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Synopsis 

 

This thesis investigates the diamagnetism in laser-produced plasma. The study of 

laser-produced plasmas in the presence of external magnetic field is useful to 

understand several important physical phenomena such as conversion of kinetic 

energy into plasma thermal energy, plume confinement, ion acceleration/deceleration, 

emission enhancement/decrease, and plasma instabilities. It is also important for many 

advanced research such as tokamak plasma, study of artificial comet, propulsion of 

space vehicles using laser ablation, investigation of acceleration of stellar winds, 

laboratory plasmas, increase in the detection sensitivity of laser-induced breakdown 

spectroscopy [1], manipulation of plasma plume in pulse laser deposition [2-4], debris 

mitigation [5] etc. Several researchers have tried to understand the plasma plume-

magnetic field interactions in vacuum and presence of background gas pressure with 

uniform [6] and non-uniform magnetic field [7]. They have observed various 

phenomena like the formation of diamagnetic cavity and flute-like structures [8, 9], 

plasma oscillations [10], edge instability and dramatic structuring [11, 12] and sub-

Alfvenic plasma expansion [13]. 

 Apart from the above, the dynamics of plasma plume is influenced 

significantly in the presence of external magnetic field and therefore it is useful to 

control the dynamic properties of highly transient plasma plume. The manipulation of 

geometrical shape, size and dynamics of plasma plume by the introduction of the 

external magnetic field has great importance in applied research and also in 

fundamental studies. Due to initial conversion of thermal energy into directed energy, 

the sum of directed pressure and thermal pressure of plasma plume is much larger than 

the magnetic pressure (that is plasma beta > 1). As the time evolves, electron 



 

 vi 

 

temperature and density of the plasma plume decrease rapidly resulting in a decrease 

in plasma beta with time. Therefore, two different approaches have been taken to 

explain the dynamics of laser-produced plasma across the transverse magnetic field. In 

the first approach expansion of the plasma plume is treated as expansion in the 

diamagnetic limit where the applied magnetic field is displaced by the induced 

magnetic field due to the diamagnetic current in plasma, and the plasma plume 

experiences the decelerating force. In the second approach, it is considered that 

external magnetic field is diffused in the plasma plume and produces polarized electric 

field (due to the deflection of electrons and ions in opposite direction), perpendicular 

to both the expansion direction and the magnetic field. In this case plasma plume 

experiences the E×B field and drifts in the axial direction. However, in most of the 

previous experiments with nanosecond laser and moderate laser energy (up to few 

hundred mJ) [14], the dynamics of the plasma plume across the magnetic field is 

explained in terms of J×B interaction induced by the diamagnetic behaviour of plasma 

plume. The E×B drift of the laser plasma and the field aligned instability (striation-

like structure) is largely ignored in the reported work in the case of a moderate 

magnetic field (< 1 T) and the ablating laser energy of the order of few hundred mJ. 

Also, the systematic experimental observation of the formation of diamagnetism of 

the plasma plume and its transition into the non-diamagnetic limit (diffused magnetic 

field) is scarce in the literature. Here it should be noted that most of the previous 

experiments have been performed with permanent bar magnets where plume imaging 

along the magnetic field lines is not possible because of experimental constraints. The 

plume structure in a magnetic field is highly asymmetrical, and therefore, complete 

geometrical information of the plume, especially the structure of the induced 
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diamagnetic cavity cannot be extracted from plume images projected across the 

magnetic field direction.  

In view of the above, in the thesis work we have systematically investigated 

the expansion of transient plasma plume in diamagnetic limit followed by the drift 

across the polarized electric field. Emphasis is given on the experimental 

demonstration of the formation, evolution and three dimensional structure of the 

diamagnetic cavity in different experimental conditions. A new model for the three 

dimensional structure of diamagnetic cavity has been proposed based on the 

projections of plume images in two perpendicular planes. The validity of the different 

theoretical models, which are responsible for observed results, has also been 

discussed. 

In this work, we have used fast imaging method, optical emission spectroscopy 

and B-dot probe for characterization of the laser-produced plasma plume in the 

presence of magnetic field. An Nd:YAG laser (λ = 1064  nm, 8 ns pulse width) of 1.6 

J maximum pulse energy has been used to ablate the metallic targets. By varying the 

laser energy of focused beam of diameter 1.0 mm, we had set the laser fluence in the 

range of 19.1 - 38.2 J/cm2 on the target surface. Experiments have been performed 

with the both fixed magnetic field (using NdFeB permanent bar magnets) and variable 

magnetic fields (using Helmholtz coil). Also a three-axis, high-frequency, B-dot probe 

has been designed to study the diamagnetism of laser-produced plasma. A wide range 

of target materials having low and high atomic number e.g. carbon, aluminium, nickel 

and tungsten have been used for this study.  

The thesis is organized into seven chapters as outlined below. 
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Organization of the thesis 

Chapter 1: Introduction 

This chapter presents a brief introduction of basic physics of laser-produced plasma 

and its interaction with the external magnetic field. A detailed literature survey related 

to this field has also been incorporated in this chapter. This review is followed by 

motivation and the objective of the thesis research work.  

Chapter 2: Experimental scheme  

The laser-produced plasma is created in a multi-port cylindrical non-magnetic 

stainless steel chamber, which is evacuated by rotary pump and turbomolecular pump 

to a base pressure less than 10−6 Torr. An Nd:YAG laser (λ =1064  nm, 8 ns pulse 

width) of 1.6 J maximum pulse energy is used to ablate the metallic target. By varying 

the laser energy of focused beam of diameter 1.0 mm we set the laser fluence in the 

range of 19.1 - 38.2 J/cm2 on the target surface. Two different schemes of uniform 

magnetic field generation have been employed for the present study. In the first 

scheme, a uniform magnetic trap was made by two rectangular NdFeB permanent 

magnets having dimensions 38 mm height, 76 mm length and 76 mm width. A non-

magnetic stainless steel structure holds the magnets parallel to each other with 30 mm 

separation, which produces ~ 0.45 T uniform magnetic field [15]. In the second 

scheme, a Helmholtz coil along with the capacitor bank based pulse power system [16, 

17] has been used to produce variable magnetic field varying from 0 to 0.57 T. The 

flat-top (uniformity) of the variable magnetic field was ~ 40 μs. The targets were in 

the form of plates of thickness 1-3 mm and were mounted on a movable target holder 

through a vacuum compatible feed-through and were placed in between the magnet 

bars/Helmholtz coils. A high speed gated intensified CCD camera has been used for 

time-resolved fast imaging of electronically excited plume species. Optical Emission 
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Spectroscopy (OES) is used to measure electron temperature and electron density.  

For that, the emitted light is viewed normal to the expansion direction through double-

lens telescopic arrangement and fed at the entrance slit of the spectrometer (Acton 

SP2500A). A micro-controller based time control unit has been used to trigger the 

camera and spectrometer in synchronous with the laser pulse. An indigenously built 

three-axis, high-frequency B-dot probe is used to verify the diamagnetism of laser-

produced plasma. 

Chapter 3: Dynamical behavior of plasma plume across the transverse magnetic 

field 

The dynamical and geometrical behavior of laser produced aluminium plasma across 

the 0.45 T magnetic field produced by two NdFeB permanent magnet bars have been 

investigated using time-resolved fast imaging technique. In this experiment, the laser 

energy is set as 300 mJ. Several distinct features have been observed related to the 

axial and radial expansion of the plume, splitting pattern and geometrical formation 

which are significantly different from the reported results for similar kind of 

experiments. It has been observed that expanding plume experiences a resistive force 

and approaches the stagnation limit. Stagnation condition is maintained for some time 

and there-after plume begins to expand with uniform velocity. The above observations 

are explained on the basis of the temporal behavior of diamagnetism of laser plasma 

and E×B drift of bulk plasma across the diffused field. The estimated field diffusion 

time and confinement radius well support the above interpretation. Well-separated 

intensity columns, which are probably due to the velocity sheer driven instability, 

have been observed at the leading portion of the plume. Also, singular value 

decomposition (SVD) analysis of the image data matrix shows the structured profile 

of the bulk plasma along the applied field lines, which is not visible in the plume 
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images. Further, unique slab like splitting is observed in the presence of magnetic 

field and ambient gas. The leading component experienced the resistive force whereas 

trailing portion expanded freely. As a consequence, both components merged together 

and produced uniform density distribution in the transverse direction. Uniform 

intensity distribution in a large volume and almost flat expansion of the plume is an 

important observation which can be utilized in large area thin film deposition. In brief, 

the above study provides some additional information regarding the plasma dynamics 

in magnetic field. This work has been published in N. Behera et al., Phys. Lett. A 379 

(37), 2215-2220 (2015) [15], N. Behera et al., Proceedings of the DAE-BRNS National 

Laser Symposium 23, CP-07-15 (2014) and N. Behera et al., Proceedings of the DAE-

BRNS National Laser Symposium 25, CP-7.20 (2016). 

Chapter 4: Two directional fast imaging of plasma plume in variable magnetic 

field 

A new experimental setup, which consists of a pulse magnetic field system, has been 

developed to capture the different phases of expanding plasma plume across the 

transverse magnetic field, varying from 0 to 0.57 T. In this experiment, the laser 

energy is set as 150 mJ. Two internally synchronized ICCD cameras mounted in the 

orthogonal direction have been used to record the two directional projections (across 

and along the magnetic field directions) of the plasma plume. The plume takes the 

conventional ellipsoidal shape in the absence of a magnetic field. Well-defined cavity-

like structures have been observed in a plane perpendicular to the field direction, 

which is dominant at the early stage of the plasma and comparatively lower magnetic 

fields. As the time evolves, the cavity changes to jet/cone-like structures, which in 

turn change to slab-like structures with a further increase in time delay. On the other 

hand, well-separated intensity columns (striation-like structures) appeared in a plane 
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parallel to the magnetic field direction, which are more apparent at a higher magnetic 

field. Based on the projections of plume images in two perpendicular planes, the three 

dimensional structure of the plasma plume is modelled as an elliptical cylinder-like 

structure. The time dependence of dynamics and geometry of the plasma plume in the 

presence of a magnetic field are correlated with the expansion in diamagnetic and 

non-diamagnetic regimes. The striation-like structures are dominant at comparatively 

higher delay times and higher magnetic fields, which are related to electron-ion hybrid 

instability at higher magnetic fields [17]. These findings have been published in N. 

Behera et al., Phys. Plasmas 24 (3), 033511 (2017) [16] and N. Behera et. al., in 

Frontiers in Optics / Laser Science, OSA Technical Digest (Optical Society of 

America, 2018), paper JW3A.37. 

Chapter 5: Study of diamagnetism using B-dot probe   

When the plasma plume interacts with the external magnetic field, a current on its 

surface is produced which induces a time-varying magnetic field. The presence of 

diamagnetism in laser plasma can be verified by measuring this induced magnetic 

field. B-dot probe is commonly used to measure the time-varying magnetic field [18]. 

But major challenges involve in probe designing are probe should response to the 

desired frequency range, the size of the probe should be smaller than the Larmor 

radius and it should sensitive to the desired magnetic fields range. In the present case, 

the external magnetic field strength is 0 - 0.57 T and the electron temperature and 

density are 1.74 eV and 2.6 × 1022 m-3 respectively. The estimated ion Larmor radii 

are 3.5-20 cm. We observed the duration of diamagnetic cavitization is in order of 

200-1000 ns. Therefore, the probe should response for few MHz range. Based on the 

above considerations we have designed a three-axis, high-frequency magnetic probe. 

It is made of two twisted copper wires of Gauge 40 wound on a 3.2 mm G10 cube. 
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Each axis has two loops with 5 turns are connected in opposite direction to cancel 

capacitive pick-up, reduce the stray noise etc. Coil area, number of turns, self-

inductance and shielding are carefully optimized to achieve the accurate measurement 

of the magnetic field with the reduced noise level. A separate differential amplifier 

having variable gain is indigenously designed for the present requirement. We have 

ensured the response of the probe up to 10 MHz. Further, the probe is calibrated at 

1.27 MHz using a circular inductor of 22 mm radius, made by 10 turns of 0.8 mm 

thick copper wire. Here the magnetic field is produced by a pulsed power system 

using 2 nF capacitor discharge. The designed B-dot probe is placed at the expected 

diamagnetic cavity, which can measure the resultant magnetic field (ΔB) in this 

region. The measured ΔB for different applied magnetic field and it was found to be ~ 

10 G, which indicates the diamagnetism of plasma plume. A manuscript is to be 

submitted for publication in N.  Behera et al., refereed journal. 

Chapter 6: Material dependent diamagnetic cavitization of laser-produced 

plasma 

Z-dependent plasma plumes and its interaction with magnetic field play in important 

role in various research such as laboratory astrophysics, tokomak diagnostics and 

laser-driven inertial fusion.  In view of above, we have studied the dynamics and 

structural behaviour of plasma plume generated by low and high atomic number 

targets in presence of transverse magnetic field. Carbon (Z = 6), aluminium (Z = 13), 

nickel (Z = 28) and tungsten (Z = 74) have been taken for this study. By comparing 

the plume images of different Z-materials in identical experimental condition, it has 

been observed that plume geometrical shape, velocity, striation pattern, formation and 

shape of the diamagnetic cavity and its evolution is highly dependent on the target 

material. We have observed the expansion velocities of plasmas of metallic target 
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decrease with the increase of Z-number. The diamagnetic cavity exists for a longer 

time, and its width is smaller for high Z-materials (e.g. W) as compared to the low Z-

materials (e.g. Al).  As the time evolved, the cavity changed to jet/cone-like structure 

which in turn changes to the slab-like structure at an earlier time in case of low Z-

material, this means magnetic diffusion time is less for low Z-materials as compared 

high Z-materials. Moreover, the number of magnetic striations is more and closely 

spaced in high Z-materials in comparison to low Z-materials where the striation is 

broader and well-separated. The validity of various plasma instabilities, which are 

responsible for observed density pattern (striation), has been also been discussed. On 

the other hand, carbon plasma is showing a dramatic behaviour in presence of 

magnetic field. Instead of well-defined cavity structure as in case of other metallic 

target, a Y-shaped symmetrical bifurcation is observed in the presence of magnetic 

field. Also we could not see any striation-like structure. Here it should be noted that 

electron temperature is weakly dependent on the metallic target-to-target (~1.5-2 eV) 

for laser-produced plasma. Therefore, for a fixed magnetic field and laser energy (with 

the general approximation that 50% of laser energy is utilized for plasma formation), 

classical cavity radius and magnetic diffusion time is independent of target materials, 

which contradict the present experimental observation. So detailed theoretical 

modeling with modified Z-dependent plasma motion and energy equation are required 

to explain the present observations. Above results are to be submitted for publication 

in N. Behera et al., refereed journal. 

Chapter 7: Conclusion and future scope 

The major outcomes of the thesis research work have been summarized below: 

Systematic experimental investigations have been performed to study the dynamical 

and geometrical behaviours of laser-produced plasmas across the transverse magnetic 
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field. Time-resolved emission spectroscopy, fast imaging and high frequency 

magnetic probe have been used to characterize the expanding plasma plume. Both 

permanent bar magnets and Helmholtz coils are utilize to produce uniform magnetic 

field.  

 In a presence of fix transverse magnetic field, plasma plume experience the 

resistive force due to magnetic pressure and tends to stagnation near magnetic 

diffusion time. Thereafter magnetic field diffuses into the plasma plume and hence the 

plasma plume re-expands linearly under the influence of polarized electric field (E × 

B drift). Interestingly, in presence of both magnetic field and ambient gas, plume 

expands with uniform intensity distribution in large area (extended up to separation 

between the magnets) which can be utilized in film deposition technique. 

Geometrical aspect of the evolving plasma plume along and across the 

magnetic field lines have been investigated by with indigenously designed setup based 

on Helmholtz coil and mutually synchronized two gated ICCD cameras. Time and 

field strength dependence of diamagnetism of laser produced plasma, that is formation 

and shape of diamagnetic cavity, cavity collapse and E × B drift of bulk plasma is 

experimentally demonstrated.  Observes plasma structure such as, elliptical cylinder, 

jet and finally slab-like structure in different phases of expansion is correlated with 

time varying plasma parameters and field diffusion into the plasma plume. Existence 

of plasma instability which is responsible for striation like structure is also discussed.  

 Diamagnetism of laser-produced plasma is also validated by indigenously 

designed three-axis, high-frequency B-dot probe. Further material dependence of 

plume expansion across the magnetic field, produced by low and high atomic number 

targets (C, Al, Ni and W) is thoroughly studied. It has been observed that formation 

and structure of diamagnetic cavity and its temporal evolution and dismissal is highly 
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dependent of the target material. Un-conventional behaviour of carbon plasma that is, 

instead of formation of diamagnetic cavity, a Y-shaped symmetrical bifurcation in 

presence of magnetic field is also discussed. 

Future scope: This work can be extended for studying laser-produced plasma plume 

in presence of axial magnetic field and also plasma plume expansion in non-uniform 

magnetic field. It could be utilizing for the expansion of barium cloud in upper 

atmosphere, improve the sensitivity of laser-induced  breakdown spectroscopy 

(LIBS), effect of external magnetic field in pulsed laser deposition, manipulation of 

shape and size of plasma plume etc. 
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Introduction 

This chapter presents an introduction to basic plasma, physics of laser-produced 

plasma and its interaction with the external magnetic field. A brief introduction of 

plasma parameters relevant to the present study has been included. A detailed 

literature survey related to this field has also been incorporated in this chapter. This 

review is followed by motivation and the objective of the thesis research work. 
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1.1 Plasma 

A plasma is a quasineutral gas of charged and neutral particles which exhibits 

collective behaviour [1]. As the charges in the plasma moves around, they can 

generate local concentrations of positive or negative charge, which create electric 

fields. Motion of charged particles also generates currents and hence magnetic fields. 

These fields affects the motion of other far away charged particles. So by “collective” 

behaviour means the motion which depends on both local conditions and state of 

plasma in the remote regions [1]. 

1.1.1 Concept of temperature 

A plasma in thermal equilibrium has particles of all velocities, and the most probable 

distribution of these velocities is known as the Maxwellian distribution [1].  

The one-dimensional Maxwellian distribution is given by 

𝑓(𝑢) = 𝐴 exp(−

1

2
𝑚𝑢2

𝐾𝑇
) 

(1.1) 

where f du is the number of particles per m3 with velocity between u and u + du, ½ 

mu2 is the kinetic energy, and K is Boltzmann’s constant. 

The density n (number of particles per m3) is given by 

𝑛 =  ∫ 𝑓(𝑢)𝑑𝑢
∞

−∞

 
(1.2) 

The constant A is related to the density n by  

𝐴 = 𝑛 (
𝑚

2𝜋𝐾𝑇
) 

(1.3) 

The width of the distribution is characterized by the constant T (temperature of 

plasma). 

The average kinetic energy of the particle in this distribution is 

𝐸𝑎𝑣 =
1

2
𝐾𝑇 

(1.4) 
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In three dimensions, average kinetic energy of the particle in Maxwellian distribution 

is  

𝐸𝑎𝑣 =
3

2
𝐾𝑇 

(1.5) 

Hence Eav equal to ½ KT per degree of freedom. Thus temperature T may be 

considered as a measure of the means kinetic energy of the random thermal motion of 

particles. As T and Eav are closely related, the plasma temperature is generally 

expressed in units of energy (eV). 

1.1.2 Debye shielding 

A fundamental characteristic of the behaviour of a plasma is its ability to shield out 

electric fields that are applied to it [1]. A positive test charge at certain place (x = 0) 

inside a plasma is shielded by the accumulation of negative charges and it decreases 

with distance as 

Ф =  Ф0𝑒
−

|𝑥|

𝜆𝐷   
(1.6) 

where Ф0 is the potential Ф on the plane x = 0 and 

λD = √ 
𝜖0𝐾𝑇𝑒

𝑛𝑒2
  

(1.7) 

here n is electron number density and Te is the electron temperature. 

The test charge is shielded by the plasma particles situated in a sphere of radius λD. 

The test charge interacts only with these particles and it has negligible influence on 

particles lying at distance |x| > λD. The quantity λD called Debye length and sphere of 

radius λD is called Debye sphere. The Debye length is a fundamental unit of length in 

plasma physics and is a measure of the shielding distance or thickness of the sheath. 

1.1.3 Quasi-neutrality in plasma 

Plasma as a whole electrically neutral but this neutrality may not be maintained over 

microscopic regions. If the dimension L of a system is much larger than λD (L ≫ λD), 
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then whenever local concentrations of charge arise or external potentials are 

introduced into the system, these are shielded out in a distance short compared with L, 

leaving the bulk of the plasma free of large electric potentials or fields. The plasma is 

‘quasineutral’ means neutral enough so that one can take ni ≈ ne ≈ n, where ni is ion 

number density, ne is electron number density and n is plasma density, but not so 

neutral that all the interesting electromagnetic forces vanish [1]. 

1.1.4 Criteria for ionised gas to be plasma 

A criterion for an ionised gas to be a plasma is that it should be enough dense so that 

λD is much smaller than dimension of a system L [1]. 

λD ≪ 𝐿 (1.8) 

Another condition for an ionised gas to be called a plasma is that there should be 

enough charged particles in the Debye sphere for Debye shielding. 

The number of particles in a Debye sphere is  

𝑁𝐷 = 𝑛
4

3
𝜋λD

3 = 1.38 × 106
𝑇3/2

𝑛1/2
 (𝑇 𝑖𝑛 °𝐾) 

(1.9) 

Hence collective behaviour requires, 

𝑁𝐷 ≫> 1 (1.10) 

The third condition is related with collisions. In the weakly ionized gas charged 

particles collide so frequently with neutral atoms that their motion is controlled by 

ordinary hydrodynamic forces rather than by electromagnetic forces. So it does not 

qualify as a plasma. Therefore, for an ionised gas to be a plasma, the period of typical 

plasma oscillation must be much smaller than mean time between collisions with 

neutral atoms (τ). So plasma requires,  

𝜔𝑝𝜏 > 1 (1.11) 

where ωp is the frequency of typical plasma oscillation. 

Hence, the three conditions a plasma must satisfy are: 
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(1) λD ≪ L 

(2) ND ≫> 1 

(3) ωp𝜏  > 1 

1.1.5 Plasma frequency 

If the electrons in the plasma are displaced from a uniform background of ions, 

electric fields will be built up in such a direction as to restore the neutrality of 

theplasma by pulling the electrons back to their original positions. Because of their 

inertia, the electrons will overshoot and oscillate around their equilibrium 

positionswith a characteristic frequency known as the plasma frequency. This 

oscillation is so fast that the massive ions do not have time to respond to the 

oscillating field and may be considered as fixed. 

The expression for plasma frequency (ωp) is 

𝜔𝑝 = (
𝑛0𝑒2

𝜖0𝑚
)

1/2

 

 

(1.12) 

Numerically, the approximate formula is 

𝜔𝑝

2
=  𝑓𝑝 ≈  9√𝑛0 

(1.13) 

This frequency depends on only the plasma density (n0) and it is one of the 

fundamental parameters of the plasma. Example, if ne = 1018 m-3 then fp = 9 GHz. 

Radiation at fp normally lies in the microwave range [1]. 

1.2 Laser-produced plasma 

When a high-intensity laser pulse is incident on a target material, it causes 

heating, melting and vaporization of the surface layers and results hot expanding 

plasma. This transient plasma is known as laser-produced plasma or laser-induced 

plasma or simply plasma plume. As laser-produced plasma is the result of the 
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interaction of laser with the material, so its properties depend on both, the laser 

parameters and the material properties of the target. The laser parameters such as laser 

wavelength, pulse duration, pulse shape, intensity of laser etc., and the properties of 

the material such as, absorption, reflection, atomic number of target materials etc. 

significantly affects the properties of the induced plasma. Typically, the plasma is 

produced by nanosecond, picosecond and femtosecond lasers. As far as the target 

materials are concerned, all types of solids, liquids and gases are used [2-7]. 

 The laser-produced plasma is widely studied due to its potential applications in 

various areas like inertial confinement fusion (ICF), X-ray lasers, extreme ultra-violet 

(EUV) lithography, material processing, plasma diagnostics, tokamaks, space 

applications and pulsed laser deposition etc. [8-18]. Many experimental, theoretical 

and simulation-based studies have been carried out in the last few decades to 

understand the fundamental physics involved with it and to use it for applications [2-

7]. Laser interaction with matter is one of the most important and complex 

phenomena. The complex mechanism of laser plasma formation which basically 

involves several stages of laser-matter interaction should be understood properly and 

it is explained in the section below. 

1.3 Physics of laser plasma formation 

The formation of laser-produced plasma is a multi-step mechanism [3-5]. In the first 

stage, the high-intensity laser pulse falls on the target surface. A part of the laser 

energy got reflected back and rest is absorbed by the target. The heating rate and the 

surface temperature are defined by absorption and reflection coefficients, thermal 

conductivity and the specific heat of the target material. After a period of tens of 

picoseconds, the electrons and atoms in the solid equilibrate which leads to a strong 

heating of the irradiated volume. In this stage, laser-solid interactions are dominant. In 

the second stage, the material from the heated volume is ejected from the solid but 
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continue to absorb energy from the laser, resulting in the formation of a thin layer 

ionized vapor on the surface of the target. This is the laser-produced plasma. In this 

stage, laser-plasma interactions are dominant. In the plasma, the absorption of laser 

primarily occurs by an inverse Bremsstrahlung process [5], which involves the 

absorption of a photon by a free electron. The absorption coefficient αp of the plasma 

can be expressed as 

𝛼𝑝  =  3.69 × 108  (
𝑍3𝑛𝑖

2

𝑇0.5𝑣3
) (1 − 𝑒

−ℎ𝑣

𝑘𝑇 ) 
(1.14) 

where Z, ni, and T are the average charge, ion density, and temperature of the plasma 

and h, k, and v are the Planck constant, Boltzmann constant, and frequency of the laser 

light, respectively. The laser energy is highly absorbed if (αpX) is large, where X is 

the dimension perpendicular to the target of the expanding plasma. This equation 

shows that the absorption coefficient of the plasma is proportional to ni
2. Thus, the 

plasma absorbs the incident laser radiation only at distances very close to the target 

where the densities of the charged particles are very high. In this equation, we have 

assumed that the plasma frequency is smaller than the frequency of the laser 

wavelength; otherwise, all the radiation would be reflected by the plasma [5]. The 

pulse duration and hence intensity of laser pulse play major role in material removal 

and plasma formation process as schematically shown in Fig. 1.1. 
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Fig. 1.1. The impact of intensity on the effect of the laser beam [19]. 

The third stage starts after the termination of the laser pulse. In this stage, the 

plasma expands into mediums like vacuum, background gas, background uniform or 

non-uniform magnetic field. So the plasma dynamics is effectively controlled by both 

plasma parameters as well as the nature expanding mediums. 

1.4 Plasma plume in vacuum 

In vacuum, the laser-produced plasma expands adiabatically and the Euler 

equations of hydrodynamics adequately describe the expansion process. The gas 

dynamics equations (conservation of mass density, momentum and energy equations) 

[6, 21] are: 

𝜕𝜌

𝜕𝑡
= − 

𝜕(𝜌𝑣)

𝜕𝑥
 

(1.15) 

𝜕(𝜌𝑣)

𝜕𝑡
=  − 

𝜕

𝜕𝑥
[𝑝 + 𝜌𝑣2] 

(1.16) 

𝜕

𝜕𝑡
[𝜌 (𝐸𝑑 +  

𝑣2

2
)] =  −

𝜕

𝜕𝑥
[𝜌𝑣 (𝐸𝑑 +  

𝑝

𝜌
+

𝑣

2

2

)] + 𝛼𝐼𝐵𝐼𝑙𝑎𝑠𝑒𝑟 − 𝜖𝑟𝑎𝑑 
(1.17) 
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Here, ρ is the mass density, v is the flow velocity, p is the local pressure, Ed is the 

internal energy density, Ilaser is the laser irradiance, αIB stands for the absorption 

coefficient due to inverse Bremsstrahlung, which is a function of position in the plume 

and ϵrad is the amount of energy emitted by the vapor per unit volume and time in the 

Bremsstrahlung process. This theory governing plasma expansion can be used for 

both ns and fs laser ablation.  

The expression for expansion velocity [20, 21] is  

𝑣 =  √
(4𝛾 + 10)𝐸

3𝑀
 

(1.18) 

Here, E is the energy of the plume, M is the mass evaporated and γ is the ratio of 

specific heats or heat capacity ratio. So the plasma expands linearly with a constant 

velocity in vacuum. This is also supported by several experimental and simulation 

studies. This is owing to the fact that, at very low pressure, the mean free path of the 

gas molecules is very large so that there is not much interaction between the 

expanding plasma and the ambient gas. 

1.5 Plasma plume in background gas 

When the expansion takes place in ambient gas, the resistive force of the 

ambient gas controls the expansion dynamics of plasma plume. There are two models 

to explain the dynamics of laser-produced plasma in the presence of an ambient gas. 

1.5.1 Shock wave model 

The plume expansion in the high background pressure can be explained by 

shock wave model [22-24]. In the high pressure, as the plume expands the mass of the 

background gas becomes more than that of the plasma plume and this results the 

formation of a shock between the two which propagates according to the blast wave 

model given by the relation 
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𝑅 =  𝜉0(
𝐸0

𝜌0
)1/5𝑡2/5 

(1.19) 

where R is the position of the plume front at a time t, ξ0 is a dimensionless constant 

depending on the specific heat capacity of the gas, ρ0 is the density of background gas 

and E0 is the energy released during the ablation of the target to the background gas.  

1.5.2 Drag force model 

On the other hand, the plume expansion in the low background pressure can be 

explained by drag force model [22-24]. At low background pressure, the mass of the 

plasma plume is more than that of background gas and the plume experiences a 

viscous force proportional to its velocity in the background gas. Hence the drag force 

model shows better agreement at earlier time. According to this model, the position of 

the plume front at a time t is given by the relation, 

𝑧 =  𝑧𝑓[1 − exp(−𝛽𝑡)] (1.20) 

where z is the position of the plume front at time t, zf (= v0/ β) is the stopping distance 

of the plume, β is the slowing coefficient and v0 is the initial expansion velocity of the 

plume front. 

1.6 Plasma plume in transverse magnetic field 

1.6.1 Plasma parameters in magnetic field 

In order to understand the dynamics of plasma plume in magnetic field, we need to 

understand and evaluate the various relevant parameters as discussed below. 

1.6.1.1 Larmor radius (Gyroradius or cyclotron radius) 

The Larmor radius of a charged particle is defined as the radius of the circular motion 

of a charged particle in the presence of a uniform magnetic field [1]. The expression 

for Larmor radius (r) is 

𝒓 =  
𝒎𝒗⊥

|𝒒|𝑩
 

(1.21) 
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where m is the mass of the charge particle, v⊥ is the component of the velocity 

perpendicular to the direction of the magnetic field, q is the electric charge of the 

particle, and B is the strength of the magnetic field.  

The plasma dynamics in the presence of a uniform magnetic field depends on 

Larmor radius and the scale length of the plasma. When the Larmor radius of the 

plasma is comparable or greater than the scale length of the plasma, then the plasma 

can be treated as unmagnetized otherwise magnetized. In laser-produced plasma, the 

Larmor radius for ions and electrons are greater and smaller than the plume dimension 

respectively. Therefore, the ions and electrons can be considered as unmagnetized and 

magnetized respectively. 

1.6.1.2 Plasma beta 

There are three different types of plasma betas in laser-produced plasma.  

The thermal beta of plasma is defined as the ratio of plasma thermal pressure 

to the magnetic pressure [1, 28]. The expression for thermal beta (βthe) is  

𝛽𝑡ℎ𝑒 =  
𝑛𝑒𝑇𝑒

𝐵2/2𝜇0
 

 

(1.22) 

where ne is the electron density, Te is the electron temperature (eV), B is the applied 

magnetic field and μ0 is permeability of free space. 

After the initial conversion of thermal energy into directed energy, the directed 

beta (βd) becomes an important parameter. The directed beta for plasma is defined as 

the ratio of plasma kinetic pressure to magnetic pressure [28]. The expression for βd is 

𝛽𝑑 =  
𝑚𝑛𝑒𝑣2/2

𝐵2/2𝜇0
 

(1.23) 

 

where m is the mass and v is the mass flow velocity. 

As laser-produced plasma is highly transient in nature and usually directed 

beta is much larger than thermal beta. So the total beta which is the sum of thermal 
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beta and directed beta plays an important role in the formation of diamagnetic cavity 

of expanding plasma plume in magnetic field [28]. The expression for total beta (βtot) 

is  

𝛽𝑡𝑜𝑡 =  
𝑛𝑒𝑇𝑒 +  𝑚𝑛𝑒𝑣2/2

𝐵2/2𝜇0
 

(1.24) 

1.6.1.3 Bubble radius (Confinement radius) 

As the laser produced-plasma starts to expand, the diamagnetic cavity is formed and 

plasma behaves as a magnetic bubble. The maximum size of the diamagnetic cavity is 

known as bubble radius or confinement radius. The bubble radius is approximated by 

equating the total excluded magnetic energy and the kinetic energy of the laser-

produced plasma.  

The expression for bubble radius for spherical symmetric expanding plasma plume 

[29, 30] (Rb) 

𝑅𝑏 = (
3𝜇0𝐸𝑙𝑝𝑝

𝜋𝐵2
)

1/3

 
(1.25) 

where Elpp is the kinetic energy of the laser plasma which is approximated as half of 

the energy of initial laser pulse and B is the applied magnetic field.  

1.6.1.4 Magnetic diffusion time 

When the magnetic bubble reaches the confinement radius, the field diffuses into the 

plasma plume or diamagnetic cavity [28]. The time at which this starts is the magnetic 

diffusion time. The expression for the magnetic diffusion time is: 

𝑡𝑑 =  𝜇0𝜎𝑅𝑏
2 (1.26) 

where σ (=  
50𝜋𝜀0𝑇𝑒

3
2

√𝑚𝑒𝑒2𝑍𝑙𝑛𝛬
) is the plasma conductivity, lnΛ is the coulomb logarithm and 

its value is 10 for laser-produced plasma. 
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1.6.1.5 Cyclotron frequency 

The angular frequency of the circular motion of a charged particle in the presence of a 

uniform magnetic field is known as the cyclotron frequency or gyrofrequency (Ω) [1]. 

The expression for Ω is  

𝛺 =  
|𝑞|𝐵

𝑚
 

(1.27) 

1.6.1.6 Lower-hybrid frequency 

In plasma, a lower hybrid oscillation is a longitudinal oscillation of ions and electrons 

in a magnetized plasma. The direction of propagation must be nearly perpendicular to 

the stationary magnetic field, within about √me/mi radians. Otherwise the electrons 

can move along the field lines fast enough to shield the oscillations in potential.  

The frequency of this oscillation is known as lower-hybrid frequency and the 

expression for lower-hybrid frequency (ωLH) [31] is  

𝜔𝐿𝐻 =  
𝜔𝑝𝑖𝛺𝑒

(𝜔𝑝𝑒
2 +  𝛺𝑒

2)1/2
 

(1.28) 

where ωpe, ωpi and Ωe are the electron-plasma, ion-plasma and electron cyclotron 

frequencies respectively. It is called as ‘hybrid’ because of the mixture of two 

frequencies. 

1.6.2 Plasma plume expansion in magnetic field 

The dynamics of plasma plume is influenced significantly in the presence of external 

magnetic field and therefore it is useful to control the dynamic properties of highly 

transient plasma plume. The manipulation of geometrical shape, size and dynamics of 

plasma plume by the introduction of the external magnetic field has great importance 

in applied research and also in fundamental studies. Due to initial conversion of 

thermal energy into directed energy, the sum of directed pressure and thermal pressure 

of plasma plume is much larger than the magnetic pressure (that is plasma beta > 1). 
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As the time evolves, electron temperature and density of the plasma plume decrease 

rapidly resulting in a decrease in plasma beta with time. Therefore, two different 

approaches have been taken to explain the dynamics of laser-produced plasma across 

the transverse magnetic field which are discussed as below. 

1.6.2.1 Formation of diamagnetic cavity and confinement of the plume 

In the first approach the expansion of the plasma plume is treated as expansion 

in the diamagnetic limit where the applied magnetic field is displaced by the induced 

magnetic field due to the diamagnetic current in the plasma with this the plasma 

plume experiences the decelerating force [28, 31, 72]. The diamagnetism of plasma 

plume could be understood as follows [25]. Charge particles in the plasma plume 

experience the Lorentz force in the presence of magnetic field and therefore gyrate in 

opposite direction with different radii depending on the charge, mass and velocity of 

the plume particles. Since the Larmor radius for ions is greater than the plume 

dimension, the ions can be considered as unmagnetized and therefore, expand 

radically outward. But the electrons tie to the magnetic field and try to hold the ions 

back and eventually produce radially inward electric field. The ions on the outer edge 

are slowed down by the produced radial electric field, but ions inside catch up and 

thus the plasma get compressed into a thin shell. This results the formation of 

diamagnetic cavity or magnetic bubble. As the electrons are magnetized, E × B drift is 

created azimuthally relative to the ions which, gives rise to a current. This current 

(known as diamagnetic current) generates a magnetic field opposite to the applied 

field inside.  So the applied magnetic field is displaced by the induced magnetic field 

due to this diamagnetic current in the plasma and with this the plasma plume also 

experiences the decelerating force. This diamagnetic cavity exists up to the magnetic 

diffusion time and then its collapse starts. 
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Fig. 1.2. Schematic of the constructing mechanism showing the outward motion of the 

ions, the radial electric filed, the electron E×B drift, the resulting current (I), and the 

diamagnetic cavity. [25]. 

1.6.2.2 Polarization of plume and E×B drift 

In the second approach, it is considered that external magnetic field is diffused 

in the plasma plume and produces polarized electric field (due to the deflection of 

electrons and ions in opposite direction) perpendicular to both the expansion direction 

and the magnetic field [26, 27, 31, 76, 77]. Therefore, the plasma plume experiences 

the E×B field and drifts in the axial direction. The expression for drift velocity of the 

plasma plume (V) is  

 
𝑉 =  

𝐸𝑝𝑜𝑙 × 𝐵

𝐵2
 

(1.29) 

where B is the external magnetic field and Epol is the polarization electric field. 
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Fig. 1.3. Drift motion of plasma plume in polarized electric field and external 

transverse magnetic field. 

1.7 Instabilities in plasma 

The growth of plasma instability, mainly the velocity shear instabilities are 

responsible for structure formation during expansion of the plasma plume in the 

presence of magnetic field. An instability is said to be responsible for the intensity 

fluctuation or structure formation if its estimated growth time matches with the time at 

which the structure formation starts. Common instabilities present in laser-produced 

plasma are: 

1.7.1 Rayleigh-Taylor (RT) instability,  

1.7.2 Kelvin-Helmholtz (KH) instability and 

1.7.3 Electron-ion hybrid instability 

1.7.1 Rayleigh-Taylor (RT) instability 

The Rayleigh-Taylor instability (after Lord Rayleigh and G. I. Taylor), is an 

instability of an interface between two fluids of different densities which occurs when 

the lighter fluid is pushing the heavier fluid. In laser-produced plasma RT instability is 

reported in presence of ambient gas [32]. In the plasma, a RT instability can occur 
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because the magnetic field acts as a fluid supporting a heavy fluid (plasma) [1]. The 

expression for growth time of RT instability [31] is 

 
𝜆𝑅𝑇 = (

𝑔𝑒𝑓𝑓

𝐿𝑛
)

−1/2

 
(1.30) 

where geff is the effective deceleration due to magnetic field and Ln is the density scale 

length. 

1.7.2 Kelvin-Helmholtz (KH) instability 

The Kelvin-Helmholtz instability (after Lord Kelvin and Hermann von Helmholtz) 

can occur when there is velocity shear in a single continuous fluid, or where there is a 

velocity difference across the interface between two fluids. The KH instability 

depends on the free energy on the velocity shear layer. This does not require a 

transverse deceleration of the plasma. In plasma, KH instability is identified from the 

velocity shear of front layer of expanding plasma plume. The expression for growth 

time of KH instability [31] is  

𝛾𝐾𝐻 =  
2𝜋

0.16(
𝑉𝐸

𝐿𝑣
)
 

(1.31) 

Here, VE is the edge velocity and Lv is the shear scale length. 

1.7.3 Electron-ion hybrid instability  

Peyser et al. [31] reported electron-ion hybrid instability in presence of 0.3 - 0.6 T 

field and comparatively higher laser energy (30-300 J) and this instability is 

responsible for the formation of striation-like structures in laser-produced plasma. In 

order to validate the existence of electron-ion hybrid instability in the present case, we 

have estimated the growth rate and maximum growth time for this instability. 

This arises when the larmor radius of the ions is large compared to the scale 

length of the plasma. By assuming unmagnetized ions and magnetized electrons, the 

dispersion relation of K-H instability can be written as  

(
𝑑2

𝑑𝑥2
− 𝑘𝑦

2 + 𝐹(𝜔)
𝑘𝑦𝑉𝐸"(𝑥)

𝜔 − 𝑘𝑦𝑉𝐸(𝑥)
)  𝜙 = 0 

(1.32) 
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where 

𝐹(𝜔) =  
𝛿2

(𝛿2 + 1) (1 − (
𝜔𝐿𝐻

𝜔
)

2

)
 

(1.33) 

and 

𝜔𝐿𝐻 =
𝜔𝑝𝑖 𝛺𝑒  

(𝜔𝑝𝑒
2 + 𝛺𝑒

2)1/2
 

(1.34) 

Here ωpe is electron plasma frequency, ωpi is ion plasma frequency, Ωe is the electron 

cyclotron frequency and ωLH is called as lower hybrid frequency.  

The expression for maximum  growth rate of this instability is given by 

𝛾 = 0.05 𝜔𝐿𝐻 (1.35) 

The expression for maximum growth time is  

𝜏 =  
2𝜋

0.05𝜔𝐿𝐻
 

(1.36) 

1.8 Overview of earlier works 

The study of laser-produced plasma in presence of external magnetic field is 

useful to understand several important physical phenomena like conversion of kinetic 

energy into plasma thermal energy, plume confinement, ion acceleration/deceleration, 

emission enhancement/decrease and plasma instabilities [31, 33-38]. These 

phenomena play an important role in  many applied researches, like tokamak plasma, 

space plasmas, propulsion of space vehicles, investigation of acceleration of stellar 

winds,  increase in the detection sensitivity of laser-induced breakdown spectroscopy 

[33, 39], manipulation of plasma plume in pulse laser deposition [40-42], debris 

mitigation [43] etc.  

Several pioneer works has been carried out to understand plasma plume- 

magnetic field interaction. Bhadra et al. (1968) [45] studied the effect of resistivity in 

the expansion of a laser-produced hot plasma against a magnetic field and postulated 

that laser-induced plasma would be stopped by a magnetic field B at a distance r ~ B-

2/3. Tuckfield, et al. (1969) [46] observed the periodic pulsations of the plasma 
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boundary against the magnetic field when β > 1 observed. Peyser et al. (1992) [31] 

found that laser plasma from hollow glass cylinders in magnetic field results in 

structures. Further, they attributed that E×B is responsible for the jet-like structures, 

whereas instabilities cause the edge structure.  Mostovych et al. (1989) [47] found that 

the instability of barium plasma in presence of magnetic field as electron-ion hybrid 

velocity-shear instability.  Bryunetkin et al. (1992) [48] reported the first experimental 

demonstration of the difference in the emission of spectral lines by ions of different 

degrees of ionization in a laser-plasma expanding in vacuum in the presence of a 

transverse external magnetic field strength of 0.3 T. Dimonte, et al. (1991) [29] 

studied the expansion of laser-ablation plasmas in a magnetic field with a new 

Faraday-rotation magnetic imaging probe and Fourier-analyzed optical plasma images 

over a wide range of ion magnetization. Plasma instabilities are observed during the 

plasma expansion which evolve from short to long wavelengths and significantly 

affect the magnetic structure. Neogi, et al. (1999) [35] observed that the presence of 

non-uniform magnetic field can cause oscillations of the expanding plasma and 

splitting of plume in the presence of an inhomogeneous magnetic field and explained 

the presence of lobes by considering J×B force acting on the plume.  Ripin et al. 

(1987) [49] observed the flute instability in aluminium targets in presence of 1 T 

magnetic field and was attributed to large larmor radius RT instability. VanZeeland, et 

al. (2004) [30] experimentally studied the diamagnetic cavity created by a dense laser-

produced plasma expanding into an ambient magnetized background plasma capable 

of supporting Alfven waves. Ripin et al. (1993) [50] studied sub-Alfvenic plasma 

expansion. Harilal et al. (2004) [28] found that the plume is not completely stopped at 

bubble radius and diffused across the magnetic field. Pandey et al. (2013) [51] showed 

Copper plasmoid rotation in presence of non-uniform magnetic field which was 

attributed to torque acting on the plasmoid because of the J×B force. Peyser et al. 
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(1992) [31] studied  the dynamics of plasma produced from glass target in the 

presence of different magnetic fields and undulations were observed in the plasma due 

to large larmor radius Kevlin-Helmholtz instability. Huba  et al. (1990) [52] estimated 

the ‘stopping’ radius of a magnetically confined expansion by equating the initial 

kinetic energy of the plasma with magnetic energy and the stooping radius is named 

as magnetic confinement radius of plasma. Harilal et al. (2005) [53, 54] suggested the 

role of backflow of particles toward the target for the appearance of lobes. Qindeel et 

al. (2008) [55] studied the plume behavior with imaging charge-coupled device for 

varying magnetic field for aluminium, copper and brass targets. They suggested that 

plume structure might result from the Lorentz force exerted by the field. Jet-like 

structures in the plume in the presence of magnetic field has been attributed to 

instabilities by Rafique et al. (2008) [56].  

Several diagnostic techniques, for example, optical emission spectroscopy, fast 

imaging, Langmuir probe, etc. was employed to study plasma plume - magnetic field 

interaction (Harilal et al. (2004) [28], Patel et al. (2013) [44], VanZeeland et al. (2004) 

[30], etc.). 

Though many works have been done to understand plasma plume - magnetic 

field interaction, parametric study of the formation and evolution of diamagnetic 

cavity and its geometrical features is not conclusive in the reported work. 

1.9 Motivation and objectives of the thesis 

In presence of magnetic field, dynamics and structure of the plasma plume are 

governed by formation & evolution of diamagnetic cavity, diffusion of magnetic field, 

collapse of diamagnetism and E × B drift of the plasma plume across the magnetic 

field. To observe these phenomena, we need two dimensional imaging of plume 

during its expansion with high resolution image. There is possibility of occurrence of 
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some instabilities during its expansion. Similar phenomena have been reported by 

Peyser et al. [31]. Keeping in the view we have designed a high resolution two 

directional (along and across magnetic field) imaging system. Majority of previous 

experiments related to laser plasma-magnetic field interaction have been performed 

with permanent bar magnet where plume imaging along the magnetic field lines is not 

possible because of experimental constraints. Due to asymmetrical structure of plasma 

plume, the complete picture of fomation and collapse of diamagnetic cavity is not 

feasible with only projection across the magnetic field. In addition, E × B drift of the 

laser plasma is largely ignored in case of moderate magnetic field ( 1 T) and the 

ablating laser energy of the order of few hundred mJ [28, 35, 39]. In conclusion, the 

systematic investigation of the formation of diamagnetism of plasma plume and at its 

transition into non-diamagnetic limit (diffused magnetic field) is scarce in the 

literature. 

In view of the above, a systematic experimental investigation of the plume 

dynamics in both diamagnetic and non-diamagnetic limit has been carried out. The 

major objectives may be listed as follows:   

 Development of a technique for two-directional imaging of expanding plasma 

plume in a uniform magnetic field. 

  Visualization of the three-dimensional structure of the diamagnetic cavity. 

 Study of the expansion of plasma plume in high and low magnetic beta limits. 

 Study of the formation and evolution of the diamagnetic cavity and its 

transition to the non-diamagnetic limit. 

 Study of magnetic striations in laser-produced plasma. 

 Measurement of the time-varying magnetic field using B-dot probe. 

  Study of the material dependence of diamagnetism in laser-produced plasma. 
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1.10 Organization of the thesis 

This thesis reports the systematic experimental investigations to study the dynamical 

and geometrical behaviours of laser-produced plasmas across the transverse magnetic 

field. Here the major emphasis is given on the diamagnetism in laser-produced 

plasma. 

Chapter 2 contains an overview of the experimental scheme used for the thesis study 

and the diagnostics like time-resolved emission spectroscopy, fast imaging andhigh 

frequency, three-axis magnetic probe those have been used to characterize the 

expanding plasma plume. 

Chapter 3 presents the study of the dynamical and geometrical behavior of laser-

produced aluminum plasma across the 0.45 T magnetic field produced by two NdFeB 

permanent magnet bars using time-resolved fast imaging technique. 

Chapter 4 discusses the geometrical aspect of the expanding aluminum plasma plume 

along and across the magnetic field lines have been investigated  with indigenously 

designed setup based on Helmholtz coil (B = 0-0.57 T) and mutually synchronized 

two gated ICCD cameras. 

In Chapter 5, thediamagnetism of laser-produced plasma is validated by indigenously 

designed three-axis, high-frequency B-dot probe. 

Chapter 6 contains the comparative study of material dependence of diamagnetism in 

laser-produced plasma using targets viz., copper, aluminium, nickel and tungsten. 

In Chapter 7, the major outcomes of the thesis research work those are discussed in 

the previous chapters have been summarized. Also a few important possible future 

scope of this thesis research work has been provided. 
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Experimental scheme 

This chapter provides the detailed description of various instruments used in 

experimental setup (production of laser-produced plasma and diagnostics to diagnose 

plume dynamics and formation of structures in plasma plume) and various diagnostic 

systems used in this thesis. We have also described the design of Helmholtz coil, 

production of the uniform pulsed magnetic field by capacitor discharge method and its 

synchronization with generation of plasma plume, ICCD camera, spectrometer and B-

dot probe.  
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2.1 Introduction 

The experimental study of laser-produced plasma mainly consists of two important 

parts: the first one is the production of laser plasma in the desired environment and the 

second one is the characterization of the produced plasma using suitable diagnostics. 

In this thesis work, the plasma is generated using an Nd:YAG laser from various 

metallic/non-metallic targets and the plasma expands in a transverse uniform magnetic 

field. Various challenges are associated to produce uniform variable magnetic field, 

particularly a high magnetic field in a small volume. This is important as it plays a key 

role to produce various expected features of expanding plasma plume experimentally. 

Majority of previous experiments have been performed with permanent bar magnet 

where plume imaging along the magnetic field lines is not possible because of 

experimental constraints. But the plume structure in magnetic field is highly 

asymmetrical and therefore complete geometrical information cannot extract from 

plume images projected across the magnetic field direction only. This problem is 

smartly resolved by developing a special designed Heltmotz coil configuration which 

not only produces uniform variable magnetic field but also allows the fast imaging of 

expanding plasma plume along and across the applied external magnetic field. We can 

characterize the expanding plasma plume using only the accurate and sophisticated 

diagnostics. These diagnostics provide required data to understand the physics 

associated with plasma dynamics. Therefore, we have taken high measures during 

development of desired diagnostics. The diagnostics like ICCD camera, optical 

emission spectroscopy and indigenously developed three-axis, high-frequency B-dot 

probe are used for this thesis work. The details of various equipment and diagnostic 

tools used are described below. 
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2.2 Components of experimental setup 

2.2.1 Vacuum chamber and pumping system 

The plasma is generated in a multipurpose cylindrical vacuum chamber (Fig. 2.1) 

made of non-magnetic stainless steel (SS 304 with 3Δ finishing) of 1.6m length and 

21 cm inner diameter. This chamber has 30 viewports (27 ports are fitted with CF 100 

couplers, 2 ports are fitted with CF 160 couplers and rest one port is fitted with CF 35 

coupler) in an equal-spaced cross geometry. A combination of double stage direct 

drive rotary vacuum pump (Model No: ED-30, Hind High Vacuum) and Turbo 

Molecular Pump (Mod: TC 400, Pfeiffer Vacuum) are used to achieve a base pressure 

less than 10-6 Torr. The maximum pumping speed of rotary pump and TMP are 8 

m3/hr and 600 l/s respectively. Gases can be introduced into the chamber at desired 

pressures through a fine controlled needle valve. Three pressure gauges: Digital Pirani 

Gauge (DHPG-102S, HI-TECH, Range: 0.9 to 10-3 m.bar), Digital Penning Gauge 

(DPGN-001, HINDHIVAC, Range: 10-2 to 10-6 m.bar) and 375 Convectron gauge 

(Granville-Phillips, Range: atmosphere to 10-4 Torr (10-4 m.bar, 10-2 Pa)) are 

connected to the vacuum chamber to monitor pressure of the chamber. 

 

Fig. 2.1. Photograph of the vacuum chamber 
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2.2.2 Laser system 

A Q-switched Nd:YAG laser (PRII 9030, Continuum Electro-Optic, Inc. [57], Fig. 

2.2) (λ =1064 nm, 8 ns pulse width) of 1.6 J maximum pulse energy is used to 

generate plasma. By varying the delay between the flash lamp and Q-switch, the 

desired laser fluence is achieved at the target. The diameter of the laser beam is 12.0 

mm. The laser beam was focused using a 150 cm focal length lens and the spot size of 

the laser beam is set to about 1.0 mm in diameter at the target which can produce the 

power density ~109 W/cm2 the target surface. The laser can be operated at both 30 Hz 

and in single pulse mode. For all experiments in this thesis, the laser is operated only 

in the single pulse mode. An electromechanical shutter is introduced in the path of the 

laser beam for single shot operation. The intensity profile of this laser is flat-top (or 

top-hat) and the beam divergence is less than 5 mrad. A remote box is used to operate 

the laser, which is connected to the laser power supply. 

 

Fig. 2.2. Photograph of Nd:YAG laser (PRII 9030, Continuum Electro-Optic, Inc.) 

used for plasma production. 
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2.2.3 Magnet system 

Two different schemes of uniform magnetic field generation have been employed for 

the present study. 

1.2.3.1 Magnetic trap 

In the first scheme, a uniform magnetic trap was made by two rectangular Nd-Fe-B 

(Neodymium, Iron and Boron) permanent magnets having dimensions 38 mm height, 

76 mm length and 76 mm width. A non-magnetic stainless steel structure holds the 

magnets parallel to each other with 30 mm separation, which produces ~ 0.45 T 

uniform magnetic field (Fig. 2.3a). Magnitude and uniformity of the magnetic field is 

ensured by mapping the magnetic field along the expansion and lateral directions 

using Gauss meter (Fig. 2.3b). 

 
Fig. 2.3. (a) Schematic of the plasma plume in transverse magnetic trap, (b) magnetic 

field profile between the two magnets in the direction of plume expansion (z) and 

perpendicular to it (x) measured by Gauss meter [58] 

1.2.3.2 Helmholtz coil 

In the second scheme, a Helmholtz coil along with the capacitor bank based pulse 

power system has been developed in house to produce variable magnetic field varying 

from 0 to 0.57 T (Fig. 2.4). The flat-top (uniformity) of the variable magnetic field is 

~ 40 μs (which is much larger than the emissive lifetime of expanding plasma plume 

(~ 5 μs)). The Helmholtz coil configuration allows the two-directional imaging of 

z 

Y 

x 
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expanding plasma plume in magnetic field. The details of its design, fabrication and 

measurement of the magnetic field are given in section 2.4.  

 

Fig. 2.4. Photograph of Helmholtz coil installed inside the vacuum chamber 

2.2.4 Target and its handling system 
 

The targets are in the form of plates of thickness 1-3 mm. Carbon (Z = 6), aluminium 

(Z = 13), nickel (Z = 28) and tungsten (Z = 74) are used for this study. The targets are 

mounted on a movable target holder through a vacuum compatible feed-through and 

are placed in between the magnet bars/Helmholtz coils. Few (3-4) laser pulses are 

fired to remove the surface layer on the target materials to remove oxidization and all 

types of surface impurities and then the experimental data are recorded.  

2.3 Plasma diagnostic systems 

2.3.1 Time-resolved fast imaging using ICCD camera 

Usual emission lifetime of the laser-produced plasma is ~ 5 µs. To study the 

plasma dynamics (i.e. to know its temporal evolution during its emission lifetime), it 

is necessary to record images of plasma plume at least in intervals of few hundred 

nanoseconds, even sometimes in intervals of few tens nanoseconds to record 

instabilities during plume expansion in magnetic field. This objective is effectively 
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achieved using picoseconds high speed intensified charge coupled device (ICCD) 

camera (4 Picos Stanford Computer Optics, Inc.). We have used single (for 

experiments with permanent magnets) or two (for experiments with Helmholtz coil) 

internally synchronized ICCD cameras in the experiments presented in this thesis to 

capture the temporal evolution of expending laser plasmas (along and across the 

applied magnetic field lines). Time-resolved fast imaging of electronically excited 

plume species provides the two-dimensional snap-shot of the expanding plasma 

plume. Image analysis of these 2D-images provides various information related to 

plume dynamics, hydrodynamic movement of plasma and geometrical structure of the 

expanding plume. 

Fast imaging camera consists of a high-performance CCD camera and an 

image intensifier that is mounted in front of it. The incoming light is first amplified by 

the image intensifier. The intensified image is then transmitted from the intensifiers 

phosphor screen where the multiplied electrons from the microchannel plate convert 

back into photons. This image is then projected onto the CCD sensor by means of a 

coupling lens. Thus, an ICCD camera directly amplifies the incoming light, thereby 

supplying the CCD sensor with a light intensity far above the thermal noise level of 

the sensors. The details of the image intensifier and high-speed shutter are described 

[49]. 

Time-resolved images of the visible expanding plume have been recorded 

using single or two internally synchronized ICCD cameras having variable gain and 

gate time and having a spectral range of 350 - 750 nm. The images have been captured 

by varying the time delay (from 50 to 5000 ns) between the laser pulse and the 

opening time of ICCD gate. Minimum of three images are recorded under similar 

experimental conditions. These images were found to be nearly identical in shape and 

the reproducibility of the emission intensity is better than 5%. A mesh image of 
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known dimensions (5 mm × 5 mm) is recorded to map the geometrical parameters of 

the plume and corresponding to the magnification of the imaging system is calculated 

(Fig. 2.5a). Dark current noise is subtracted from the recorded image using MATLAB. 

Length and width of the plume are estimated by segmentation algorithm using 

MATLAB. For better visibility, grey images (Fig. 2.5b) have been converted into 

pseudo-coloured images using MATLAB colormaps (jet) (Fig. 2.5c). A micro-

controller based time control unit is used to trigger the camera in synchronous with 

the laser pulse. Timing jitter in time delay with respect to laser pulse is less <1 ns. To 

find the emission profile along the axial as well as lateral directions (Fig. 2.5d), plume 

images are binned along the horizontal and vertical columns of images respectively. 

 

Fig. 2.5. (a) An image of 5 mm × 5 mm grid used for calibration, (b) grey scale image 

of expanding plasma plume captured using ICCD camera, (c) pseudo-coloured image 

of plasma plume obtained using MATLAB Colormaps (jet), (d) corresponding 

integrated intensity profile along the lateral direction. 
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2.3.2 Optical emission spectroscopy (OES) 

Neutral atoms, ions and electrons in the laser produced plasma emit radiation 

which is characteristic of the target material. Optical emission spectroscopy (OES) is a 

simple and non-invasive technique to investigate the line emission from these atoms, 

ions and molecules within plasma. It provides information about properties such as 

excited species densities, electron - atom, atom - atom and ion - atom collision, energy 

distribution of species, charge transfer between plasma constituents, electric and 

magnetic fields etc. The analysis of the emission from the plasma can be used to 

determine the dynamics as well as plasma parameters [61-64].  

 The emission spectroscopy has been used to estimate the plasma parameters. 

For that spectral light is viewed normal to the expansion direction and fed at the 

entrance slit of the spectrometer (Acton Advanced SP2500A [60], Focal length: 0.500 

m and Spectral resolution: 0.8 A) through the optical fibre and collection optics (ME-

OPT-0007, ANDOR, UV-VIS-NIR collector-collimator). 

The plasma parameters like electron temperature (Te) and density (ne) are 

estimated by optical emission spectroscopy. The electron density is estimated either 

by the ratio of line intensity method or Boltzmann plot method [65]. We have 

estimated Te through only ratio of line intensity method by taking the line intensity 

ratios of two lines using the relation 

𝐼1

𝐼2
=

𝑔1

𝑔2

𝐴1

𝐴2

𝜆2

𝜆1
exp

−(𝐸1−𝐸2)

𝑘𝑇𝑒
 

(2.1) 

Here, I1 and I2 are the intensities of the spectral lines of wavelengths λ1 and λ2; g1, g2 

are the statistical weight factors, A1, A2 are the transition probabilities, E1, E2 are the 

energies of the excited states of the two spectral lines, k is the Boltzmann’s constant, 

and Te is the electron temperature. Here, non-resonant lines are chosen to avoid the 

self-absorption. The required spectroscopic data required for temperature 

measurement are taken from the NIST database. 
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 The electron density ne of the plasma plume is obtained from the Stark 

broadening profile of selected line using the relation [58], 

∆𝜆1/2 =
2 𝑊𝑛𝑒

1016
 

(2.2) 

where Δλ1/2 is the FWHM of the spectral line and W is the electron impact parameter. 

The observed line profile is fitted with a Lorentzian function to obtain the line width. 

Here, broadening due to ionic contribution and Doppler broadening are ignored 

because of its negligible contributions [66, 67].  

 It should be noted that above estimation of plasma parameters is valid only for 

plasma in local thermodynamic equilibrium (LTE). So, it is necessary to ensure the 

LTE condition by using the McWhirter criterion [58], which gives the minimum 

density required for LTE is given by 

𝑛𝑒 ≥  1.4 × 1014 𝑇𝑒
1/2

 (∆𝐸)3𝑐𝑚−3 (2.3) 

where, Te (eV) is the electron temperature and ∆E (eV) is the maximum energy 

difference between the upper and lower energy levels. 

2.3.3 B-dot probe 

The magnetic field is an important parameter of laser-produced plasma. B-dot 

probe is used to measure the magnetic field of plasma plume during its expansion in 

external magnetic field [68]. The time-varying magnetic field produced by the laser-

produced plasma can be measured with a B-dot probe by using Faraday’s Law in 

integrated form [69]. The flux change in a loop of N turns and area a in a magnetic 

field B perpendicular to the plane of the coil produces voltage V is given by   

𝑉 =  − 𝑎 𝑁
𝑑𝐵

𝑑𝑡
 

(2.4) 

The time-varying magnetic field produced by the plasma can be calculated as  

𝐵 =  −
∫ 𝑉𝑑𝑡

𝑎𝑁
 

(2.5) 

The magnetic field can be measured by integrating the B-dot probe signal by using 

either an electronic integrator or numerical integrator. A B-dot probe usually consists 
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of a single or multi-turn coil mounted on or enclosed in a support that allows the coil 

to be inserted into or near the plasma. The term ‘B-dot’ arises from the mathematical 

notation  
𝑑𝐵

𝑑𝑡
=  Ḃ. We have indigenously built a three-axis, high-frequency B-dot 

probe (Fig. 2.6) to verify the diamagnetism of laser-produced plasma. The details of 

its design, fabrication, calibration is given in chapter 5. 

 

Fig. 2.6. Photograph of designed B-dot probe 

2.4 Generation of variable uniform magnetic field using 

Helmholtz coil 

 
The effect of external magnetic field on plume dynamics is well known. To 

study the explicit effect of variable magnetic field on the dynamics and geometrical 

aspect of the expanding plasma plume, we have developed a specially designed 

Helmholtz coil. Basically, the Helmholtz coil configuration is used to generate 

uniform pulsed variable magnetic field [70]. The majority of previous experiments 

have been performed with permanent bar magnet where plume imaging along the 

magnetic field lines are not possible because of experimental constraints [71]. Plume 

structure in magnetic field is highly asymmetrical and therefore complete geometrical 

information cannot extract from plume images projected across the magnetic field 

direction. Again, it is not possible to study the formation and evolution of the 

diamagnetic cavity and magnetic striation-like structure as a function of applied 

magnetic field using single permanent magnetic system. Our major focus is to study 

the transient behaviour of expanding plume, importantly these two features in variable 
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uniform transverse magnetic field. Previously, this problem was attempted; but the 

maximum produced magnetic field was 0.2 T and only 1D imaging system was used 

[70]. Therefore, another challenge is to produce a high magnetic field in a small 

volume. It is required that the magnetic field should be uniform throughout the plume 

dimension and the duration of the field should be longer than the emissive lifetime of 

the expanding plasma plume (> few microseconds). The pulse power capacitor bank 

and fast ignitron based switch is used to generate pulsed current in range of 3 KA. The 

stainless steel based coil structure with desired inductance value is fabricated to 

generate a variable uniform magnetic field (flat-top) for ~ 40 µs time. Magnitude and 

uniformity of the magnetic field is ensured by mapping the magnetic field as a 

function of distance along the expansion direction and lateral directions using a Gauss 

meter. A time synchronization unit has been developed for simultaneous operation of 

all the systems associated with the experiments. 

2.4.1 Pulse power system 

The pulse power system is developed to generate high amplitude current pulse 

through coil. The schematic diagram is shown in Fig. 2.7. There are four main 

components: High voltage capacitor, high speed and high power switch, variable AC 

power supply and trigger section. The two capacitors (700 μF / 5 KV) are connected 

in parallel to form high voltage source. The AC power supply is rectified using high 

power diode to charge the capacitors. The ignitron (BK506) is used as a switching 

device to transfer capacitor energy to inductance of coils. 
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Fig. 2.7.  Schematic diagram of the capacitor bank pulsed power system [70] 

The ignitron is fired at pre-defined time using TTL signal generated from 

timing and synchronization section. The optically isolated TTL signal is converted to 

12 V pulse to fire the ignitron. The AT8051 based micro-controller with timing 

algorithm is used to generate precise timing pulses. 

2.4.2 Coil structure 

Two identical coils are fabricated to form Helmholtz configuration to generate 

uniform magnetic field. The Helmholtz configuration is ideal for generating uniform 

magnetic field inside two coils. The separation between two coils is same as the radius 

of coil. Both coils are connected in parallel for minimizing the internal resistance of 

coil assembly.  

A stainless steel (SS) based coil structure is developed (Fig. 2.9 and Fig. 2.11). 

The photograph of coil assembly is shown in Fig. 2.11. The insulated multi-core 

copper cable is used for coil fabrication. The materials of circular shape (inner 

diameter of Helmholtz coil) have been removed from SS assembly to capture images 

of expanding plasma plume in a plane perpendicular to applied magnetic field. This 

was not possible in case of permanent magnetic bars. It also supports stepper motor 
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based connection for future up-gradation. The geometrical parameter of the designed 

coil assembly is described in Table 2.1. 

Parameters Coil 1  Coil 2 Coil 1 || coil 2 

R (Ohm) 0.224 0.227 0.196 

Z (Ohm) 0.640 0.675 0.445 

L (µH) 63 67.6 34.9 

N (no. of turns) 36 36 72 

Magnetic field (G) at centre  

(I = 2710 A) 

5700 

Cable type Multi-core insulated Copper cable of AWG 13 

Diameter of coil assembly 150 mm (Opening of 44 mm diameter to imaging 

plasma using ICCD camera sensor) 

Separation between two coils 50 mm 

Table 2.1. Geometrical parameters of the compact coil assembly. 

The profile of magnetic field is shown in Fig. 2.8a.  A high frequency Gauss 

meter (9900, F. W. Bell, USA) is used to measure the magnetic field produced by 

Helmholtz coil for different input (Fig. 2.8b). 

 

Fig. 2.8. The measurement of magnetic field at 654 A input current, (a) upper trace is 

the current transducer (CT) output, lower trace is Gauss meter output (b) plot for 

magnetic field produced by Helmholtz Coil for different input current measured using 

gauss meter.  
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Fig. 2.9. Schematic of designed coil assemble structure integrated to SS vacuum 

chamber 

The delay observed between input current to generated magnetic field is due to 

eddy current effect of coil assembly structure. The Fig. 2.9 shows the mechanical 

layout of developed coil assembly with integrated SS vacuum chamber structure. The 

coil assembly is easy to move in and out of vacuum chamber which is useful in case 

of object to laser distance modification. 

2.4.3 RLC circuit analysis 

The equivalent LCR circuit, for the current through the coil is governed by the 

second order differential equation:   

𝐿 
𝑑2𝐼

𝑑𝑡2
+  𝑅 

𝑑𝐼

𝑑𝑡
+

𝐼

𝐶
= 0 

(2.6) 

 In the present system R2 < 4L/C, this is under-damped system. Under this 

condition, the solution of above equation is 

𝐼(𝑡) =  −
𝑉0

𝐿𝜔𝑑
𝑒−𝛼𝑡sin (𝜔𝑑𝑡) 

(2.7) 
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where, V0 is the voltage across the charged capacitor, L and R are the inductance and 

resistance of the coils, α = R/2L and ωd = [(1/LC) –(R/2L)2]1/2. Simulated temporal 

evolution of the coil current for the measured parameters, C = 1400 F, L = 35 H, R 

= 0.196 ohm and V0 = 200 V is shown in Fig. 2.10. The current output waveform of 

the LCR circuit is damping in nature results in the reverse charging of capacitor. To 

avoid the reverse charging, a high power fast recovery diode (2.5 KV- 4KA @ 10 ms) 

is connected across the coil circuit. This overcomes the damping of the LCR circuit by 

bypassing induced reverse voltage across the inductor coil through the diode. The 

experimentally observed current profile measured by the current transformer is also 

shown in Fig. 2.10. The observed slow decay time as compared to simulated one is 

due to coupling of diode across the coil, which adds more resistance and inductance to 

circuit. 

 

Fig. 2.10. Time response of RLC circuit 

2.4.4 Uniformity of magnetic field 

A high frequency Gauss meter (9900, F. W. Bell, USA) is used to measure the actual 

magnetic field profile in the region of interest. The Gauss meter is calibrated and then 

used to measure the magnetic field. The Gauss meter is mounted on XYZ translator 

having a resolution of 1 mm (Fig. 2.11a). Magnitude and uniformity of the magnetic 
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field is ensured by mapping the magnetic field as a function of distance along the 

expansion direction and lateral directions shown in Fig. 2.11b. 

 

 

 

Fig. 2.11. (a) Setup for mapping of magnetic field around plasma plume region, (b) 

magnetic field profile between the two poles of Helmholtz coil measured by Gauss 

meter at x = 0 mm and x = 14 mm for magnetic field 0.13 T. 
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2.4.5 Timing and synchronization scheme 

The laser-produced plasma experiment required the following detection and auxiliary 

systems for complete operation. 

(i) ICCD based detection system 

(ii) Spectrometer based detection system 

(iii) Photo-multiplier based detection system 

(iv) Photo-diode based timing monitoring system 

(v) Mechanical shutter based laser pulse shutter system 

The ICCD and spectrometer are pre-triggered in programmable manner only at the flat 

region of magnetic field and laser Q-switch pulse are arrived. The trigger requirement 

for all auxiliary systems is very stringent as follows. 

(i) Jitter between trigger outputs: ≤ ± 1 ns 

(ii) Delay resolution between outputs: 1 ns 

(iii) Delay accuracy between outputs: 1 ns 

(iv) Number of outputs: 5 nos. with 50 Ω load 

(v) Incorporation of algorithm for free running to single pulsed locking 

mechanism 

The instrumentation based approach is used for implementing timing and 

synchronization system as shown in Fig. 2.12. 
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Fig. 2.12. Timing diagram for synchronization between laser and other auxiliary 

systems. 

The laser is operated in continuous mode at 30 Hz repetition rate. The locking 

of free running laser pulse to other system is achieved using inhibit facility of digital 

delay generator (DDG) (DG 645, Stanford Research System). The function generator 

(AFG 3102, Tektronix, 100 MHz, 1 GS/s sampling rate) gives two outputs at 

predefined delay for inhibit inputs of two DDG; one is for magnetic field and 

mechanical shutter system while other is for ICCD and spectrometer system. The 

delay between each output is set in such a way that all outputs are activated at pre-

defined time as shown in Fig. 2.12. The conformation of achieved synchronization is 

verified using photodiode output, current transformer (CT) output and image output.  

2.5 Summary and conclusion 

In summary, all the experimental systems required for the plasma plume production 

and associated diagnostics have been studied and developed. The detailed description 

of various instruments such as laser system, pumping stem, ICCD camera, 

spectrometer, B-dot probe and correlated components and their functionality has been 

explained. A Heltmotz coil configuration has been designed and fabricated.  It 
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produces uniform variable transverse magnetic field and allows the fast imaging of 

expanding plasma plume along and across the applied external magnetic field. A time 

synchronization unit has been developed for automatic and simultaneous operation of 

all the systems associated with the experiments.  
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Dynamical behavior of plasma plume across 

the transverse magnetic field 

In this chapter, we present dynamical behaviour of aluminium plasma across 0.45 T 

magnetic field at low ambient pressure using fast imaging technique. The present 

finding related to the plume dynamics, splitting pattern and geometry of plume is 

significantly different from the reported results on similar experiments. In vacuum, 

after the initial expansion, the plume approaches stagnation followed by re-expansion 

with constant velocity. Above behaviour is correlated with the plume expansion in 

diamagnetic limit and E × B drift in non-diamagnetic regime. Two slab-like 

structures, moving with different velocities are observed in presence of both the 

magnetic field and ambient gas.  

  



Chapter 3 

 

48 

 

 

  



Chapter 3 

 

49 

3.1 Introduction 

The presence of magnetic field during the expansion of laser-blow off (LBO)/laser 

produced plasma (LPP) can initiate several interesting physical phenomena, which 

include conversion of kinetic energy into plasma thermal energy, plume confinement, 

ion acceleration/deceleration, emission enhancement/decrease and plasma instabilities. 

[33-38, 31].The physics of plasma flow across magnetic field lines is important in 

many laboratory, tokamak and space plasmas and has significant importance in many 

applied research, for example, increase in the detection sensitivity of laser-induced 

breakdown spectroscopy [33, 39], manipulation of plasma plume in pulse laser 

deposition [40-42], debris mitigation etc [43]. Also several pioneer works related to 

the basic understanding of plasma plume-magnetic field interactions have been done 

with regard to the formation of diamagnetic cavity and flute like structures [72, 73, 

25], plasma oscillations [45], edge instability and dramatic structuring [29, 74], sub-

Alfvenic plasma expansion [50] and laser plasma expansion in magnetized 

background [30].  

Apart from the above, dynamics of plasma plume is influenced significantly in 

the presence of the magnetic field and therefore it is useful to control the dynamic 

properties of highly transient plasma plume. The manipulation of geometrical shape, 

size and dynamics of plasma plume by introduction of external magnetic field has 

great importance in applied research and also in fundamental studies. Due to initial 

conversion of thermal energy into directed energy at the initial stage of laser produced 

plasma, sum of directed pressure and thermal pressure of plasma plume is much larger 

than the magnetic pressure (that is plasma beta > 1). As the time evolves, electron 

temperature and density of the plasma plume decrease rapidly as a result plasma beta 

is also decreases with time. Therefore, two different approaches have been made to 

explain the dynamics of laser produced plasma across the transverse magnetic field. In 
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the first approach expansion of the plasma plume is treated as expansion in the 

diamagnetic limit where the applied electric field is displaced by the induced field due 

to diamagnetic current in plasma and the plasma plume experiences the decelerating 

force [28, 31, 72]. In the second approach, it is considered that external magnetic field 

is diffused in the plasma plume and produces polarized electric filed (due to the 

deflection of electrons and ions in opposite direction) perpendicular to both the 

expansion direction and the magnetic field [31, 76, 77]. In this case plasma plume 

experiences the E × B field and drifts in axial direction. In most of the previous 

experiments with ns laser and moderate laser energy (up to few hundred mJ), the 

dynamics of plasma plume across the magnetic field is explained in terms of J × B 

interaction induced by diamagnetic behaviour of plasma plume [28, 35, 39]. Drift of 

the bulk plasma across the magnetic field and field aligned instability (striation like 

structure) is commonly ignored, especially for moderate laser energy.  

In view of above, in the present work we report a systematic study of the effect 

of the magnetic field regarding the dynamical and geometrical behaviour of laser 

induced plasma plume in different ambient conditions. We attempt to demonstrate the 

expansion of transient plasma plume in diamagnetic limit followed by drift across the 

polarized electric field. 

3.2 Experimental scheme 

Schematic diagram of the experimental setup is shown in Fig. 3.1. The plasma plume 

is created in a cylindrical stainless steel chamber, which is evacuated to a base 

pressure less than 2 × 10−5 Torr. A uniform magnetic trap was made by two 

rectangular Nd-Fe-B permanent magnets having dimensions 38 mm height, 76 mm 

length and 76 mm width. A non-magnetic stainless steel structure holds the magnets 

parallel to each other with 30 mm separation, which produces ~ 0.45 T uniform 

magnetic field. Magnitude and uniformity of the magnetic field is ensured by mapping 
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the magnetic field along the expansion and lateral directions using Gauss meter. The 

aluminium target was mounted on a movable target holder through a vacuum 

compatible feed-through and placed in between the two magnet bars. An Nd:YAG (λ 

= 1064 nm) laser having 8-ns pulse width with pulse energy 300 mJ has been used to 

ablate the target. The spot size of the laser beam is set to about 1 mm in diameter at 

the target which can produce the power density ~ 4 × 109 W/cm2 the target surface.  

 

Fig. 3.1. Schematic of the experimental setup 

The light emitted from the luminous plasma is transmitted through a quartz 

window mounted orthogonal to the direction of the plume expansion. Time resolved 

images of the visible plume luminescence have been recorded using an ICCD camera 

having variable gain and gating on time and having a spectral range of 350-750 nm. In 

the present experiment, gate opening (integration) time is set at 10 and 20 ns. 

Temporal evolution of the laser produced plume has been obtained by varying the 

time delay (from 400 to 5000 ns) between the laser pulse and the opening time of 
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ICCD gate. Minimum three images are recorded under similar experimental 

conditions. The reproducibility of the emission intensity is better than 5%. A mesh 

image of known dimensions (5 mm × 5 mm) is recorded to map the geometrical 

parameters of the plume. The magnification of the imaging system is found to be 3. 

Dark current noise is subtracted from the recorded image using MATLAB. Length 

and width of the plume are estimated by segmentation algorithm using MATLAB. For 

better visibility, gray images have been converted into pseudo-color images using jet-

color map. A micro-controller based time control unit is used to trigger the camera in 

synchronous with the laser pulse. Timing jitter in time delay with respect to laser 

pulse is less <1 ns. To find the emission profile along the axial as well as lateral 

directions, plume images are binned along the horizontal and vertical columns of 

images respectively. 

3.3 Results and discussions 

3.3.1 Plume expansion across the magnetic field 

In order to understand the hydrodynamic movement of the expanding aluminium 

plasma in presence of strong transverse magnetic field, the images of the emitting 

plume are recorded by the ICCD camera for different ambient conditions. These 

images provide temporally resolved two-dimensional snapshots of the expanding laser 

produced plasma plume. Here it should be noted that for the present experimental 

configuration, it is possible the expanding plasma plume touches the magnet surface at 

higher delay time. The plasma–magnet interaction and its effect on plume dynamics is 

complex phenomenon and it is subject of separate investigation. However the 

separation between the two magnets is considerably large (30 mm) and therefore the 

lateral physical obstacle may not affect significantly the characteristic dynamics of the 
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plume along the axial direction. Since, the present work basically focused on axial 

dynamics of plume and hence the plume-magnet interaction is ignored in this report. 

 The effect of magnetic field as well as ambient condition on the dynamics and 

geometrical shape of the expanding aluminium plasma are studied by observing these 

emissions as a function of time.  

3.3.1.1 In vacuum 

Fig. 3.2 shows the sequence of images recorded at different time delays, varying from 

400 ns to 5000 ns in vacuum and in the presence of 0.45T magnetic field. Each image 

represents the spectrally integrated emission intensity in the range 350-750 nm 

emitted from plume species. For better presentation of emission intensity distribution 

in the plasma plume and its temporal variation in the axial direction, the integrated 

intensity profile along the expansion axis for each image is also included in Fig. 3.2. 
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Fig. 3.2. The sequence of images of expanding plasma plume and corresponding 

integrated intensity profiles along the lateral direction in vacuum and at different delay 

times. The integration times of ICCD are set as 10 and 20 ns. 

As can be seen from the Fig. 3.2, geometrical shape and intensity distribution of 

the plasma plume is significantly different from the previously reported results. Up to 

the 400 ns, plume expands under the influence of directed pressure [5] (due to the 

large pressure gradient) and has an ellipsoidal shape. The presence of resistive force 
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due to the magnetic pressure is clearly observed at 400 ns where the front is 

compressed and its shape is deviating from the ellipsoidal structure. At t = 800 ns, 

well defined intensity columns parallel to the magnetic field line are observed ahead 

of bulk plume. This striation like structure is clearly observed from 800 ns to 1400 ns. 

Similar structure has been reported in past with much larger laser energy as compared 

to the present case [31] where, it is attributed as velocity sheer induced instability. At 

the present stage it is not clear whether the plasma instabilities or plume-magnet 

interaction are responsible for the observed striation. Detailed investigation of this 

aspect will be reported in future communication. As the time evolves, bulk plume 

starts moving towards the magnetic pole whereas axial expansion is still negligible up 

to t = 1200 ns. As a result, plume becomes more elongated in lateral direction with the 

time delay. With further increase in time delay t > 1200 ns, the elongated plume starts 

moving in axial direction but the polarization of plume species near the magnetic 

poles goes on. At time delay t > 3500 ns, intensity of the central portion of the plume 

starts decreasing and the overall structure look like a plume splitting in the vertical 

direction. Here it is noted that illumination of magnet boundary is mainly due to the 

light reflection and polarization of plume species near to magnet surface. For the 

present laser energy range, plume species cannot generate the secondary plasma on 

the magnet surface. 
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Fig. 3.3. Variation of plume length and half width as a function of time delay. 

Ambient pressure is set as 10-5 Torr. Solid lines represent best linear fit for the 

experimental data. 

The characteristics of the plume expansion in presence of magnetic field in axial 

as well as lateral direction are clearly visible in the distance versus time plot as shown 

in Fig. 3.3. It has been observed that under the influence of the magnetic field, the 

core of the plume is nearly stagnant with negligible axial velocity component up to the 

time delay 1200 ns. For the time delay > 1200 ns, plume starts moving in axial 

direction as its length increases with time.  The linear dependence of the plume front 

position with time delay suggests free expansion of the plume and the average axial 

velocity of 6.5 × 105cm/s is obtained from the slope of linear fit of the curve. It is 

interesting to note that after the stagnation (t > 1200 ns), magnetic field effect on the 

axial direction is negligible as plume expands freely without any resistive force of 

magnetic pressure which is strikingly different from the behaviour of plume expansion 

in the magnetic field in comparison to majority of reported results. On the other hand 
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transverse velocity component of the plume is negligible up to 800 ns and with the 

further increase of time (> 800 ns), plume starts moving in the lateral direction with a 

constant velocity of 4.8 × 105 cm/s. Due to the early start of lateral movement with 

negligible axial velocity component, the shape of the plume is elongated in the 

transverse direction at later time delay.   

3.3.1.2 In ambient gas 

Scenario is different in case of plume expansion across magnetic field in 10-2 Torr of 

argon pressure. The sequence of images of expanding plasma plume in 10-2 Torr 

pressure of argon pressure is shown in Fig. 3.4.  

 

Fig. 3.4. The sequence of images of expanding plasma plume at different delay times 

along with the corresponding integrated intensity profiles along the axial direction. 

The ambient gas pressure and integration time of ICCD are set as 10-2 Torr and 10 ns 

respectively. 
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In this case plume splits in two parts (designated as plume front and core of the 

plume) in axial direction at time delay t = 400ns. Plume splitting in the form of two 

components in presence of ambient gas is well known and extensively reported in 

literature [76, 78]. In the present case, that is in presence of magnetic field also, the 

fast component experiences the resistive force in expansion direction and therefore its 

shape is deformed and elongated in field direction. Front portion rapidly expands in 

lateral direction and attains maximum lateral dimension (separation between the two 

magnetic poles) at time delay t = 800 ns. However, geometrical shape of the core of 

the plume is almost identical up to t = 1000 ns and after that it propagates in axial as 

well as lateral directions and attains maximum lateral dimension at t = 2500 ns.  Two 

vertical slab like structures appear which are move in forward direction with different 

velocities.  For the time delay t > 4000 ns, these two components are merge together 

and expand as a single slab like structure which has nearly uniform intensity 

distribution.  

 

Fig. 3.5. Axial position vs time plot for both the front and core of the plasma plume at 

10-2 Torr of argon pressure. Solid and dashed lines represent the best fit for the 

experimental data with the linear fit and drag force model respectively. 
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In order to get the better presentation of axial expansion of these two 

components we have plotted the axial position of front and core of the plasma plume 

as a function of time delay as shown in Fig. 3.5. In this figure the axial positions of 

each component is obtained by their maximum, observed in the integrated intensity 

profile for the respective time delay. It has been observed that core of the plasma 

expands freely; the average expansion velocity of 7.3 × 105 cm/s is deduced from the 

slope of the linear fit.  On the other hand front component of the plume experiences 

the resistive force and its axial velocity decreases with time dely. The plume front 

position vs time curve is fitted well with classical drag force model  

z = zf [1-exp(-βt)] [22-24, 79]. The best fitted parameters of the drag model give the 

slowing coefficient β ~ 5.8 × 105/s and stopping distance zf ~ 3.5 cm. Therefore, these 

two components react with ambient gas to different extents; the core of the flume 

expands with uniform velocity whereas the velocity of the front component 

continuously decreases with the time. As a consequence both components merge 

together at later time delay. Thus the observed forward expansion of uniform intensity 

distribution in a large volume is an important finding which may be desirable for large 

area film deposition.    

3.3.3 SVD analysis of the plasma plume 

Apart from the rapid change in plasma parameters during expansion, laser 

produced plasma have large radial velocity gradients. Therefore, core and edge region 

of expanding plasma plume interact with magnetic field to different extents and also 

the interaction is highly dynamical. This initiates the formation of complex internal 

structures inside the plume. A conventional analysis of two dimensional images of the 

plasma plume is unable to provide enough information related to these internal 

structures/components and their evolution with time. The unresolved components of 

the expanding plasma plume can be obtained by transpose and decomposition of 
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image data matrix using singular value decomposition (SVD) technique [80]. In SVD 

technique, the image data matrix (i.e., A denotes a m × n matrix of image having m × 

n pixels) is decomposed into various principal components for optimal estimate of the 

signal and the noise components given by 

                                 A = u1s1v1
T + u2s2v2

T + ...... + ukskvk
T                                   (3.1) 

The projections of A along v (i.e. the product su) are the principal components (PC) of 

A [81]. Details of SVD in image analysis are given in our previous report [82]. 
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Fig. 3.6. SVD analysis of the plume images in the lateral direction for different time 

delays at 10-5 Torr pressure. (a), (b) and (c) represent the computed first, second and 

third principal components respectively. 

In order to see the structure formation along the magnet pole, the data matrix of 

each image is transposed and decomposed in transverse direction as shown in Fig. 3.6. 

The first principal component gives the general features of the plume and it is similar 

to the intensity profile along transverse direction. It is observed that the first principal 
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component has a single component and there is an increase in its width with time 

which represents the lateral expansion of the plume. Further to get the hidden 

components of the plume, we computed the second principal component for different 

time delays as shown in Fig. 3.6. Three distinct components are clearly visible in the 

second principal component which represents the core and edges of the plasma plume. 

The plume species moving towards the poles of the magnet are clearly visible in the 

second principal component. These components are further decomposed into several 

sub-components in third principal component which might be further resolved in 

higher order principal components. Due to decrease in intensity, it is not possible to 

compute the principal components higher than third order. Although higher order 

principal components are resolved as various structures of the plasma plume, these 

components do not systematically vary with time. This may be due to lower intensity 

at this stage and shot to shot variation of hydrodynamical movement of the plume and 

their interaction with the field. In conclusion the SVD analysis reveals that plume 

species are not smoothly distributed along the field lines (as they appear in the 

images); rather have complex structured profiles. It seems that different regions of the 

plasma plume interact with magnetic field to different extents because of the radial 

velocity and temperature gradients of plume species and hence form the complex 

internal structure. 

3.3.4 Plume dynamics in diamagnetic and non-diamagnetic limits 

Further, the observed dynamical behavior as well as geometrical shape of the plasma 

plume in magnetic field can be explained as follows. At the initial stage, plasma 

temperature and density are very high, and hence plasma beta is expected to be greater 

than unity [28, 31]. Here plasma beta is the dimensionless parameter in magneto-

hydrodynamical equation, which is defined as the ratio of the particle pressure or 

plasma thermal pressure (nkTe) to the magnetic pressure (PB = B2/2µ0) where n is the 
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electron density and Te is the electron temperature. In order to approximate the plasma 

beta, we have taken the electron density ~ 9 × 1017 cm-3, and electron temperature Te ~ 

2.8 eV at 1 mm distance from the reported results [28] in nearly identical experimental 

condition as the present case. At early stage of plasma, the estimated plasma beta is ~ 

5. Here it should be noted that in laser produced plasma, plasma plume has large 

directed velocity (due to initial conversion of thermal energy into directed energy) and 

therefore directed pressure (mnv2/2) is larger than the thermal pressure. Therefore, 

final plasma beta [(nmV2/2 + nkTe)/(B2/2µ0)] is much larger than unity, especially at 

early stages. In high beta region the expansion of the plasma plume is treated as 

expansion in the diamagnetic limit where the applied magnetic field is displaced by 

the field induced due to diamagnetic current. The plasma plume experiences the 

decelerating force and it expands until the displaced magnetic field reaches the 

maximum i.e. displaced magnetic energy balances the kinetic energy of the plasma 

plume [31, 72].  

In the present scenario, diamagnetism of plasma plume could be understood as 

follows. Charge particles in the plasma plume experience the Lorentz force in the 

presence of magnetic field and therefore gyrate in opposite direction with different 

radii depending on the charge, mass and velocity of the plume particles. For the 

magnetic field ~ 0.45 T and ion velocity ~ 6 × 106 cm/s, the estimated Larmor radii of 

aluminium ions (Al+) and electrons are 3.7 cm and 0.75 μm respectively. Here for 

simplicity we assume that ions and electron are moving with same velocity in the 

plasma plume. Since the Larmor radius for ions is greater than the plume dimension, 

the ions can be treated as unmagnetized whereas electrons are trapped by the magnetic 

field. So as the time evolves, due to larger Larmor radius, ions overshot the electrons 

and form the positive charged layer at the boundary of the plasma plume. The 

electrons try to hold the ions back and eventually produce radially inward electric 
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field. As a result induced diamagnetic current decelerates the plasma plume. Here, the 

maximum force appears at the direction normal to the applied magnetic field whereas 

plume does not experience any resistive force along the field lines as a result plume 

species start moving towards the pole of the magnet. Further, in the present case, 

position vs time plot clearly indicates that plasma plume is almost stagnant up to 1200 

ns where the average plume length is ~ 8.5 mm (see, Fig. 3.3). Confinement radius (or 

bubble radius) of the plasma can be estimated from the conservation of plasma energy 

and magnetic energy relation, and for the simplest case (assuming spherical 

symmetry) it is defined as Rb = (3μ0Elpp/πB2)1/3[29, 30]; where Elpp is the kinetic 

energy of the laser plasma which is approximated as half of the initial laser beam 

energy and B is the applied magnetic field. In the present case, for the laser energy 

300 mJ and 0.45 T magnetic field, the estimated confinement radius is ~ 9.5 mm 

which is in nearly agreement with the observed confinement radius (~ 8.5 mm).  

One of the important observations is re-expansion of the plume after stagnation. 

It can be seen from fig. 3.3 as the time evolves, the plasma plume begins to expand in 

both axial as well as lateral directions. The linear dependence of both velocity 

components and hence the free expansion of plume suggests that at this stage bulk 

plasma moves across the magnetic field without any resistive force. This could be 

understood on the basis of temporal variation of diamagnetic current in expanding 

plasma plume. Several experimental results suggest diamagnetism of the plasma 

plume first increases with time and reaches to a peak value (at bubble radius) [50, 30]. 

Due to rapid decrease of plasma temperature and density with time, the diamagnetic 

current and hence amount of displaced magnetic field is decreased and external 

magnetic field starts diffusing in the plasma plume. Therefore, at later stage i.e. in low 

plasma beta regime, plume expands in non-diamagnetic limit where the magnetic field 

diffuses into the plasma plume. In the present case magnetic diffusion time [28] is 
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estimated by the relation, td = μ0σRb
2, where σ =

50 π1/2ε0
2 (kTe)3/2

me
1/2

e2 Z ln Λ
 is the plasma 

conductivity [83], which is 8.56 × 103 Siemens/m for Z = 1. The estimated diffusion 

time td is ~ 1 µs. Therefore, in the present case we assume the plasma plume expands 

in non-diamagnetic regime for the time delay > 1000 ns. Cross field propagation of 

plasma plume in this regime is correlated to E×B drift of bulk plasma as also observed 

by earlier workers [79]. In this case, charged particle in plasma experiences the 

Lorentz force v×B and hence electrons and ions move in the opposite direction. The 

charge separation occurs until the counter electric field balances the Lorentz force. 

Thus the bulk plasma experiences the E × B field and is drifted in axial direction with 

velocity v = (E×B)/B2.  

In view of the above observations could be explained on the basis of plume 

expansion in diamagnetic and non-diamagnetic regimes. At the early stages of plasma, 

a diamagnetic cavity is formed due to the outward escape of the ions with respect to 

the magnetically trapped electrons. The induced diamagnetic current decelerates the 

plasma plume and it reaches the peak value where the plasma plume is nearly 

stagnant. With increase of time, diamagnetic property of the plasma weakens and 

magnetic field diffuses into the plasma and polarises it due to the influence of Lorentz 

force. Therefore, at later time plume also experiences the polarized electric and hence 

it freely moves across the magnetic field under the influence of E × B drift. In the 

presence of the ambient gas, ambient atoms exert resistive force on the expanding 

plume. Evidently maximum resistive force experienced by front portion of the plume 

and therefore its position vs time plot deviate from the linearity as shown in Fig. 3.5. 

On the other hand, core of the plume is almost unaffected by ambient gas, probably 

shielded by plume front and moves with constant velocity.  
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3.4 Summary and conclusion 

In summary, the dynamical and geometrical behaviour of laser produced aluminium 

plasma across the magnetic field have been investigated in vacuum and at 10-2 T of 

argon pressure. Several distinct features have been observed related to axial and radial 

expansion of the plume, splitting pattern and geometrical formation which are 

significantly different from the reported results for similar kind of experiments. It has 

been observed that expanding plume experiences resistive force and approaches the 

stagnation limit. Stagnation condition is maintained for some time and thereafter 

plume begins to expand with uniform velocity. The above observations are explained 

on the basis of temporal behaviour of diamagnetism of laser plasma and E × B drift of 

bulk plasma across the diffused field. The estimated field diffusion time and 

confinement radius well support the above interpretation. Well separated intensity 

columns, which are probably due to the velocity sheer driven instabilities are observed 

at the leading portion of the plume. Also, SVD analysis of the image data matrix 

shows structured profile of the bulk plasma along the applied field lines, which is not 

visible in the plume images. Further, unique slab like splitting is observed in the 

presence of magnetic field and ambient gas. The leading component experiences the 

resistive force whereas trailing portion expands freely. As a consequence, both 

components merge together and produce uniform density distribution in the transverse 

direction. Uniform intensity distribution in a large volume and almost flat expansion 

of the plume is an important observation which can be utilized in large area film 

deposition. In brief the above study provides some additional information regarding 

the plasma dynamics in magnetic field.  

 

This work has been published in N. Behera et al., Phys. Lett. A 379 (37), 2215-2220 

(2015) [71], N. Behera et al., Proceedings of the DAE-BRNS National Laser 
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Symposium 23, CP-07-15 (2014) [84] and N. Behera et al., Proceedings of the DAE-

BRNS National Laser Symposium 25, CP-7.20 (2016) [85]. 
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Two directional fast imaging of plasma 

plume in variable magnetic field 

A new experimental set-up which consists of pulse magnetic field system has been 

developed to capture the different phases of expanding plasma plume across the 

transverse magnetic field, varying from 0 to 0.57 T. Two internally synchronized 

ICCD cameras, mounted in orthogonal direction have been used to record the two 

directional projection (across and along the magnetic field directions) of the plasma 

plume. The plume takes the conventional ellipsoidal shape in absence of magnetic 

field. Well-defined cavity-like structures have been observed in a plane perpendicular 

to field direction, which are dominant at the early stage of plasma in a relatively lower 

magnetic field. As the time evolve, the cavity changes to jet/cone-like structures, 

which turn to slab-like structure at later times. On the other hand, well separated 

intensity columns (striation-like structures) are appeared in a plane parallel to 

magnetic field direction which is more apparent at higher magnetic field. Based on the 

projections of plume images in two perpendicular planes, the three dimensional 

structure of the plasma plume is modeled as an elliptical cylinder-like structure. The 

dynamics and geometry of plasma plume in presence of magnetic field are correlated 

with the expansion in diamagnetic and non-diamagnetic regime. The validity of 

plasma instability which is responsible for observed striation-like structures are also 

discussed. 
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4.1 Introduction 

The study of laser-produced plasma in presence of external magnetic field is useful to 

understand several important physical phenomena like conversion of kinetic energy 

into plasma thermal energy, plume confinement, ion acceleration/deceleration, 

emission enhancement/decrease and plasma instabilities [33-38, 31]. It is also 

important for many applied researches like tokamak plasma, space plasmas such as 

the study of an artificial comet, propulsion of space vehicles using laser ablation, 

investigation of acceleration of stellar winds, laboratory plasmas such as increase in 

the detection sensitivity of laser-induced breakdown spectroscopy [33, 39], 

manipulation of plasma plume in pulse laser deposition [40-42], debris mitigation [43] 

etc. Several pioneer workers have tried to understand plasma plume - magnetic field 

interactions in vacuum as well as in presence of background gas pressure with 

uniform [58] and non-uniform magnetic field [35] and have observed various 

phenomena like formation of diamagnetic cavity and flute like structures [72, 73, 25], 

plasma oscillations [45], edge instability and dramatic structuring [29, 74], sub-

Alfvenic plasma expansion [30] etc. 

The dynamics and geometrical structure of the plasma plume across the magnetic field 

is depends on plasma parameters and applied magnetic field. At early stage of the 

plasma, where the plasma pressure and kinetic pressure is much higher than the 

magnetic pressure, plasma expansion in this region is considered as expansion in 

diamagnetic limit. Diamagnetism of laser plasma has been extensively analyzed in 

terms of J × B interaction with the assumption plasma plume having spherical 

symmetry in most of the reported works. As the time evolved, plasma temperature and 

density are reduced considerably and magnetic start diffuse into the plasma plume. 

Diffused magnetic field polarized the plasma plume; as a result plume penetrates the 

magnetic field barrier under the influence of E × B drift. E × B drift of the laser 
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plasma is largely ignored in the reported work in case of moderate magnetic field ( 1 

T) and the ablating laser energy of order of few hundred mJ. Also the systematic 

experimental observation of formation of diamagnetism of plasma plume and at its 

transition into non-diamagnetic limit (diffused magnetic) field is scarce in the 

literature. Further shape, size and geometrical structure of plasma plume in presence 

of magnetic are another important aspects in terms of their utilization in practical 

application. Several fast imaging spectroscopy, which provide time resolved 2D 

images of the plume has been done to study the geometrical aspect of the plasma 

plume. However majority of previous experiments have been performed with 

permanent bar magnet where plume imaging along the magnetic field lines are not 

possible because of experimental constraints. Plume structure in magnetic field is 

highly asymmetrical and therefore complete geometrical information cannot extract 

from plume images projected across the magnetic field direction. 

 Keeping in view of above, we have designed experimental setup for studying 

the explicit effect of variable magnetic field on the dynamics and geometrical aspect 

of the expanding plasma plume. Helmholtz coil along with the two mutually 

synchronized ICCD cameras placed on orthogonal direction facilitate to get images 

across and along the magnetic field lines simultaneously. Temporal evolution of 

diamagnetic cavity, its dependence of external magnetic field strength and drift of 

plasma plume in non-diamagnetic field limit is experimentally demonstrated. Validity 

of different model and appearance of plasma instability is also discussed. 

4.2 Experimental scheme 

Schematic diagram of the experimental setup is shown in Fig.4.1a. The plasma plume 

is generated in a multi-ports cylindrical stainless steel vacuum chamber having base 

pressure less than 10-6 Torr. An Nd:YAG (λ = 1064 nm) laser having 8 ns pulse width 
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has been used to ablate the target. The pulse energy and spot size of the laser beam are 

set to 150 mJ and 1 mm in diameter at the target respectively, which can produce the 

laser fluence 19.1 J/cm2 at the target surface. Helmholtz coil along with the 

indigenously developed pulse power system (consist of capacitor bank) is used to 

produce transverse magnetic field varying from 0 to 0.57 T. Magnitude and 

uniformity of the magnetic field is ensured by mapping the magnetic field as a 

function of distance along the expansion direction and lateral directions using a Gauss 

meter shown in Fig. 4.1b. Here it should be noted the time varying magnetic field has 

a flat top profile of ~ 40 μs, which is larger than the considered measurement time. 

This is also ensuring the expansion in a uniform field. The aluminium target was 

mounted on a movable target holder through a vacuum compatible feed-through and 

placed in between the Helmholtz coil.  

The light emitted from the luminous plasma is recorded through a quartz 

window mounted orthogonal to the direction of the plume expansion. Time resolved 

images of the visible plume luminescence have been recorded using two internally 

synchronized ICCD cameras having variable gain and gate time and having a spectral 

range of 350 - 750 nm. A micro-controller based time control unit is used to trigger 

the camera in synchronous with the laser pulse. Timing jitter in time delay with 

respect to laser pulse is less < 1 ns. In this experiment z-direction is the plume 

propagation direction and camera 1 and 2 are recorded images along the x and y- 

direction respectively as shown in fig. 4.1. Here camera 1 and 2 are designed as x-

imaging and y-imaging respectively.  In the present experiment, gate opening time is 

set at 5 to 25 ns. Temporal evolution of the laser-produced plume has been obtained 

by varying the time delay (from 100 to 2000 ns) between the laser pulse and the 

opening time of ICCD gate. Minimum three images are recorded under similar 

experimental conditions. The reproducibility of the emission intensity is better than 
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5%. A mesh image of known dimensions (5 mm × 5 mm) is recorded to map the 

geometrical parameters of the plume. The magnification of the imaging system is 

found to be 3. Dark current noise is subtracted from the recorded image using 

MATLAB. Length and width of the plume are estimated by segmentation algorithm 

using MATLAB. For better visibility, grey images have been converted into pseudo-

colour images using jet-colour map. The emission spectroscopy has been used to 

estimate the plasma parameters. For that spectral light is viewed normal to the 

expansion direction and fed at the entrance slit of the spectrometer (Acton SP2500A) 

through an optical fibre. 
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Fig. 4.1. (a) Schematic of the experimental setup and (b) magnetic field profile 

between the two poles of Helmholtz coil measured by Gauss meter at x = 0 mm and x 

= 14 mm for magnetic field 0.13 T. 

4.3 Results and discussions 

When laser-produced plasma expands in magnetic field it undergoes through several 

interesting phases like thermalization, diamagnetization, confinement, propagation 

across the field, formation of different type of structures etc. Time resolve study of 

expanding plume in presence of magnetic field is important to understand these 

phases. Time resolved fast imaging of electronically excited plume species provide the 

two-dimensional snap-shot of the expanding plasma plume.  Image analysis of these 

2D-images provides various information related to plume dynamics, hydrodynamic 

movement of plasma and geometrical structure of the expanding plume. Most of the 

previous experiments related to plasma expansion in magnetic field have done with 

permanent magnet bar which have several experimental constrains. In these 

experiments, plume imaging along the magnetic field is not possible. Since plume 

expansion in magnetic field is highly asymmetrical and therefore complete picture of 

shape and dynamics of the plume cannot extract from the plume images projected 

across the magnetic field direction. 
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 Keeping in view of above we have deigned the experiment based on the 

Helmholtz coil and mutually synchronized two gated ICCD camera which facilitates 

to record images of evolving plume along and cross the magnetic lines. Helmholtz 

coil not only give the variable magnetic field but it also facilitate to record the images 

along the magnetic field lines. The simultaneous use of these cameras gives the 

complete information about the dynamics and geometrical aspect of the plume in 

presence of transverse magnetic field.  

4.3.1 Expansion in the absence of magnetic field 

The sequence of images of the plasma plume projected in two different directions, that 

is along and across the magnetic field lines (thereafter called as x-imaging and y-

imaging respectively) are captured in absence of magnetic field as shown in Fig 4.2. 

These images are recorded at different time delays, varying from 200 ns to 1000 ns. 

The background pressure and laser fluence are set as 10-5 Torr and 19.1 J/cm2 

respectively. Each image represents the spectrally integrated emission intensity in the 

range 350-750 nm, emitted from plume species. In absence of magnetic field, plume 

expansion is mainly governed by the initial pressure gradient inside the plume, and is 

treated as adiabatic expansion [5]. Due to large pressure gradient in axial direction 

(opposite to laser beam direction), plume has an early ellipsoidal shape. Ellipsoidal 

shape of plume is confirmed by two projection of images where both x-imaging and 

y-imaging data are nearly identical.With time, emission intensity was reduced 

considerably and at t > 1000 ns, emission intensity is beyond the detection limit of the 

ICCD. This is because electron temperature and density reduces rapidly with time and 

hence the probability of excitation of plume species is also reduced. 
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Fig. 4.2. The sequence of images of expanding plasma plume without magnetic field 

at different delay times. 

4.3.2 Expansion in the presence of magnetic field 

Effect of magnetic field on the dynamics and geometrical aspect of the plume is 

studied by observing plume images as a function of time in presence of magnetic 

field. Fig. 4.3shows the sequence of images recorded at different time delays, varying 

from 150 ns to 1200 ns at 0.13 T and 0.57 T magnetic fields. All the experimental 

parameters, laser fluence, ambient pressure etc. are same as in case of field free case. 

In comparison to observed images in field free case, it has been observed that the 

presence of magnetic field drastically changes the structure, dynamics and emission 

intensity of the plasma plume. Enhancement in emission intensity has been observed 

in presence of magnetic field where the emissive lifetime of the expanding plume is 

significantly increased in comparison to field free case. In presence of magnetic field, 

increase in electron temperature and electron-ion collision frequency is expected 

because of Joule heating and cyclotron motion of electrons and ions. This will result 

in increased the excitation processes in the plume species.  
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Fig. 4.3. The sequence of images of expanding plasma plume at (a) 0.13 and (b) 0.57 

T magnetic field at different delay times. 

 A well-defined elliptical cavity like structure is observed in the plume images 

projected along the magnetic field lines (x-imaging) at comparatively low magnetic 

field (0.13 T) as shown in Fig 4.3a. Initially the cavity expands with time and attain 

the maximum dimension at t = 400 ns. However the elliptical shape of plume cavity is 

retained. At time t > 400 ns, plasma cavity start reducing mainly along the lateral 

direction and finally cavity-like structure is dismissed with further increase of time 

delay. Here, it should be noted that the circular intense structure at the plume front 

observed in x-imaging (Fig 4.3a) from 800 ns is due to the reflection from the inner 

radius of the Helmholtz coil. This reflection is also visible in y-imaging data. So this 

portion doesn’t contribute to the plume length calculation. In case of higher magnetic 

field that is at 0.57 T, cavity-like structure is not observed throughout our considered 

measurement range (see, fig 4.3b). It seems that cavity is collapsed before 150 ns time 

delay at 0.57 T field. Another noteworthy observation is that after collapse of cavity-

like structure, a cone like structure is formed which is clearer in higher magnetic field 
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intensity (0.57 T). At later time instant, cone like structure converted into slab like 

shape witch expand freely in axial direction.  

 Scenario is completely different in case of plume images projected across the 

magnetic field direction (y-imaging). It has been observed that in presence of 

magnetic field, plasma plume expand with higher lateral velocity in comparison to 

axial velocity and hence plume becomes more elongated towards the magnetic pole 

with time delay. The dominant lateral velocity of the plume is more visible in higher 

magnetic field (0.57 T) as seen in y-imaging data of fig 4.3b, where lateral dimension 

of the plume rapidly increased and attain the maximum dimension (separation 

between the two Helmholtz coil) at time delay t = 800 ns. The magnetic field induced 

plasma instability is also visible in this case. At low magnetic field (0.13 T), initially 

the instability is developed at the edges of the plume. As the time evolves, instability 

grows as an intensity column (Striation like structure) parallel to the magnetic field 

lines. These striations are more defined and well separated at later stage and higher 

magnetic field intensity (0.57 T). 

 In order to get more insight into the formation and evolution of cavity-like 

structure, growth of plasma instability and their dependence on the magnetic field 

intensity, plume images are recorded in variable magnetic field. Fig. 4.4 shows the x- 

and y- imaging data for different magnetic field in the rage 0.13 to 0.57 T recorded at 

two different time delay, 400 and 800 ns. In case of x-imaging and comparatively 

lower time delay (t = 400 ns), size of the cavity gradually decreases with increasing 

the magnetic field. The cavity-like structure has disappeared at ~ 0.36 T field and 

formed a jet like structure. Jet like plume structures slightly shrink laterally with the 

further increase of magnetic field up to 0.57 T magnetic fields. However, at fixed time 

instant, we could not observe any significant change in axial dimension of the plume 

with increase of magnetic field intensity. On the other hand in case of y-imaging data, 



Chapter 4 

 

80 

plasma plume elongated in direction of field lines with increasing the magnetic fields. 

Also at a given time, the density columns are closely packed in low magnetic fields 

which are gradually separated with increase of magnetic field intensity from 0.13 to 

0.57 T. This effect is more apparent at higher at higher time delay (800 ns as shown in 

Fig. 4.4b and 1200 ns as shown in Fig. 4.5).   

 

Fig. 4.4. The sequence of images of expanding plasma plume at (a) 400 and (b) 800 ns 

delay time at different magnetic fields. 

 

Fig. 4.5. The sequence of images (y-imaging) of expanding plasma plume at 1200 ns 

delay time at different magnetic fields. 
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Fig. 4.6. Experimentally measured inner major and minor radii (a) as function of time 

delay for B = 0.13 T and (b) as a function of magnetic field strength at t = 400 ns. 

From the above observation it is clear that cavity-like structure of the plasma plume is 

more pronounced in lower magnetic field which shows the strong dependence on time 

and magnetic field strength as shown in Fig 4.6. Temporal behavior of plasma cavity, 

that is, variation of inner major and minor radii with time for fixed magnetic field 

(0.13 T) field is clearly depicted in Fig. 4.6a. Figure 4.6b represents the variation of 

cavity radii with magnetic field for fixed time delay t = 400 ns. On the other hand, 

appeared plasma instability is more evident at comparatively higher magnetic field 

and later stage of plasma expansion. Also based on the projections of the images in 

yz-plane (x-imaging) and xz-plane (y-imaging), the three dimensional structure of the 

plasma plume is modeled as an elliptical cylinder-like structure which is converted 

into structured slab like shape  as schematically shown in Fig 4.7. 
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Fig. 4.7. The projected images in diamagnetic limit at 0.13 T and 400 ns and non-

diamagnetic limits at 0.57 T and 800 ns. 

4.3.3 Plasma parameters 

 In order to explain the observed features of the plume, the plasma parameters 

like electron temperature and density are estimated using optical emission 

spectroscopy. The electron temperature was estimated by taking the line intensities 

ratios of two ionic lines Al II 3s4p 1P0 
 3p2 1D (at 466.3 nm) and Al III 2p64d 2D  

2p64p 2P0 (at 452.9 nm) using the relation [58], 

𝐼1

𝐼2
=

𝑔1

𝑔2

𝐴1

𝐴2

𝜆2

𝜆1
exp

−(𝐸1−𝐸2)

𝑘𝑇𝑒
 

(4.1) 

where, I1 and I2 are the intensities of the spectral lines of wavelengths λ1 and λ2; g1, g2 

are the statistical weight factors, A1, A2 are the transition probabilities, E1, E2 are the 

energies of the excited states of the two spectral lines, k is the Boltzmann’s constant, 

and Te is the electron temperature. Here, non-resonant lines are chosen to avoid the 

self-absorption. The required spectroscopic data required for temperature 

measurement are taken from the NIST database. 
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 Variation of electron temperature as function of time in both, absence and 

presence of magnetic field is shown in Fig. 4.8a. In field free case, as usual plasma 

cool down rapidly where electron temperature decreases exponentially with increase 

of time delay. Estimation of electron temperature beyond the 400 ns is difficult 

because of reduction of emission intensity in field free case. In presence of 0.27 T 

magnetic field, significant increase of electron temperature is observed in comparison 

to observed temperature in field free case.  However it follows a decreasing trend with 

time delay similar, to that in the field free case. Most of previous researchers have 

explained the increase of electron temperature in magnetic in terms of Joule heating 

[28]. Moreover presence of magnetic field can also increases the electro-ion 

recombination (three body recombination) because of plume confinement (as 

comparison to the field free case), which can also increase the electron temperature. 

Therefore effect of magnetic field on electron temperature is attributed as net 

contribution of both joule heating and three-body recombination.  

 

Fig. 4.8. Variation of (a) electron temperature and (b) electron density as a function of 

delay time in the absence and presence of 0.27 T magnetic field 
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 Further, the electron density ne of the plasma plume is obtained from the Stark 

broadening profile of Al II at 466.3 nm line using the relation [58], 

∆𝜆1/2 =
2 𝑊𝑛𝑒

1016
 

(4.2) 

 where Δλ1/2 is the FWHM of the spectral line and W is the electron impact parameter. 

The observed line profile is fitted with a Lorentzian function to obtain the line width. 

The electron impact parameter (W) for Al II (466.3 nm) line is taken from Ref. [25]. 

Here, broadening due to ionic contribution and Doppler broadening are ignored 

because of its negligible contributions [66, 67]. A typical line profile of Al II (466.3 

nm) and the fitted Lorentzian curve is shown in Fig. 4.9. 

 

Fig. 4.9. Typical Stark broadened profile of Al II 466.3 nm line at 400 ns time delay 

in the absence of magnetic field and corresponding Lorentzian fit. 

The variation of electron density as a function of delay for the both absence 

and presence of 0.27 T magnetic field is shown in Fig. 4.8b. Exponential decay of 

electron density with time follows the adiabatic expansion model in field free case. 

Not much significant change in the electron densities are noticed by introduction of 
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0.27 T magnetic field in comparison to field free case. However at t > 200ns, slight 

increase in densities is observed in presence of magnetic field. 

 We have also studied the effect of magnetic field strength on the plasma 

parameters of the plume. Electron temperature as well as density as function of 

magnetic field strength, varying from 0.17 to 0.57 T at 400 ns time delay is shown in 

Fig. 4.10.  It has been found that electron temperature increases with field strength and 

attain the saturation at 0.27 T magnetic field and no further change in electron 

temperature is observed beyond the 0.27 T field. Interestingly, at a fixed time delay 

400 ns, the electron density is almost constant for all magnetic field considered in the 

present case. The increase of electron density with field is expected due to the 

magnetic confinement. However at the same time probability of collision and hence 

electron-ion recombination is also increased, which leads to decrease the electron 

density. This might be the reason of observed density pattern in varying magnetic 

field. 

 

Fig. 4.10. Variation of electron temperature and density as a function of applied 

magnetic field at 400 ns time delay. 
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Here it should be noted that above estimation of plasma parameters is valid only for 

plasma in local thermodynamic equilibrium (LTE). So, it is necessary to ensure the 

LTE condition by using the McWhirter criterion [58], which gives the minimum 

density required for LTE is given by 

ne  ≥  1.4 × 1014√𝑇𝑒 (∆E)3 cm−3 (4.3) 

where, Te (eV) is the electron temperature and ∆E (eV) is the maximum energy 

difference between the upper and lower energy levels. For the estimated electron 

temperature (1.74 eV) and the largest energy gap of the considered lines (2.74 eV), 

this criterion predicts a lower limit for ne of 3.8 × 1015 cm-3. Our estimated values of 

ne are always greater than limiting value and hence LTE is safely approximated in the 

present case.  

4.3.4 Plume dynamics in diamagnetic and non-diamagnetic limits 

Further, dynamics and geometrical shape of plasma plume across the magnetic field is 

governed by various parameters, for example, plasma beta, diamagnetism of plasma, 

magnetic diffusion through the plasma plume etc. For the electron temperature of 1.74 

eV and electron density of 2.8 × 1016 cm-3obtained at the early stage of plasma, the 

estimated plasma beta for all the considered magnetic field are tabulated in Table 4.1. 

However the laser-produced plasma is highly transient in nature and usually directed 

pressure (Pd = mnV2/2) is much larger than the thermal beta. Therefore the total 

plasma beta ((mnV2/2+nTe)/(B
2/2μ0)) plays an important role in the present case. 

Here, V is expansion velocity of plasma plume, which is ~ 8.4 × 104 m/s. With the 

present experimental parameters, the estimated total plasma beta are found to be 

varied from 659.67 to 34.31 for the magnetic field in the range of 0.13 - 0.57 T (see, 

Table 4.1).  Here it should be noted that plasma total beta is always greater than unity 

even at maximum considered magnetic field.   
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Magnetic 

field, 
B (T)  

Electron larmor 

radius, 
r

L,e 
(µm)  

Ion larmor 

radius,  
r

L,i
  (cm)  

Thermal 

beta,  
β

the 
 

Total 

beta,  
β

tot
 

Diffusion 

time, 
t
d 

(ns)  

0.13 3.67 18.08 1.16 659.67 1148.14 

0.21 2.27 11.19 0.44 252.80 605.75 

0.27 1.77 8.71 0.27 152.93 433.28 

0.36 1.33 6.53 0.15 86.02 295.25 

0.42 1.14 5.60 0.11 63.20 240.39 

0.5 0.96 4.70 0.08 44.59 190.53 

0.57 0.84 4.12 0.06 34.31 159.99 

Table 4.1. Variation of electron Larmor radius (rL,e), ion Larmor radius (rL,i), thermal 

beta (βthe), total beta (βtot) and diffusion time (td) with applied external magnetic field 

(B). 

 In high beta region the expansion of the plasma plume is treated as expansion 

in the diamagnetic limit where the applied magnetic field is displaced by the induced 

field in the plasma due to diamagnetic current. The plasma plume experiences the 

decelerating force and it expands until the displaced magnetic field reaches the 

maximum displaced magnetic energy balances the kinetic energy of the plasma plume. 

Diamagnetism of expanding plasma plume in presence of magnetic field arises 

because of Larmor motion of electrons and ions. Assuming that electron and ions in 

the plume moving with same velocity of ~ 8.4 × 104 m/s, Larmor radii of electrons 

and Al+ ions for the maximum magnetic field (0.57 T) are estimated as 0.84 µm and 

4.12 cm respectively. Here, even for the maximum field the Larmor radius for ions is 

greater than the plume dimension and hence the ions are considered as non-

magnetised and therefore not much affected by the magnetic field. Since the electron 

are trapped by magnetic field, ions overshoot the electrons and formed the positive 

charge layer at the surface of the plasma plume which are hold by induced inward 
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electric field. As a result, cavity like structure is developed where diamagnetic current 

opposes the applied magnetic field. In the present context, cavity like structure as 

shown in Fig. 4.3a represents the plume expansion in diamagnetic limit. As mentioned 

before, dimension of the cavity is varying with time for any fixed magnetic field. This 

is because plasma temperature and density are decreases with time and hence the 

magnitudes of displaced magnetic field due to the diamagnetism of plume also 

decrease. As a result, applied magnetic field starts diffusing into the plasma plume. 

This could be understood by estimating the magnetic Reynolds number which is 

defined as the ratio of magnetic field convection to magnetic field diffusion, that is Rm 

= (µ0LV)/η where, η = 5.2 × 10−5 Z lnΛ (Te)-3/2 is plasma resistivity [83], Z is charge 

state, Λ is coulomb logarithm, Te is electron temperature in eV, L is magnetic field 

gradient scale length, V is plasma speed. For the present experimental parameters, the 

estimated magnetic Reynolds number are found to be 8.92, 8.12, 4.28, 2.50 for time 

delay 200, 250, 400 and 600 ns respectively in presence of 0.27 T magnetic field. The 

decrease of Rm (or increase of diffusion coefficient, 1/Rm in the generalized Ohm’s 

law [77]) with the time delay indicates that the plasma becomes more and more 

diffusive as it evolves. 

 Furthermore, in most of the previously reported work, size of diamagnetic 

cavity, commonly known as bubble radius (Rb = (3μ0Elpp/πB2)1/3) and magnetic 

diffusion time (td = μ0σRb
2) are approximated by equating the total excluded magnetic 

energy and kinetic energy of the laser-produced plasma (Elpp). Here, for simplicity 

they assume that plasma plume having spherical symmetry, Elpp is equal to the half of 

the energy of laser pulse and σ is the plasma conductivity. 

 However, Fig. 4.3 & 4.4 clearly suggest that spherical symmetry of the plasma 

plume is not a good approximation in the present case. Zakharov et al., [73] reported 

the asymmetric structure of plume in presence of magnetic field where the maximum 
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cavity size along the expansion axis was 1.4 times larger than the size across the 

expansion axis. Based on the projected shape of the plasma plume in magnetic field as 

shown in Fig. 4.6, the maximum cavity size along the expansion axis (a) and magnetic 

diffusion time (t) can be expressed as,   

a =  (
2μ0Elpp

k1k2πB2
)

1/3

 
(4.4) 

td =  μ0σa2 (4.5) 

 

 

where, k1 = b/a and k2 = h/a and a, b, and h are the dimensions of elliptical cylinder as 

depicted in Fig. 4.6. For the present parameters, that is Elpp = 75 mJ,σ = 
50𝜋𝜀0𝑇𝑒

3/2
 

√𝑚𝑒𝑒2𝑍𝑙𝑛𝛬
 = 

2.0 ×103 Siemens/m (for Z = 2) is the plasma conductivity [83] and k1 = k2 = 1.6, the 

estimated magnetic diffusion time (see, Table 4.1) with the help of equation (8) is in 

close agreement with experimental observation for the magnetic field > 0.27 T. Still 

there is significant difference between the estimated diffusion time and observed 

results at lower magnetic field. This is might be due to the error in estimation of 

plasma conductivity. 

 As we discussed earlier, after collapse of cavity like structure, the bulk plasma 

plume expands freely without any decelerating force. The cross-field propagation of 

bulk plasma plume is more evident in 0.57 T magnetic field (Fig. 4.3b). This is the 

region where the diamagnetism of plasma plume is disappearing and the magnetic 

field lines get diffuse through the plasma (treated as non-diamagnetic region). In order 

to see the plume dynamics in diamagnetic and non-diamagnetic regime, we have 

plotted the plume length (axial dimension) as function of time delay for the two 

magnetic field 0.13 T and 0.57 T as shown in fig. 4.11. For 0.13 T magnetic field, 

deviations from linear dependence of plume length vs time plot suggest that plume 

experience the resistive force by the magnetic pressure. This in agreement with 
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expansion in diamagnetic region where the diamagnetic cavity persists up to 

considered time range as shown fig. 4.3a. Interestingly at 0.57 T field, linear 

dependence of plume length with time is observed, that is plume expands freely 

without any drag force. Though, we expect the large resistive force by magnetic 

pressure at high magnetic field. This could be explained as follows. At 0.57 T field, 

magnetic field diffuse into the plume before 200 ns as shown in fig. 4.3b. Diffuse 

magnetic field causes the polarization of ions and electrons in opposite direction 

because of Lorentz force (v × B). Thus charge separation induces the electric field E 

in xy-plane. Hence the plume species experience the E × B force and propagate across 

the magnetic field with drift velocity (E × B)/B2 [71]. Here it should be noted that 

plasma is polarized if plasma dielectric constantε satisfy the condition, ε = 1+ 

(ωpi/ωci)
2 ≫ 1, where ωpi = ion plasma frequency, ωci = ion cyclotron frequency [26]. 

The estimated ε is found to be 4.36× 108 for 0.57 T field and hence the cross field 

propagation is valid in present scenario.  

 

Fig. 4.11. Variation of plume length as a function of time delay in presence of (a) 0.13 

T and (b) 0.57 T magnetic field. 
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 Furthermore, conical structure which is converted into a slab like structure 

(discussed earlier) at latter time in non-diamagnetic regime could also be explained on 

the basis of polarization of plasma plume. The strength of induced electric field E 

gradually decreases away from the plume center because of the shielding effect. As a 

result the particles on the surface of polarized plasma experience less electric field and 

hence less E × B force in comparison to inner layer. Thus the inner layers of the 

plasma move ahead with respect to outer layer and re-polarized [26, 27].Thus the 

successive lagging of outer layer, initially form the conical structure which is 

converted into a slab like structure with increase of time delay. 

4.3.5 Formation of striation-like structures 

Again referring Fig. 4.3, where striation-like structures, parallel to magnetic field lines 

are observed in y-imaging data, which are dominant at comparatively higher magnetic 

fields. It has also been noticed that the number of density column is showing the 

increasing trends with magnetic field as shown in Fig. 4.4b and Fig. 4.5. 

The growth of plasma instability, mainly the velocity shear instabilities (e.g. 

Rayleigh-Taylor instability, Kelvin-Helmholtz instability and electron-ion hybrid 

instability) are responsible for structure formation in the plasma plume in presence of 

magnetic field. Peyser et al. [31] reported the similar striation-like structures in 

presence of 0.3 - 0.6 T field and comparatively higher laser energy (30-300 J). They 

explained the observed structure in terms of electron-ion hybrid instability.  

In order to validate the existence of electron-ion hybrid instability in present 

case, we have estimated the growth rate, γ = 0.05ωLH and maximum growth time, τ = 

2π/0.05ωLH for this instability, where ωLH = (ωpiΩe)/(ωpe
2+Ωe

2)1/2 is the lower hybrid 

frequency. Here, ωpe, ωpi and Ωe are the electron-plasma, ion-plasma and electron 

cyclotron frequencies respectively. The estimated growth time for different magnetic 
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field are shown in Fig. 4.12. A reasonably good agreement is observed between the 

estimated growth time and appearance of structure for the magnetic field > 0.27 T. 

Therefore at relatively higher magnetic field, the electron-ion hybrid instability may 

be responsible for striation-like structures in the present case. However large 

discrepancies between the estimated and observed growth time is observed for the 

magnetic field < 0.27 T. More details theoretical study is needed to explain these 

observations, especially in incase of low magnetic field. 

 

Fig.4.12. Variation of maximum growth time of the electron-ion hybrid instability 

with the applied magnetic field. 

4.4 Summary and conclusion 

In summary, based on plume imaging in both across and along the magnetic field 

lines, the dynamical and geometrical behavior of laser-produced plasma across the 

transverse magnetic field has been investigated. Different phases of plasma expansion, 

e.g. formation of diamagnetic cavity and its dependence of the delay time and field 

strength, disappearance of diamagnetism and E×B drift of the plasma plume are 
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experimentally demonstrated. On the basis of present observation, we proposed the 

three dimensional structure of expanding plasma plume in both diamagnetic region as 

well as non-diamagnetic region. Many distinct features have been observed which are 

significantly different from the reported results for plume expansion in transverse 

magnetic field. Time and field strength dependence of cavity formation and its 

collapse, jet and slab-like structure formation and plasma instability are correlated 

with time varying plasma parameters and field diffusion into the plasma plume. The 

diamagnetic cavity is dominant at comparatively lower delay time and lower magnetic 

field. The cavity like structures turn to jet/cone-like structures which again change to 

slab-like structure with increase of either external magnetic field or time delay. Time 

and field strength dependence of observed results are correlated with time varying 

plasma parameters and hence the extent of field diffusion into the plasma plume. The 

diffusive term of the generalized Ohm’s law have calculated and found it increases 

with increase in time, which indicates that the plasma becomes more and more 

diffusive as it expands. The striation-like structures are dominant at comparatively 

higher delay time and higher magnetic field which are related to electron-ion hybrid 

instability at higher magnetic fields. In brief the above study provides several addition 

features about the plume dynamics in uniform transverse magnetic field.  

 

This work has been published in N. Behera et al., Phys. Plasmas 24 (3), 022511 

(2017) [86] and N. Behera et. al., in Frontiers in Optics / Laser Science, OSA 

Technical Digest (Optical Society of America, 2018), paper JW3A.37 [87]. 

Phys. Plasmas 24 (3), 022511 (2017) [86] is listed in “Top 20 Impactful articles in 

2017” and top in the section “Highly Downloaded Articles in 2017” in the Journal of 

“Physics of Plasmas”. 
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Study of diamagnetism using B-dot probe 

When laser-produced plasma expands in the presence of external magnetic field a 

diamagnetic current is produced on the surface of the plasma which produces a time-

varying magnetic field opposite to the applied external magnetic field. The presence 

of diamagnetism in laser plasma can be verified by measuring this induced magnetic 

field. In this regard, we designed and constructed a three-axis, high-frequency 

magnetic probe. Attempt was made to ensure the designed probe should be capable to 

measure the time varying field of desired frequency range and its strength. The details 

of the design, construction, optimization, calibration and outcome of this study are 

thoroughly discussed in the following sections. 
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5.1 Introduction  

The laser produced plasma in the presence of magnetic field is an important 

area due to its high application in many applied researches such as tokamak plasma, 

space plasmas viz., study of an artificial comet, propulsion of space vehicles using 

laser ablation, investigation of acceleration of stellar winds, and laboratory plasmas 

i.e., increase in the detection sensitivity of laser-induced breakdown spectroscopy [33, 

39], manipulation of plasma plume in pulse laser deposition [40-42], debris mitigation 

[43] etc. A detail literature survey is given in section 1.8. Though many works have 

been done to understand plasma plume - magnetic field interaction, parametric study 

of the formation and evolution of diamagnetic cavity in laser-produced plasma has not 

been observed to the best of our knowledge. 

When the laser-produced plasma expands in the presence of external magnetic 

field, it produces a diamagnetic current on the surface of the plasma plume and this 

diamagnetic current generates a magnetic field opposite to the applied magnetic field. 

So the applied magnetic field is displaced by this induced magnetic field [25]. It is 

necessary to measure this induced magnetic field to understand several physical 

phenomena involved in plasma plume-magnetic field interactions. B-dot probe is 

commonly used to measure the time-varying magnetic field. But major challenges 

involve in probe designing are probe should response to the desired frequency range, 

the size of the probe should be in the scale of the ion Larmor radius and it should 

sensitive to the desired magnetic fields range [68]. 

In the present investigation [71, 84-86], the external magnetic fields are 0 - 

0.57 T, electron and ion temperature are ~ 2 eV, electron density are 1022-1023 m-3 

respectively and ion Larmor radius are 3.5-20 cm. In this case, the diamagnetic cavity 

exists in the range of 200-1000 ns. Hence, the designed probe should response to such 

a fast varying magnetic field and it must be calibrated for few MHz bandwidth.   
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Based on the above considerations, we have designed a high frequency, three 

axis B dot probe having dimensions 3.2 mm and its bandwidth up to 10 MHz. 

Different experimental approach have utilized for tedious calibration of designed 

probe at desired frequency range. The designed B-dot probe is placed at the expected 

diamagnetic cavity, which can measure the resultant magnetic field (ΔBplasma).  

5.2 Probe theory and calculation of magnetic field 

The time-varying-magnetic field produced by the laser-produced plasma can 

be measured with a B-dot probe by using Faraday’s Law in integrated form. The flux 

change in a loop of N turns and area a in a magnetic field B perpendicular to the plane 

of the coil produces voltage V and is given by the relation V = - a N 
𝑑𝐵

𝑑𝑡
. The time-

varying magnetic field produced by the plasma can be calculated as B = - 
∫ 𝑉𝑑𝑡

𝑎𝑁
. The B-

dot probe is highly sensitive to high frequencies [69]. The magnetic field can be 

estimated by integrating the B-dot probe voltage signal by using either an electronic 

integrator or numerical integrator. In this experiment, we want to record induced 

voltage signal for external applied magnetic field and the magnetic field produced by 

plasma simultaneously. While induced voltage signal for the external magnetic field is 

in kHz range, the magnetic field produced by plasma is in MHz range. But it is not 

possible to integrate both low frequency (kHz) and high frequency (MHz) signal 

simultaneously using electronics integrator. So the numerical integrator is the only 

option to achieve this desired objective. 

5.3 Construction of probe 

The Faraday’s law is used to design the magnetic probe for detection of time varying 

magnetic field. The major challenges involve to design a probe to measure magnetic 

field during any phenomena are: the response of the probe should be faster than the 

time scale of occurrence of the desired phenomena, the size of the probe should be in 
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the scale of the ion Larmor radius and it should be sensitive to measure the desired 

magnetic fields etc. Based on the above considerations we have designed and 

fabricated the probe as follows.  

 

Fig. 5.1. (a) Probe tip in a glass test tube and (b) the probe is connected along with 

differential amplifier 

The probe tip is a 3.2 × 3.2 × 3.2 mm cubical G10 material is used as a core 

for the probe as shown in Fig. 5.1  The G10 material is used due to its high thermal 

capacities, easy to machine and unity relative magnetic permeability at high 

frequencies. 5 turns of a twisted pair of Gauge 40 polyimide insulated copper wire 

winded around the core which creates a differential pair along the each axis. This 

differential pair helps to cancel the capacitive or electrostatic pickup and add or 

doubles the voltage induced by the changing magnetic flux. The probe shaft consists a 

long ceramic tube and the whole probe is kept inside a closed 11.50 mm outer 

diameter glass test tube to protect it from direct expose to charged particles. Wires of 

the loops are connected with 50 Ω coaxial cables through 15-pin connectors and co-

axial cables are connected with a high frequency differential amplifier through SMA 

connectors. An ultra-high-speed (high frequency) differential amplifier (MAX4445, 

550MHz-3dB Bandwidth) (Fig. 5.1b, Fig 5.2a) is designed to cancel the 

electrostatic/capacitive pickup developed in plasma and to amplify only the magnetic 

(a) (b) 
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component of voltage to give the final differential voltage. The output of differential 

amplifier is connected to 50 Ω coaxial cables with a termination impedance of 50 Ω. 

 

Fig. 5.2 (a) Circuit schematics of a differential amplifier for one axis of the probe and 

(b) the voltage gain vs. frequency response of the amplifier. 

5.4 Response of the probe 

The response of probe should be faster than the time scale of occurrence of the desired 

phenomena. As we are studying the phenomena like demagnetization of laser-

produced which occurs at 200-1000 ns, so designed probe should respond to minimum 

few MHz range. We have tested the response of the B-dot probe in the magnetic field 

produced by several different configurations like Helmholtz coil (from 500 Hz to 10 

MHz) and circular inductor coil (at 1.27 MHz). 

 The response of the probe is tested by the scheme is shown in Fig. 5.3. The 

components required for this are: variable frequency generator (e.g. Dual channel 

arbitrary/function generator (AFG 3102, Tektronix, 100 MHz, 1 GS/s sampling rate), 

pulsed power supply), magnetic field generator (e.g. Helmholtz coil, circular 

inductor), designed magnetic probe and ultra-high-speed differential amplifier 

(MAX4445).  

(a) 

(b) 

(a) 
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Fig. 5.3. Block diagram of experimental Setup to measure the frequency response and 

calibrate the B-dot Probe. 

5.4.1 Frequency response of the probe in Helmholtz coil 

A Helmholtz coil configuration is used to check the response of the probe for 

frequencies 10 kHz-10 MHz. A Helmholtz coil  consists of two identical circular 

magnetic coils of 20 turns each having radius of R0 = 40 mm that are placed 

symmetrically along a common axis and separated by a distance 40 mm from each 

other.  

 

Fig. 5.4. Helmholtz coil arrangement for B-dot probe response check. 
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A time-varying voltage of frequencies 1 kHz-1 MHz and constant peak to peak 

amplitude Vref = 1.50 V is applied to the Helmholtz coil by a function generator. A 

resistor of r = 50 Ω is connected in series with the coils. The magnetic field produced 

at the centre of the coil is B = 
8

5√5

𝜇0𝑛𝐼

𝑅0
. In this case, the current can be found as voltage 

drop across the resistor divided by the 50 Ω. In this configuration of the Helmholtz 

coil, for 1 A current flow, the magnetic field produced by the coil at the centre is 4.5 

G. The B-dot probe is kept at the centre of the Helmholtz coil. The output voltage 

Vmeas,pp at different frequencies are measured using a Digital Phosphor Oscilloscope 

(DPO 3054, Tektronix, 500 MHz, 2.5 GS/s sampling rate) and are plotted for 

frequencies as shown in Fig. 5.5a. The linear variation of Vmeas, p-p with frequencies 

shows the proper response of probe in 1 kHz-1 MHz. At higher frequencies the input 

voltage reduced significantly. So at 1 kHz-10 MHz, a time-varying voltage of constant 

peak to peak amplitude Vref  = 840 mV is applied to the Helmholtz coil and Vmeas,p-p is 

plotted with frequencies as shown in Fig. 5.5b. This is again showing a linear 

variation of Vmeas,p-p with frequencies. From the above study we have confirmed that 

our probe is working perfectly in 500 Hz - 10 MHz. 

 

Fig. 5.5. The frequency response from (a) 500 Hz to 1 MHz and (b) 500 kHz to 10 

MHz by the magnetic field produced by the Helmholtz coil. 

(a) (b) 



Chapter 5 

 

103 

The linearity of the probe is verified with varying the input voltage at fixed 

frequency. Fig. 5.6a and Fig. 5.6b represent vmeas,p-p for reference voltages Vref = 1.1, 

2.2, 3.25 V at 500 kHz and 0.640, 1.23, 1.868 V at 1 MHz respectively and it is found 

to be linear. 

 

Fig. 5.6. Variation of Vmeas,p-p with Vref at (a) 500 kHz and (b) 1 MHz. 

At higher frequencies the input current decreases, so it not a very good idea to 

calibrate the probe with low input current. So we have used a pulsed power supply 

instead of a function generator at 1.27 MHz. The frequency response of the probe is 

checked using a circular inductor magnetic field configuration. 

5.4.2 Frequency response of probe in circular inductor 

The probe is said to be responding perfectly at a given frequency if the estimated 

magnetic field (or the integrated voltage) and output voltage waveform of B-dot probe 

are in phase and 90̊ phase difference with input current (which produces the magnetic 

field) respectively. This basic principle is used to check the response of the probe at 

higher frequencies and at higher currents. 

We have produced magnetic field of 2.62, 3.62, 4.65, 5.71 and 6.64 G at 1.27 

MHz though a capacitor discharges circuit (Fig. 5.7). 2 nF capacitor is charged to 50, 

75, 100, 125 and 150 V by a variable DC voltage source. A circular inductor of 10 

turns (N) having diameter 0.8 mm wire wound in a circle of radius 22 mm (R0). The 

current in the circuit is measured using a CT (FCT-016-20:1, Bergoz instrumentations, 

(a) (b) 
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1.25V/A)) and are found to be 0.92, 1.27, 1.63, 2.0 and 2.32 A. The magnetic field at 

the centre of the circular inductor is given by  

𝐵 (𝑟 = 0) =  
1

2
𝜇0𝑁𝐼 (

𝑥−𝑎1

√(𝑥−𝑎1)2+ 𝑅2
−

𝑥−𝑎2

√(𝑥−𝑎2)2+ 𝑅2
) =  

μ0NI

2R0
         (5.1) 

 The maximum magnetic field at the centre of the inductor are 2.62, 3.62, 4.65, 5.71 

and 6.64 G. 

 

Fig. 5.7. Schematic circuit diagram for generating magnetic field by capacitor 

discharge system at 1.27 MHz to test the response of B-dot probe and its calibration. 
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Fig. 5.8. The phase matching of current and ∫Vmeas(t) dt at (a) 0.92, (b) 1.27, (c) 1.63, 

(d) 2.0 and (e) 2.327 A at 1.25 MHz. 
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5.5 Calibration of the probe 

To measure the unknown magnetic field produced by the plasma, the probe is 

calibrated with known test magnetic fields of strength 2.62, 3.62, 4.65, 5.71 and 6.64 

G as described in Section. 5.4.1. The B-dot probe is used to measure the Vmeas(t) at 

different applied magnetic field. The output Vmeas(t) is integrated and the ∫Vmeas(t) dt is 

plotted with test magnetic field as shown in fig. 5.9.  

 

Fig. 5.9. Variation of ∫Vmeas(t) dt as a function applied magnetic field. Reciprocal of 

the slope give calibration factor of the B-dot probe. 

The calibration factor which is the inverse of slope of the line is found to be 

1.37 × 107 G/Vs. In order to find the unknown magnetic field produced by the plasma, 

the output voltage of the B-dot probe is integrated and multiplied by the calibration 

factor. 
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5.6 Magnetic field measurement in expanding plasma plume 

5.6.1 Theory of diamagnetic cavity 

The diamagnetism in laser-produced plasma across transverse magnetic field depends 

on the plasma parameters and applied magnetic field strength.  At early stage of the 

plasma, where the plasma pressure and kinetic pressure is much higher than the 

magnetic pressure, plasma expansion in this region is considered as expansion in 

diamagnetic limit. The diamagnetism of plasma plume could be understood as follows 

[24]. Charge particles in the plasma plume experience the Lorentz force in the 

presence of magnetic field and therefore gyrate in opposite direction with different 

radii depending on the charge, mass and velocity of the plume particles. Since the 

Larmor radius for ions is greater than the plume dimension, the ions can be considered 

as unmagnetized and therefore, expand radically outward. But the electrons tie to the 

magnetic field and try to hold the ions back and eventually produce radially inward 

electric field. The ions on the outer edge are slowed down by the produced radial 

electric field, but ions inside catch up and thus the plasma get compressed into a thin 

shell. This results the formation of diamagnetic cavity or magnetic bubble. As the 

electrons are magnetized, E× B drift is created azimuthally relative to the ions which 

gives rise to a current. This current (known as diamagnetic current) generates a 

magnetic field opposite to the applied magnetic field.  So the applied magnetic field is 

displaced by the induced magnetic field due to this diamagnetic current in the plasma. 

We have observed the diamagnetic cavity experimentally from the fast imaging of 

plasma plume in presence of external magnetic field as shown in Fig. 5.10. The 

theoretical study suggests that the magnetic field produced by plasma plume in 

presence of external magnetic field is diamagnetic in nature which means the induced 

magnetic field is produced in a direction opposite to applied external magnetic field 

and its magnitude is equal to applied magnetic field. The magnetic lines will expelled 
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by the plasma plume. To show the diamagnetism of plume, we have measured the 

induced magnetic field. 

 

Fig. 5.10. ICCD camera image of expanding plasma plume at 0.13 T and 400 ns in a 

plane (a) perpendicular and (b) parallel to external magnetic field. (c) Schematic of 

diamagnetic cavity. 

5.6.2 Experimental scheme 

Detailed description of the experimental setup has been presented in chapter 4 [86]. 

Only a brief summary, which is important for the present study, is presented here. The 

plasma plume is created in vacuum chamber having a base pressure less than 10-6 Torr 

using a 1064 nm, 8 ns pulsed Nd:YAG laser. The pulse energy and spot size of the 

laser beam are set to 150 mJ and 1 mm in diameter at the target, respectively, which 

can produce the laser fluence 19.1 J/cm2 at the target surface. 0.13-0.57 T transverse 

magnetic field is produced by a Helmholtz coil along with the indigenously developed 

pulse power supply. The designed B-dot probe is placed at the expected diamagnetic 

cavity, which can measure the resultant magnetic field (ΔBplasma) in this region. 

5.6.3 Results and analysis 

Initially, we have applied 0.13 T external magnetic field and the induced voltage is 

shown in Fig. 5.11a. The laser fired on the aluminium target and plasma generated and 

the induced magnetic field profile of plasma plume recorded as shown in Fig. 5.11b. 

From the Fig. 5.11b, it is observed, an additional high frequency signal (Fig. 5.11c) 

ride over the previously existing magnetic field profile at the zero crossing (where the 

magnetic field is maximum and the flat top of magnetic field is present). This is the 
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expected high frequency induced magnetic field signal which is may be responsible 

for diamagnetism of the laser produced plasma. 
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Fig. 5.11. Time profile of (a) 0.13 T external magnetic field, (b) induced magnetic 

field and (c) magnified portion of induced field. 

 Further, to verify the diamagnetism, the induced voltage profiles of plasma 

plume are recorded by varying applied magnetic field from 0.13 T to 0.57 T (Fig. 

5.12a) and these voltage signals are integrated using the numerical integrator to obtain 

corresponding magnetic field profile. The high frequency magnetic field signals are 

shown in Fig. 5.12b.  
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Fig. 5.12. Time profile of (a) induced voltage as measured by B-dot and (b) magnetic 

field obtained by integrating voltage signals in the applied magnetic field range 0.13-

0.57 T. 
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From Fig. 5.12b, the variation of maximum induced magnetic field 

(diamagnetic field) with applied external magnetic fields is shown in Fig. 5.13. So the 

maximum induced magnetic field is in the range of 7-9 G (error ±5 %) (i.e. 0.5-0.1 % 

of applied magnetic field) and these values can be considered as negligible with 

respect to applied magnetic field values. In conclusion, for any applied magnetic field, 

the plasma produces almost same amount of magnetic field in opposite direction and 

hence the net induced magnetic field measured by B-dot probe is negligible (ΔBplasma 

= 7-9 G). Here, the direction of the gyration of charged particle of is always such that 

the magnetic field generated by plasma is always opposite to the externally applied 

magnetic field and hence, plasma tends to reduce the magnetic field, and it becomes 

diamagnetic. So in laser-produced plasma perfect diamagnetism is verified. 

 

Fig. 5.13. The variation of induced magnetic field measured by B-dot probe with 

different applied external magnetic fields. 
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5.7 Summary and conclusion 

A three-axis, high frequency B-dot is successfully designed, fabricated and 

calibrated. We have developed a new procedure to calibrate the B-dot probe. 

Response of the probe is obtained by using both Helmholtz coil and circular inductor. 

We have ensured that response of the probe up to 10 MHz for measurement of 

diamagnetism in the range of 200 to 1000 ns. Further, the high frequency probe is 

calibrated 1.27 MHz using a circular inductor of 22 mm radius, made by 10 turns of 

0.8 mm thick copper wire.  The designed B-dot probe is placed at the expected 

diamagnetic cavity (position is inferred from ICCD camera imaging diagnostics) 

which measured the resultant magnetic field (ΔBplasma) in the region. The ΔBplasma is 

measured during expansion of plasma plume for applied magnetic field range of 0.13 - 

0.57 T. The observed ΔBplasma is found to be in the range 7-9 G which indicates clearly 

the reversal of magnetic field direction to the applied magnetic field. For the first time 

with the designed B-dot probe, we could demonstrate occurrence of diamagnetism of 

plasma plume during its expansion in external magnetic field.  
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Material dependent diamagnetic cavitization 

of laser-produced plasma 

The diamagnetism is a fundamental entity of laser-produced plasma in the transverse 

magnetic field. The whole plasma dynamics is effectively controlled by its evolution 

and dismissal mechanism. In this chapter, we have studied the material dependence of 

diamagnetism in expanding laser plasma across transverse magnetic field using 

various atomic number targets starting from low to high values viz., carbon (Z = 6), 

aluminium (Z = 13), nickel (Z = 28) and tungsten (Z = 74) . By comparing the plume 

images of different Z-materials in identical experimental condition, we have observed 

that plume geometrical shape, velocity, striation pattern and more importantly 

formation and shape of the diamagnetic cavity and its evolution are highly dependent 

on the target material (atomic number). Peculiar behaviour of carbon plasma that is Y-

shaped bifurcation of plume in presence of magnetic field are observed, which is 

strikingly different in comparison to the result observed with other target material. We 

have also discussed the limitation of established theoretical model to explain the Z- 

dependence diamagnetism of laser plasma. We have highlighted some important 

observations which remain unexplained with existing theoretical model. In this 

context, we have suggested some important points which are necessary to modify, 

especially in the expression of bubble radius and magnetic diffusion time.  
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6.1 Introduction 

The diamagnetic cavity always plays an important role on plasma dynamics. 

The interaction of plasma plume of different materials with external magnetic field is 

crucial in to understand processes like conversion of kinetic energy into plasma 

thermal energy, plume confinement, ion acceleration/deceleration, emission 

enhancement/decrease and plasma instabilities [31, 33-38]. A detail literature survey 

is given in section 1.8. Though many works have been done to understand plasma 

plume - magnetic field interaction, parametric study of the formation and evolution of 

diamagnetic cavity in laser-produced plasma has not been observed to the best of our 

knowledge.  

The diamagnetism in laser-produced plasma across transverse magnetic field 

depends on the plasma parameters and applied magnetic field strength.  At early stage 

of the plasma, where the plasma pressure and kinetic pressure is much higher than the 

magnetic pressure, plasma expansion in this region is considered as expansion in 

diamagnetic limit. The diamagnetism of plasma plume could be understood as follows 

[25]. Charge particles in the plasma plume experience the Lorentz force in the 

presence of magnetic field and therefore gyrate in opposite direction with different 

radii depending on the charge, mass and velocity of the plume particles. Since the 

Larmor radius for ions is greater than the plume dimension, the ions can be considered 

as unmagnetized and therefore, expand radically outward. But the electrons tie to the 

magnetic field and try to hold the ions back and eventually produce radially inward 

electric field. The ions on the outer edge are slowed down by the produced radial 

electric field, but ions inside catch up and thus the plasma get compressed into a thin 

shell. This results the formation of diamagnetic cavity or magnetic bubble. As the 

electrons are magnetized, E × B drift is created azimuthally relative to the ions which 

gives rise to a current. This current (known as diamagnetic current) generates a 
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magnetic field opposite to the applied magnetic field.  So the applied magnetic field is 

displaced by the induced magnetic field due to this diamagnetic current in the plasma 

and with this the plasma plume also experiences the decelerating force. This 

diamagnetic cavity exists up to the magnetic diffusion time and then its collapse starts. 

The material dependence of diamagnetism, which is an interesting problem, is largely 

in ignored in the reported work. Therefore, it needs crucial studies for its z-

dependence investigation. 

In view of above, we have studied the dynamics and structural behaviour of 

plasma plume generated by different atomic number (Z) targets in the presence of 

transverse magnetic field. Carbon (Z = 6), aluminium (Z = 13), nickel (Z = 28) and 

tungsten (Z = 74) are considered for this study. By comparing the plume images of 

different Z-materials in identical experimental conditions, we have studied Z-

dependence of plume geometrical shape, velocity, striation pattern and more 

importantly formation and shape of the diamagnetic cavity and its evolution. We have 

also thoroughly analysed the expression of bubble radius and magnetic diffusion time 

to explain the observed diamagnetism in laser-produced plasma. 

6.2 Experimental scheme 

Detailed description of the experimental setup has been described in the Chapter 4 

[86]. Only a brief summary, which are important for this Chapter are presented here. 

The plasma plumes of different target materials are created in vacuum chamber 

having a base pressure less than 10-6 Torr using a 1064 nm, 8 ns pulsed Nd:YAG 

laser. The pulse energy and spot size of the laser beam are set to 150 mJ and 1 mm in 

diameter at the target, respectively, which can produce the laser fluence 19.1 J/cm2 at 

the target surface. Transverse magnetic field in the range 0.13-0.57 T is produced by a 

Helmholtz coil along with the indigenously developed pulse power supply. The 

targets like carbon, aluminium, nickel and tungsten are mounted on a movable target 
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holder through a vacuum compatible feed-through and placed in between the 

Helmholtz coil. Time-resolved images of visible expanding plasma plume are 

recorded using two internally synchronized ICCD cameras (4 Picos, Stanford 

Computer Optics). The details of camera specification and synchronization 

mechanism are given in Chapter 1 and 4 respectively. 

6.3 Results and discussion 

To understand the processes like thermalization, diamagnetism, confinement, E × B 

drift etc. during the plume expansion in magnetic field, time-resolved fast imaging of 

visible expanding plume is carried out using two internally synchronized ICCD 

cameras. As our major focus is on the material dependence of diamagnetism in 

plasma, so we have used various atomic number targets starting from low to high a 

like carbon (Z = 6), aluminium (Z = 13), nickel (Z = 28) and tungsten (Z = 74) to 

generate plasma and their temporal evolution of plume are studied by capturing 

images of visible expanding plasma plume. 

6.3.1 Time-resolved fast imaging of tungsten plasma 

The sequence of images of the tungsten plasma plume along and across the 

magnetic field lines (denoted as X-imaging and Y-imaging respectively) are captured 

in the absence of magnetic field as shown in Fig 6.1. These images are recorded at 

different time delays, varying from 50 ns to 2000 ns. Each image represents the 

spectrally integrated emission intensity in the range 350-750 nm, emitted from plume 

species. In the absence of magnetic field, plume expansion is mainly governed by the 

initial pressure gradient inside the plume, and is treated as adiabatic expansion [5]. 

Due to large pressure gradient in axial direction, plume has an early ellipsoidal shape. 

Ellipsoidal shape of plume is confirmed by two projection of images where both X-

imaging and Y-imaging data are nearly identical. The expansion velocity of tungsten 

plasma plume is ~ 1.86 × 104 m/s. With time, emission intensity was reduced 
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considerably and at t > 2000 ns, emission intensity is beyond the detection limit of the 

ICCD. This is because electron temperature and density reduces rapidly with time and 

hence the probability of excitation of plume species is also reduced. 

 

Fig. 6.1. The sequence of images of the expanding tungsten plasma plume without 

magnetic field at different delay times. 

 By introduction of external magnetic field brings a significant change of 

expanding tungsten plasma plume dynamics which is clearly visible in Fig. 6.2 and 

6.3. Fig. 6.2 and Fig. 6.3 show the sequence of images of the expanding tungsten 

plasma plume at different delay times, varying from 300 ns to 3000 ns at two different 

magnetic field, 0.13 T and 0.50 T  respectively. Significant enhancement of emission 

intensity and emissive lifetime of expanding tungsten plasma plume has been 

observed in comparison to the field-free case. 

 
Fig. 6.2.The sequence of images of the expanding tungsten plasma plume at 0.13 T 

transverse magnetic field at different delay times. 
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 A well-defined elliptical cavity (diamagnetic cavity) is observed in the images 

of expanding plasma plume in a plane perpendicular to the external magnetic field (X-

imaging) at the comparatively low magnetic field (0.13 T) as shown in Fig. 6.2. Here 

the cavity sustains for a longer period of time i.e. up to 3000 ns. 

 
Fig. 6.3. The sequence of images of the expanding tungsten plasma plume at 0.50 T 

transverse magnetic field at different delay times. 

 In case of higher magnetic field (0.50 T), the ellipticity of cavity structure is 

increases in comparison to low magnetic field and. In this case cavity like structure is 

collapse at ~ 2000 ns and form a well-defined line-structure with further increase of 

time delay > 2500 ns as shown in X-imaging of Fig. 6.3. On the other hand, the 

striation-like structure is found in the images in a plane parallel to the applied 

magnetic field (Y-imaging of Fig. 6.2 & 6.3). Due to compression, the striation-like 

structures overlap on each other and not as clear in the case of aluminium plasma (see, 

Chapter 4). The possible physics of diamagnetic cavity and magnetic striation-like 

structure is already discussed in Chapter 4. 

6.3.2 Time-resolved fast imaging of nickel plasma 

Again, the sequence of images of the nickel plasma plume along and across 

the magnetic field lines are captured in the absence of magnetic field as shown in Fig 

6.4. These images are recorded at different time delays, varying from 50 ns to 1500 

ns. In the absence of magnetic field, plume expansion is mainly governed by the 

initial pressure gradient inside the plume and is treated as adiabatic expansion [5]. 

Due to large pressure gradient in the axial direction, the plume has an early ellipsoidal 

shape. Ellipsoidal shape of the plume is confirmed by two projection of images where 
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both X-imaging and Y-imaging data are nearly identical. The expansion velocity of 

nickel plasma plume is ~ 5.6 × 104 m/s. With time, emission intensity was reduced 

considerably and at t > 1500 ns, the emission intensity is beyond the detection limit of 

the ICCD. 

 

Fig. 6.4. The sequence of images of the expanding nickel plasma plume without 

magnetic field at different delay times. 

The effect of external magnetic field causes a significant change of expanding 

nickel plasma plume dynamics which is very clear from Fig. 6.5 and 6.6. Fig. 6.5 and 

Fig. 6.6 show the sequence of images of the expanding nickel plasma plume at 

different delay times, varying from 200 ns to 2000 ns at 0.13 T and 0.50 T applied 

magnetic field respectively.  

 

Fig. 6.5. The sequence of images of the expanding nickel plasma plume at 0.13 T 

transverse magnetic field at different delay times. 

Again, a well-defined elliptical cavity (diamagnetic cavity) is observed in the 

images of expanding plasma plume in X-imaging at 0.13 T applied magnetic field as 

shown in Fig. 6.5. Here the cavity sustains for up to ~ 1000 ns and then starts to 

collapse. 
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Fig. 6.6. The sequence of images of the expanding nickel plasma plume at 0.50 T 

transverse magnetic field at different delay times. 

But in case of 0.50 T, the cavity starts to collapse from ~ 600 ns and form a 

cone-like structure and subsequently form line-structure as shown in X-imaging of 

Fig. 6.6. On the other hand, striation-like structures are found in Y-imaging of Fig. 6.6 

at later period of expansion. From 1500 ns the striation-like structures are clearly 

visible. The possible physics of diamagnetic cavity and magnetic striation-like 

structure is given in Chapter 4. 

6.3.3 Time-resolved fast imaging of aluminium plasma 

The effect of applied magnetic field on the plasma dynamics is discussed in 

detailed in Chapter 4. In brief, the expanding aluminium plume takes an ellipsoidal 

shape during its expansion in the absence of external magnetic field. The expansion 

velocity of aluminium plasma plume is ~ 8.4 × 104 m/s.  Again, the existence of 

diamagnetic cavity is observed at lower magnetic field and lower delay time; whereas 

striation-like structures are observed at comparatively higher magnetic field and 

higher delay time. 

6.3.4 Time-resolved fast imaging of carbon plasma 

In order to see the effect of magnetic field on low-Z carbon plasma, the 

sequence of images of the carbon plasma plume for both the projection (that is X-

imaging and Y-Imaging) are captured in the absence of magnetic field are shown in 

Fig 6.7. These images are recorded at different time delays, varying from 200 ns to 

1600 ns. As in the case of above, in the absence of magnetic field, plume expansion is 
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mainly governed by the initial pressure gradient inside the plume, and is treated as 

adiabatic expansion [5]. In this case also plume has an ellipsoidal shape which is 

confirmed by two projection of images where both X-imaging and Y-imaging data are 

nearly identical.  The expansion velocity of carbon plasma plume is ~ 1.4 × 104 m/s. 

With time, emission intensity was reduced considerably and at t > 1600 ns, emission 

intensity is beyond the detection limit of the ICCD. 

 

Fig. 6.7. The sequence of images of the expanding carbon plasma plume without 

magnetic field at different delay times. 

 Surprisingly in case of carbon we have not observed the important earlier 

expansion dynamics entities like diamagnetic cavity and magnetic striation-like 

structures by applying the external magnetic field. A well-defined almost symmetrical 

Y-shaped bifurcation of plasma plume in a plane perpendicular to the magnetic field 

(X-imaging) is observed in as shown in Fig. 6.8. In contrast to the other material, 

striation like structure along the magnetic field lines is not observed in case of carbon 

rather the plume splitting along the expansion axis are clearly visible in Y-imaging of 

Fig. 6.8 at 0.13 T external transverse magnetic field. 

 

Fig. 6.8. The sequence of images of the expanding carbon plasma plume at 0.13 T 

transverse magnetic field at different delay times. 
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 Intrestingly, increase of the magnetic field strength up to 0.50 T doesn’t bring 

remarkable changes in the observed plume structure like the earlier cases. Only the 

little increase of emission intensity and a change of angle of bending of plume front 

(tip of Y-shaped bifurcation) are observed (X-imaging of Fig. 6.9) with increase of 

magnetic field. 

 

Fig. 6.9. The sequence of images of the expanding carbon plasma plume at 0.50 T 

transverse magnetic field at different delay times. 

 For the best of our knowledge, Y-shaped bifurcation in carbon plasma in 

presence of transverse magnetic field is not reported till now. There is no theoretical 

study and simulation work available to explain observed dynamics and geometrical 

shape of the carbon plasma. The possible mechanism can be as follows. The splitting 

of plume into a neutral dominant (toward the target) and charge species dominant 

(plume front) part is observed [88] (Y-imaging of Fig. 6.8). As the charge species 

dominate part (plume front) in the influence of external magnetic field will be 

polarized into electron dominant and ionic dominant part forming a Y-shape 

bifurcation as observed in X-imaging of Fig. 6.8. The  increase the magnetic field 

affect the strength of polarization which may reflected in observe change in bending 

of the  Y-shaped plume with increase of magnetic field (X-imaging of Fig. 6.9). At 

this stage, more convincing explanation of the observation is still missing and detailed 

investigation in this regard is in progress. 
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6.3.5 Comparative study of plasma plumes 

Our major focus is to study the material dependence plume features like plume 

geometrical shape, velocity, striation pattern and more importantly formation and 

shape of the diamagnetic cavity and its evolution. For the comparative study, the X-

imaging and Y-imaging of the expanding carbon, aluminium, nickel and tungsten 

plasma at 400 ns and 1200 ns delay time in presence of  0.13 T and 0.50 T magnetic 

field are shown in Fig. 6.10 and Fig. 6.11 respectively. 

 

Fig. 6.10. The X-imaging of expanding carbon, aluminium, nickel and tungsten 

plasma at 400 ns and 1200 ns delay time in presence of (a) 0.13 T and (b) 0.50 T 

transverse magnetic field. 

The expansion velocity of expanding carbon, aluminium, nickel and tungsten 

plasma plume in the absence of external magnetic field are 1.4 ×104, 8.4 ×104, 5.6 
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×104 and 1.86 ×104 m/s respectively. Except for carbon, the expanding plume velocity 

decreases with the increase of Z-number and atomic mass. So the all metallic target 

shows the expected trends in their expansion velocities. The cavity exists for a longer 

time, but its width is smaller for high Z-materials (e.g. tungsten) as compared to low 

Z-materials (e.g. aluminium) at the low magnetic field (Fig. 6.10). Again, the numbers 

of magnetic striation are more but their separations are smaller in high Z-materials as 

compare to low Z-materials (e.g. aluminium) at the high magnetic field (Fig. 6.11).  

 

Fig. 6.11. The Y-imaging of expanding carbon, aluminium, nickel and tungsten 

plasma at 400 ns and 1200 ns delay time in presence of (a) 0.13 T and (b) 0.50 T 

transverse magnetic field. 

In this Chapter, our major focus is on the material dependence of 

diamagnetism in laser-produced plasma. From the above experimental observation, 

we have found that diamagnetism of laser plasma depends on the nature target 

material used for plasma formation. From the earlier study, the expansion of laser 

plasma plume in the magnetic field can be summarized as the plume expands slowly 

due to magnetic field confinement up to magnetic field diffusion time and then 

accelerate due to E × B drift [71]. Therefore the magnetic field diffusion i.e. the time 
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after which the diamagnetic cavity starts to collapse is the key predicting parameter 

for plume dynamics in the magnetic field. Here we have observed that magnetic field 

diffusion time (td) is a material dependent. The effect of the material dependence of td 

can be understood as follows. 

The expression of confinement radius (bubble radius) [29, 30] and classical magnetic 

field diffusion time [28] are,  

𝑅𝑏 =  (
3𝜇0 𝐸𝑙𝑝𝑝

𝜋𝐵2
)

1/3

 
(6.1) 

𝑡𝑑 =  𝜇0σ𝑅𝑏
2 (6.2) 

where Rb is the confinement radius (bubble radius), μ0 is the magnetic permeability in 

free space, Elpp is the kinetic energy of laser-produced plasma, B is the applied 

magnetic field, σ (= 1/ η) is the plasma conductivity and η (= 5.2 × 10-5 Z lnΛ Tev
-3/2) 

is the plasma resistivity. So the confinement radius depends on the kinetic energy of 

laser plasma and the applied magnetic field and the plasma conductivity depending on 

the electron temperature. Hence, basically magnetic field diffusion time depends on 

three parameters namely kinetic energy of laser plasma, applied magnetic field and the 

electron temperature. Here it should be noted that electron temperature is weakly 

dependent on the metallic target-to-target (~1.5-2 eV) [28, 86] for laser-produced 

plasma. Therefore, for a fixed magnetic field and laser energy (with the general 

approximation that 50% of laser energy is utilized for plasma formation), classical 

cavity radius and magnetic diffusion time are independent of target materials, which 

contradict the present experimental observation. So, detailed theoretical modeling and 

supporting simulation are required to explain the present observations as these 

observed results couldn’t explain withthe help of the present theory. 

Few important points can be highlighted here which will be useful to modify 

the expression for bubble radius and magnetic diffusion time. As the bubble radius is 
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derived using the energy equation, so the energy equation can be modified by 

considering the plasma motion and consequently, the magnetic diffusion time can be 

modified and the expression of the modified energy equation is, 

(
4𝜋

3
𝑅𝑏

2) (
𝐵2

2𝜇0
+

𝑚𝑛𝑣2

2
) =  𝐸𝑙𝑝𝑝 

(6.3) 

Again, we need to find the aspect ratio (from the asymmetric structure of plasma 

plume) to calculate the exact td for different materials. 

6.4 Summary and conclusion 

In summary, the plume features such as plume geometrical shape, velocity, striation 

pattern and more importantly formation and shape of the diamagnetic cavity and its 

evolution are studied using different target materials (carbon, aluminium, nickel and 

tungsten). The formation and dynamics of the diamagnetic cavity and striation-like 

structures are highly dependent on the target material. We have observed the 

expansion velocities of plasmas of metallic target decrease with the increase of Z-

number. The diamagnetic cavity exists for a longer time, and its width is smaller for 

high Z-materials (e.g. tungsten) as compared to the low Z-materials (e.g. aluminium). 

As the time evolved, the cavity changed to jet/cone-like structure which in turn 

changes to the slab-like structure at an earlier time in case of low Z-material, this 

means the magnetic diffusion time is less for low Z-materials as compared to high Z-

materials. Also, the number of magnetic striations is more and closely spaced in high 

Z-materials in comparison to low Z-materials where the striation is broader and well-

separated. On the other hand, it is observed that, the carbon plasma shows a dramatic 

behaviour in the presence of magnetic field. For the first time, we have observed the 

plume splitting and Y-shaped almost symmetrical bifurcation in expanding carbon 

plume instead of well-defined cavity structure and striation-like structure in the 

presence of the magnetic field. We have also discussed the dependence of magnetic 
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diffusion time on the plasma parameters in the applied magnetic field and the 

limitation of presently established theory used to explain the diamagnetism of laser 

plasma. We have highlighted some important observations which should be explained 

by using theory and required to be supported by simulation studies as these observed 

results couldn’t explain with the help of the present theory. In addition, we have also 

suggested some important points (modification of energy equation by considering 

plasma motion and estimating aspect ratio from the asymmetric structure of plasma 

plume) which will be useful to modify the expression for bubble radius and magnetic 

diffusion time. 
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Conclusion and future scope 

The major outcomes of the thesis research work those are discussed in the previous 

chapters have been summarized in this chapter. Few important possible future scope 

of this thesis research work has also been provided. 
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7.1 Conclusion 

Systematic experimental investigations have been performed to study the 1D & 2D 

dynamical and geometrical behaviors of laser-produced plasmas across the transverse 

magnetic field. Time-resolved emission spectroscopy, fast imaging and indigenously 

developed a three-axis, high-frequency B-dot probe have been used to characterize the 

expanding plasma plume. Both permanent bar magnets and Helmholtz coils are 

utilized to produce uniform magnetic field to study expansion of plasma plume. 

Majority of previous experiments have been performed with permanent bar magnet 

where plume imaging along the magnetic field lines is not possible because of 

experimental constraints. But the plume structure in magnetic field is highly 

asymmetrical and therefore complete geometrical information cannot be extracted 

from plume images projected across the magnetic field direction only. This problem 

was resolved by developing a special designed Heltmotz coil configuration which not 

only produces different uniform magnetic fields but also allows the fast imaging of 

expanding plasma plume along and across the applied external magnetic field. 

 Distinct features of axial and radial expansion of the plume across the fix 

transverse magnetic field have been observed in vacuum as well as in argon 

environment which are significantly different from the reported results for similar 

experiments. It has been found that expanding plume experiences resistive force and 

approaches the stagnation limit. The stagnation limit is agreeing well with the 

estimated field diffusion time and confinement radius of the plasma plume. Stagnation 

condition is maintained for some time and there-after plume begins to expand with 

uniform velocity. The above behaviour is explained on the basis of plume expansion 

in evolving diamagnetism of the plume and expansion in non-diamagnetic regimes 

where the magnetic field diffuse into the plasma plume and plume experiences the 

E×B drift. Also, the hidden structured profile of the plasma plume in transverse 
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magnetic field (which is not visible in plume images) is extracted by the singular-

value decomposition (SVD) of the image data matrix.  Interestingly, in presence of 

both magnetic field and ambient gas, plume expands with uniform intensity 

distribution in a large area (extended up to separation between the bar magnets). This 

is the important finding which can be utilized in large area film deposition.  

 Different phases of plasma expansion, e.g., formation of diamagnetic cavity 

and its dependence of the delay time and field strength, disappearance of 

diamagnetism, and E×B drift of the plasma plume are experimentally demonstrated on 

for the first time by with indigenously designed setup, based on Helmholtz coil and 

mutually synchronized two gated ICCD cameras. Time and field strength dependence 

of diamagnetism of laser-produced plasma, that is formation and evolution of the 

diamagnetic cavity, cavity collapse and E×B drift of bulk plasma is thoroughly 

investigated. Observes plasma structure such as elliptical cylinder followed by jet and 

finally, slab-like structure in different phases of expansion is correlated with time-

varying plasma parameters and field diffusion into the plasma plume. Based on the 

projections of plume images in two perpendicular planes, the three dimensional 

structure of the plasma plume is modelled as an elliptical cylinder-like structure. The 

expression for bubble radius of diamagnetic cavity and magnetic diffusion time is 

modified to explain the observed diamagnetic cavity and its evolution. The striation-

like structures along the magnetic field line is observed which is dominant at 

comparatively higher delay times and higher magnetic fields. The existence of plasma 

instability which is responsible for striation like structure is also discussed.  

A high frequency, three-axis B-dot probe has been indigenously designed, 

constructed, optimized and calibrated for confirming the diamagnetism of laser 

produced plasma. Different approach have been utilized to test the frequency response 

up to 10 MHz and to calibrate the probe for measuring the time varying the magnetic 
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field of the range 200-1000 ns (cavitation life time). The estimated resultant magnetic 

field for different applied was found to be ~ 7-10 G, which confirm the induced 

diamagnetic field in the cavity region.   

Further material dependence of plume expansion across the magnetic field, 

produced by low and high atomic number targets (carbon, aluminium, nickel and 

tungsten) is thoroughly studied. It has been observed that formation and structure of 

diamagnetic cavity and its temporal evolution and dismissal are highly dependent on 

the target material. The unconventional behavior of carbon plasma that is, instead of 

formation of the diamagnetic cavity, a Y-shaped symmetrical bifurcation in presence 

of magnetic field is also discussed. For high Z-materials, it has been observed that the 

diamagnetic cavity exists for a longer time, and its width is smaller as compared to the 

low Z-materials. As the time evolved, the cavity changed to jet/cone-like structure 

which in turn changes to the slab-like structure at an earlier time for low Z-material. 

Also, the number of magnetic striations is more and closely spaced in high Z-

materials in comparison to low Z-materials where the striation is broader and well-

separated. we have also highlighted some important points which are necessary to 

modify for convincing explanation of the present observations.    

7.2 Future scope 

The present investigation shows that formation of diamagnetic cavity and formation of 

striation-like structures is time-varying phenomenon and also highly dependent on 

magnetic field strength. The observed time-varying geometrical features are not 

completely explored. Therefore, the present work provides the tremendous scope for 

theoretical work and simulation in this area [89].  

  Further, this work can be extended as planning similar study in presence of 

variable axial magnetic field. The complete dynamical and geometrical behaviour of 

the plasma plume in transverse and axial magnetic field is highly useful in various 
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practical applications, like beam diagnostics for tokomak plasma, improve the 

sensitivity of laser-induced  breakdown spectroscopy (LIBS) [33, 39], targeted and 

wide area pulsed laser deposition [90], manipulation of shape and size of plasma 

plume etc. It has been observed that plasma is confined in small volume in presence of 

magnetic field in comparison to field free case. The confined plasma increases the 

collision frequencies between the plume species which leads to an increase in the 

number of atoms in high-energy states and hence, enhanced emission intensity.  The 

enhance emission intensity can be utilised to improve the sensitivity of laser-induced 

breakdown spectroscopy (LIBS). Also, Laser plasma expansion in magnetic field, 

especially in case of barium plasma [91] is highly useful in space applications for the 

study of ionospheric plasmas, to trace the atmospheric plasmas and laboratory 

simulation of artificial releases in space. Further, uniform intensity distribution in a 

large volume and almost flat expansion of the plume in presence of magnetic field in 

specific condition can be utilized in large area film deposition.  
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