating the neutron emission 

per unit path length traversed by deuterium ions in the pinch plasma and background plasma.  

Interaction of pulsed ions with materials can be studied further to understand the structural 

phase transformation mechanism in stainless steel sample. The ions of different species can be 

produced and accelerated to high energies in the plasma focus devices. They can be used in 

implantation into surfaces of different material and improve their surface tribological properties 

important for many commercial applications. The transformation in structural phase of SS sample 

needs to be probed in detail to understand its mechanism as well as to induce phase transformations in 

other materials useful for many applications.  

Applications of energetic ions may further be used for production of radioisotopes useful for 

medical applications and measurement of their half-lives.   

 


