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ABSTRACT 

 

Isotope of many atoms are now used in the field of nuclear medicine for the treatment and 

diagnostics of many deceases especially for cancer. 177Lu is one of them with great demand 

for the treatment of prostate cancer and other targeted radionuclide therapy (TRT). This paper 

mainly aims to present the production of this particular isotope and its computational study. 

The production of 177Lu isotope includes many steps. (1) atomic beam generation of Lutetium 

(2) enrichment of 176Lu which act as a precursor for the production by AVLIS process (3) 

collection of 176Lu isotope by applying an external electrostatic potential (4) treating the col-

lected isotope with nitric acid followed by its analysis (5) irradiation of 176 Lu using neutron 

bombardment in nuclear reactor. Computational study of this ion extraction process is done 

by 2D Particle in Cell simulation method. We analyse the kinetics of plasma evolution using 

this technique and calculate the ion extraction efficiency of the process. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Plasma and Radioisotopes 

Plasma is the fourth state of matter and contains charged particles such as ions (positively 

charged) and electrons (negatively charged). The characteristic of plasma is that it obeys qua-

si-neutrality and exhibits collective behaviour. Quasi-neutrality comes from the fact that the 

total number of the positive and the negative charges are equal macroscopically. The cou-

lombic interaction among the particles leads to collective behaviour of the plasma and affects 

the trajectory of motion of the individual particles. Plasma makes up 99.9% of the visible 

matter in the universe. Stellar interiors and atmospheres, gaseous nebulas, galaxies, core and 

corona of the sun and solar wind all contain plasma. Earth’s ionosphere contains a small frac-

tion of plasma. Van Allen Belt rings and aurora borealis are other examples of plasma around 

our planet resulting from the solar wind. 

In the laboratory, plasma can be produced by various techniques. Heating a gas to a very high 

temperature results in the ionization of its atoms and molecules creating a plasma. Another 

way of generating a plasma is to use energetic photons (e.g., from laser) to ionize gas atoms 

or molecules. In fact, photoionization is the dominant process for plasma generation in space 

with the photons available abundantly from the nearby stars.  

The plasmas, produced by various means, vary greatly in terms of density, temperature, sta-

bility and other characteristics. In case of the plasma produced by laser in typical isotope sep-

arator systems, density is ~108-1010 per cm3 and temperature is about 2300 – 2900 K (~0.2 - 

0.25 eV). To put this in perspective, solar plasma has a density of ~1026 per cm3 (temperature 

~107 K) and ~109 per cm3(temperature ~106 K), respectively, in the core and the corona. 

Here in our case, we consider a specialized plasma called photo-plasma generated by photo-

ionisation process using tunable lasers. It has density in the range of 108 to 1010 cm-3 and low 
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temperature which makes the collective behaviour of plasma insignificant. Otherwise, the 

calculations became more complex and take more time to solve newtons equations of motion 

which is the main part of simulation. Ionization happens during the photoionization process, 

when incoming photons with energy equal to or higher than the absorbing atom's ionization 

potential are absorbed. The fundamental parameters that characterise photo-plasma are the 

density and temperature of each species. In addition to this Debye length, plasma frequency 

and other parameters which are explained in following sections.  

Plasma has a wide range of application including medical and industrial. BARC in Mumbai 

deals with lower and higher temperature plasma and they developed many technological tools 

such as high-power plasma cutting torch, MHD generator, plasma spray coating of ceramic 

on metals and so on. This project focussed on the medical application of plasma that uses a 

radioisotope separated from laser produced plasma. 

The unstable form of an element that emits radiation to change into a more stable form is 

known as a radioisotope. Radiation can alter the material it strikes upon and is easily traced. 

Because of these unique qualities, radioisotopes are used in industry, medicine, and other 

fields. In medical field the released radiation that may be picked up by medical imaging tech-

nology, enabling extremely fine-grained visualization of inside body systems and functions. 

This characteristic is essential to diagnostic processes, especially when recognizing, evaluat-

ing, and tracking different illnesses. Radioisotopes are also used therapeutically to treat a va-

riety of illnesses, including cancer. In this instance, the radioactive component has a different 

function: it targets diseased cells with radiation, either killing or decreasing them while caus-

ing the least amount of harm to the surrounding healthy tissue. 

Therapeutic isotopes (electron or alpha emitters) decay with half-lives in the range of minutes 

to hours, whereas isotopes used for diagnostic reasons (gamma or positron emitters) usually 

have durations ranging from days to weeks. Nuclear medicine demands a steady and suffi-

cient supply of pertinent medical isotopes due to this ongoing loss through decay as well as 

the requirement to perform timely medical procedures for all patients in need. The production 

and delivery need for the used medical isotopes vary. For instance, isotopes having longer 

half-lives, such as lutetium-177 (177Lu) and molybdenum-99 (99Mo), are usually created in 

nuclear reactors through fission or activation and subsequently supplied to medical facilities 

all over the world. Shorter-lived isotopes must be created locally or delivered across shorter 

distances.  
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Reactor produced radioisotopes used for different therapies includes Iridium 192, Samarium 

153, Iodine 131 where iodine used for both diagnosis and treatment of thyroid cancer. 153Sm 

is for the cure from bone metastases pain and 192Ir which supplied in the form of a wire for 

the treatment of certain types of cancer mainly heads and breast as a brachytherapy source. 

One of the widely used isotope Technetium-99m which has half-life of 6 days also produced 

in reactor and act as a tracer for SPECT (single photon emission computerized tomography) 

imaging of brain, bones, spleen, gallbladder, liver, blood pool, bone marrow and heart. Apart 

from this many cyclotrons produced isotopes are used for diagnosis process and our interest 

falls mainly on 177Lu production which is used for prostate cancer treatment and targeted ra-

dionuclide therapy.  

The worldwide usage of medically important radioisotopes mainly for cancer treatment in-

creases its need that leads to the global production of these radioisotopes. 

1.2 Why Lutetium 177 

The Lutetium 177 isotope is widely used in targeted radionuclide therapy (TRT). It is a radio-

active isotope with a half-life of 6.65 days. It decays to 177Hf, producing β-particles with en-

ergies of 497 keV (76%), 384 keV (9.7%), and 176 (12%). 177Hf, produced in nuclear excited 

states, decays to the ground state and emits low-energy γ-radiation with energies of 208 and 

113 keV. 177Lu has a mean β-particle penetration depth of 670 𝜇𝑚, making it effective for 

treating tiny cancers and lesions. Low-energy gamma photon emitted by 177Hf are useful for 

imaging and the studies of biodistribution and excretion kinetics. The 6.65-day half-life of 

177Lu provides longer half-lives, which would be needed for radiolabelling and purifying 

177Lu-labeled radiopharmaceuticals. In addition to minimizing decay loss that could occur 

during transportation and user distribution, longer half-life offers excellent logistical ad-

vantages for shipment to locations far from both radionuclide processing facilities and reactor 

production facilities. 

 In the first widely utilization of177Lu is for treating well-differentiated neuroendocrine tu-

mours (NET), which would be originated from cells of the neuroendocrine system and is of-

ten found in the gastrointestinal tract and pancreas. Peptide receptor radionuclide therapy, or 

PRRT, is the term most commonly used to describe this treatment. Currently, 177Lu-

DOTATATE therapy is being investigated for a number of additional tumour types, such as 

thyroid cancer, melanoma, Merkel cell carcinoma, embryo neuroblastoma. 
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Prostate-specific membrane antigen therapy, or lutetium-177 PSMA Therapy, is gaining pop-

ularity as a treatment option for men with metastatic or treatment-resistant prostate cancers 

who have advanced prostate cancer. Prostate cell membranes express a protein called PSMA, 

which is thought to serve a variety of biological purposes.  PSMA will be visible in such 

body parts if prostate cancer has spread to other regions. One treatment that uses radiation is 

lutetium, which attaches itself to the PSMA receptors on cancer cells using a chemical. Beta 

radiation, which is released by lutetium-177, efficiently damages and eventually kills cancer 

cells. Lutetium's radiation-focused therapy becomes extremely accurate by focusing on the 

PSMA molecules since it attaches to them. Peptide Receptor Radionuclide Therapy (PRRT) 

is the term commonly used to describe the process of specifically targeting cancer cells. 

1.3 Production of Lu 177 

For targeted radiation, lutetium-177 (Lu-177) has shown promise as a short-range beta emit-

ter. The demand for Lu-177 has increased significantly. In India Lu-177 is produced in Druva 

nuclear reactor at Baba Atomic Research Centre (BARC), Mumbai by subjecting the source 

material to neutron (n, γ) radiation. There are now two methods available for producing Lu-

177. The first is the Carrier Added (CA) approach, which uses Lu-176 as a source material; 

the second is the Non - Carrier Added (NCA) method, which uses enriched Yb-176 as a nu-

clear reactor source material. Both have its own advantage as well as disadvantage. In the 

first approach, lutetium must be enriched in 176Lu to increase yield of 177Lu and avoid gener-

ating undesirable other radionuclides. One milligram of enriched lutetium is required to pro-

duce about 50 patient doses by this approach, which has the initial benefit of a high chance of 

nuclear reaction. Another benefit is that the only radiochemical processing that occurs after 

irradiation is the comparatively straightforward production of lutetium chloride. This path has 

a few disadvantages as well. Only over 30% of the lutetium remains radioactive 177Lu after 

irradiation. By the time it reaches the patient, there is less usable lutetium because the re-

maining lutetium is stable while the 177Lu decays. This route's other disadvantage is that, in 

addition to producing 177Lu, the irradiation also produces some 177mLu, an undesired beta 

emitter with a long half-life of 160 days that presents other difficulties, such as waste man-

agement. 

The main obstacle to producing 177Lu through direct irradiation of natural Lu is the low natu-

ral abundance (2.59%) of its precursor Lu 176. In order to achieve the necessary isotopic pu-

rity and high specific activity of Lu-177, the lutetium sample to be irradiated must be en-
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riched in Lu-176 from its native abundance of 2.6% to usually better than ~ 80%. One of the 

most effective and profitable methods for isotope enrichment is Atomic Vapor Laser Isotope 

Separation (AVLIS). The natural Lu is first put into a crucible, where it is melted by irradia-

tion of an electron beam to produce atomic vapour. This vapour then heads towards the

collimators with small divisions where it interacts with a pulsed laser beam that selectively 

ionizes Lu 176 only, forming a finite-sized photo-plasma in the interaction zone. Finally, the 

enriched Lu 176 isotope is collected by the application of an external electrostatic field. The 

collected 176Lu ion is treated with nitric acid to separate the isotope from collector plate. Af-

ter the analysis of the quantity and quality of isotope it is given to Druva nuclear reactor in 

BARC where the irradiation with neutron results in Lu-177 isotope. 

The main objective of this work is to study the process of ion extraction from the laser gener-

ated plasma. The computational study is done by an in-house developed 2D Particle in Cell 

(PIC) code. Collection efficiency of ions, time duration for collection process and required 

electric field can be deduced by using this 2D PIC code. 
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Fig 1.3.1: 2D schematic diagram of the ion extractor assembly for the separation of Lu 

176 isotope [1,3] 
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CHAPTER 2 

 

EXPERIMENTAL SETUP 

 

2.1 Production of atomic vapour 

 For an efficient AVLIS process it is desirable to generate atomic beam of required densi-

ty(~1012/cm3) with narrow doppler width at the laser interaction zone. First, natural Lutetium 

is melted and then evaporated at about 1800 - 1830 ℃ in a crucible provided with a collimat-

ing slit. Melting and evaporation can be done by electron bombardment method with a heat-

ing coil/filament made of tantalum or tungsten which surrounds the crucible. The crucible is 

kept at ~2 kV so that electrons are drawn to it and bombard it at a kinetic energy of 2 keV. 

The filament temperature is raised to roughly ~2100℃ to cause thermionic electron emission. 

By using this technique, the crucible receives power from electron bombardment as well as 

heat radiation from the filament. The issue with this technique is to maintain a good vacuum 

at all times to prevent electrical discharges and to keep the high temperature crucible electri-

cally insulated so that it can withstand 2 kV of voltage. Evaporated atoms interact with the 

laser beam where the selective photo ionisation process takes place. 

2.2 Photo-plasma Generation 

Atomic Vapour Laser Isotope Separation uses high power high repetition rate tunable lasers 

for selective ionization of the desired isotope, which results in the formation of a plasma con-

taining ions of the desired isotope. Dye lasers, pumped by diode pumped solid state lasers 

(DPSSL) and copper vapour lasers (CVL), are used for photo-ionisation. Lutetium has two 

naturally occurring isotopes, both having hyperfine structures: Lu-176 (2.59%) and Lu-175 

(97.41%). A three-step three-wavelength isotope selective photoionization technique that 

provides the best possible selectivity and yield of the product has been developed at ATLA 

Division, BARC. A combination of three laser beams interacts with the atomic vapour in a 

multi-pass fashion using a group of mirrors in order to extend the interaction volume. The 

electronic structure of Lu has two transitions from ground level where laser is available: 



 

8 
 

540nm and 573nm. A 573 nm tuned laser (DL-1) is used as the starting point of the photo-

ionization ladder to excite the Lu atoms from ground level to 17427.28 cm-1 (F =17/2 to 

F’=17/2). The pulses from DL-1, DL-2 and DL-2, DL-3 lasers have optical delays of 10 ns 

and 2-3 ns, respectively, so that the pulses arrive at the laser-atom interaction zone succes-

sively.   

DL-2 is tuned to 609nm, while the wavelength of DL-3 ionizing laser is optimized at 570nm 

for the Lu-176 ion signal. It is to be noted that at greater intensities, due to power broadening 

of laser, ionization of the unwanted isotope Lu-175 increases, that decreasing overall enrich-

ment of the desired isotope. To reduce this effect, the laser intensities have to be adjusted to 

their optimised level. Multi-mode lasers with a typical line width of around 2GHz were uti-

lized in this process. The three-step selective photo-ionization scheme is illustrated in fig 

2.2.1, 

 

 

Continuum 

 Autoionizing level     J4 

      Ionising potential 

                                                                                   570 nm 

 

 33832 cm-1J3 = 3/2                                                                           4f146s6p24P 

 

609 nm 

  17427.28 cm-1J2 = 3/2                                                                       4f145d16s6p 4F0 

 

                                                                   573 nm 

 

    0 cm-1J1 = 3/2                                                                                    4f145d16s22D 

Fig.2.2.1: Schematic of the highly selective three step photoionization [7] 
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2.3 Major Plasma Characteristics 

2.3.1 Debye length for spatial grid 

Debye shielding is the ability of plasma to shield out applied electric potential. To understand 

this distinct behaviour, we examine a test positive charge that has been intentionally sub-

merged in a thermally balanced plasma. At first, the velocity of the particles is extremely 

slow, and temperature has no bearing. The mobility of the particles increases with a gradual 

increase in temperature. Electrons go toward positive charge by forming a cloud there, while 

ions are repelled. At least for a brief while, the application of an external test charge disrupted 

the quasi-neutral behaviour of plasma. The Debye length is the radius of the Debye sphere, 

which forms as a result of the electron’s random motion (thermal kinetic energy) and the po-

tential pull of an externally applied charge. At some point, kinetic and potential energy equal-

ize, and this is the maximum length of the sphere. In actuality, the electrons work to prevent 

the other plasma particle from being penetrated by the applied charge field. To separate the 

isotope Lu 176 in our case, we also used an external electrostatic field. The Debye length 

equation is provided by, 

                           λD= √
𝜀0𝑇𝑒(𝑒𝑉)

𝑛𝑒
                                                                                                 (1)                                                                                                                    

This relationship indicates that the temperature of the electron and the density of the plasma 

are the key determinants. The Debye sphere has a comparatively small number of particles 

when the density of plasma increases, but when temperature rises, the maximum Debye 

length is reached at a farther point, causing the Debye sphere to grow. Here in our case, elec-

tron density and temperature are assumed to be constants. The domain of the spatial grid is 

determined by using Debye length. 

2.3.2 Plasma Oscillation 

Relatively less massive electrons are moved from their mean position and move in the oppo-

site charge when an external field perturbs the plasma. It tends to return to its starting loca-

tion because of the restoring force, but inertia causes it to go farther before returning. As a 

result, the electron oscillates at a frequency known as plasma frequency, which is determined 

by an equation that also takes into account the Debye length and electron thermal velocity, 
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                                   𝜔𝑝𝑒=  
𝜐𝑇𝑒

𝜆𝐷
                                                                                               (2)     

The corresponding time period (τe) is the time within which the plasma responds to any ex-

ternal field and it is given by, 

                                𝜏𝑒  = 2𝜋√
𝜀0𝑚𝑒

𝑛𝑒2                                                                                          (3)                                                                                 

Where me is the mass of electron. Electrons attempt to shield the plasma from external fields 

by responding quickly to fields with frequencies lower than the plasma frequency. Therefore, 

in plasma modelling, the timestep needed must be smaller than the duration of the plasma os-

cillation. The time step's recommended value is 0.25⁄ωpe. Other parameters of important are 

density of macroparticles, electron temperature (𝑇𝑒) which determine the plasma expansion 

on free space and generally taken as 0.25eV, drift velocity of ions, mass and charge of mac-

roparticles. 

 

 

Table 1: Plasma Parameters used for computational study of ion extraction process of Lu-177 

 

 

 

 

 

 

Plasma Parameters Values 

Plasma density 5 × 108𝑐𝑚−3 

Plasma frequency 1.26 × 109𝑟𝑎𝑑/𝑠 

Debye length 0.4𝑚𝑚 

Electron temperature 0.25𝑒𝑉 

Drift velocity of ion 350 m/s 

Ion temperature 0.02𝑒𝑉 

Ion mass 176𝑢 

Time Period 5 × 10−9𝑠 

Time steps 2 × 10−10s 
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CHAPTER  3 

 

COMPUTATIONAL STUDY OF ION EXTRACTION PRO-

CESS 

 

3.1 Particle in Cell (PIC) 

Particle in cell is a widely used method for the simulation of charged particle dynamics. The 

core of this method is discretization of a continuous domain using spatial grid points and 

thereby calculating the charge density and electric field at nodes of grid whereas the velocity 

and position of charged particle takes continues value. Plasma modelling is complicated by 

the presence of external and self-induced electromagnetic fields, inter-particle interactions 

and the distinct time scales at which ions and electrons move. To speed up the calculation, 

simplifying assumptions that are appropriate for the problem at hand are typically used. We 

are presuming that the plasma medium generates a low enough current to ignore the self-

induced magnetic field. As a result, the set of underlying Maxwell's equations is minimized, 

and we get an Electro-Static PIC code. We also suppose that the Boltzmann connection ap-

plies to electrons. At that point, the only particles in the simulation are heavy particle like ion 

and neutrals. Because the time integration may now be carried out on the considerably larger 

ion time scale, this simplification has a significant influence on computational speed. Lastly, 

we assume that particle collisions are insignificant due to low enough gas concentrations. 

The coulombic interaction between plasma molecules is given by F = 
1

4𝜋𝜀0
×

𝑞1𝑞2

𝑟2 × 𝑟12. For 

the simulation of motion of charged particle we have to consider coulombic interaction be-

tween every single particle in plasma and plasma simulation generally require at least one 

million particles in order to reduce numerical errors. A single time step would require at least 

1 trillion operations to compute because Coulomb force results in a n2 problem. Introducing 

particle in cell method uses a computational particle (also called super particles 

/macroparticles) to represent the real ions electrons and neutrals. Each computational particle 
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represent large number of real particle and they have charge to mass ratio equals to the origi-

nal charge to mass ratio value. The ratio of real particles per macroparticle is called specific 

weight. Newton's Second Law of Motion governs the motion of every macroparticle:  

                                                    

 

                                                      
𝑑𝑦

𝑑𝑇
 = v                                                                                 (4) 

                                                    
𝑑𝑉

𝑑𝑇
 = 

𝑞

𝑚
𝐸                                                                                          (5) 

 

In this case, m denotes the particle mass and q the particle charge. The formula for computing 

the electric field is ⃗ E = − ∇ ϕ, where ϕ represents the electric potential. It is provided by the 

Poisson equation, ∇2 ϕ = −ρ/ϵ0. Here, ϵ0represents the permittivity of open space and ρ repre-

sents the charge density. The charge density is expressed in terms of electron and ion number 

densities, or ρ = e (Zini − ne). The average ion charge number is represented by Zi, and the 

subscripts i and e stand for ions and electrons, respectively. 

 

3.2 Principle of PIC algorithm 

PIC algorithm contains initial setup, the main loop and final clean-up/output. The initialisa-

tion includes setting up the simulation’s settings, defining geometry of model and grid pa-

rameters and creating the particles. The main loop has seven following steps, 

1. Compute charge density: computing the charge density in every cell using par-

ticle weighing method and distributing the results among the grid nodes. 

2. Compute electric potential: to be done by solving Poisson’s equations.  

3. Compute electric field: to be find by taking gradient of electric potential. 

4. Move particles: integrating equation of motion of each particle updating and 

replacing the velocity and position of them. 

5. Output: save the information on the state of simulation. 

6. Repeat: iterate until maximum number of steps is achieved. 

Schematic diagram of the loop is given below, 
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Fig.3.2.1: Schematic diagram of PIC algorithm [6] 

3.2.1 Computation of charge density 

A certain cell in a spatial grid that houses a collection of particles. According to Poisson’s 

equation to find the potential at one node of grid the charge density at that node due to charge 

which is located somewhere in cell should be known. Charge density can be calculated using 

a method called first order interpolation weighting of particle where we assigning partial 

charge   to four nearby nodes. For example, consider a charge qp which is located at (r, s) po-

sition in 2D cell and let us take each node of this cell as (u,v),(u+1,v),(u+1,v+1),(u,v+1).We 

must calculate an appropriate weight or fraction and multiply it by the charge in order to as-

sign a portion of the charge. The following is the procedure for calculating weights: the 

charge is localized in one vertex of each of the four smaller areas that we divide the cell's 

complete area into. Consequently, each area is a portion of the cell's total area. Let us try to 

find fraction at the grid point (u, v) in our example. For that take the opposite area Au, v and 

divide it by whole cell area A. 

Integration of the 
equation of 
motion of 

Superparticle

Fk→vk→xk

Weighting of 
charge density to 

the field mesh.

(x,v)k→Wu,v

Computation of the 
fields on mesh 

points.

Eu,v←Wu,v

Interpolation of 
the fields from the 

mesh to the  
Superparticle 

positions.

Eu,v→Fk
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  𝑊𝑢,𝑣 =  
𝐴𝑢,𝑣

𝐴
  =

(ℎ−𝑟)×(ℎ−𝑠)

ℎℎ
                                                                                                        (6) 

where (r, s) -position of particle, h -width and height of the cell. Weight is usually in between 

0 and 1, multiplying the value with the particle charge will give partial charge qu, vat (u, v) 

node. 

 𝑞𝑢,𝑣=𝑊𝑢,𝑣 × 𝑞𝑝                                                                                                                        (7) 

similarly, the particle charge at other nodes is given as follows, 

 𝑊𝑢+1,𝑣=
𝐴𝑢+1,𝑣

𝐴
  =  

𝑟×(ℎ−𝑠)

ℎℎ
→ 𝑞𝑢+1,𝑣= 𝑊𝑢+1,𝑣 × 𝑞𝑝                                                                          (8) 

 𝑊𝑢+1,𝑣+1 =  
𝐴𝑢+1,𝑣+1 

𝐴
  =   

𝑟×𝑠

ℎℎ
→𝑞𝑢+1,𝑣+1=𝑊𝑢+1,𝑣+1 × 𝑞𝑝                                                        (9) 

  𝑊𝑢,𝑣+1= 
𝐴𝑢,𝑣+1

𝐴
= 

(ℎ−𝑟)×𝑠

ℎℎ
→𝑞𝑢,𝑣+1= 𝑊𝑢,𝑣+1 × 𝑞𝑝                                                                  (10) 

The sum of all four weight should be equal to 1. If there are multiple particles in this cell, 

then each particle should go through this process, and the weighted partial charge that results 

should be added to that specific node, 

 𝑞𝑢,𝑣
𝑇𝑜𝑡 =  ∑ 𝑞𝑢,𝑣

𝑛𝑁
𝑛=1                                                                                                                   (11) 

where 𝑞𝑢,𝑣
𝑛 –nth particle partial charge at (u, v) node. 

This indicates that each cell node contains the total weighted partial charges contributed from 

each particle in this cell. For each cell in the domain, the same procedure must be followed. 

The calculation of charge density involves dividing the net charge at a certain node by the 

cell area (in a 2D example). 

𝜌𝑢,𝑣 =  
𝑞𝑢,𝑣

𝐴
                                                                                                                              (12) 

3.2.2 Computation of electric potential 

For the calculation of potential of super particle’s initial distribution at the nodes of spatial 

grid the Poisson’s equation should be discretised to transfer it from infinite differences to fi-

nite ones using finite difference method with central differencing as follows, 

𝜙𝑢−1,𝑣−2𝜙𝑢,𝑣+𝜙𝑢+1,𝑣

ℎ2  +
𝜙𝑢,𝑣−1−2𝜙𝑢,𝑣+𝜙𝑢,𝑣+1

ℎ2  = - 
𝜌𝑢,𝑣

𝜀0
                                                                      (13) 
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There is a system of nonlinear equation is obtained simultaneously for different nodes of the 

spatial grid and it is solved by using relaxation method of iteration and finally get the poten-

tial at each node of the spatial grid. 

3.2.3 Computation of electric field  

The electric field 𝑬 at the nodes of grid can be calculated using the following relation when 

the potential 𝜙 is known: 

E = -
𝛥𝛷

𝛥𝑟
                                                                                                                                   (14) 

Expressions for E components interior nodes and boundary nodes can be generated by rewrit-

ing into a numerical form and applying the central difference scheme (12) and for-

ward/backward difference scheme (13) to achieve the results. 

𝐸𝑢,𝑣
𝑥 =  −

𝛷𝑢+1,𝑣− 𝛷𝑢−1,𝑣

2ℎ
𝐸𝑢,𝑣

𝑦
=  −

𝛷𝑢,𝑣+1− 𝛷𝑢,𝑣−1

2ℎ
                                                                    (15) 

𝐸0,𝑣
𝑥 =  −

𝛷1,𝑣−𝛷0,𝑣

ℎ
𝐸𝑢,0

𝑦
=  −

𝛷𝑢,1− 𝛷𝑢,0

ℎ
                                                                                  (16) 

Next, using an interpolation approach, the electric field at the neighbouring nodes is used to 

derive the electric field at the position of super particle. Multiplying E by the electric net 

charge (q), one may easily get the electrostatic force (F) and this force move particles to new 

position. 

 

3.2.4 Move particles 

Next, we have to update the new position and velocity of macroparticle by integrating the 

equation of motion of them using an implicit Leap Frog method through a time step Δt. For 

that the time domain must be discretized started at to and divided into uniformly spaced time 

points ti, where ti = t0 + iΔt (i=1,2,3...n) and Δt = t1-t0 = t2-t1 and so on, representing the size of 

each time step. The value of position x0 and velocity v0 at the initial time t0 are known to us 

from the initial condition. From that values position of particle is evaluated at the end points 

of the time points (at t1, t2, t3….) whereas velocity is evaluated at midpoint of the time points 

(at t1/2, t3/2, t5/2….) in order to achieve second order accuracy. In other words, x and v are 

staggered so that they "leapfrog" over each other, as illustrated in the figure. 
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Fig.3.2.2: Schematic diagram of Leap-Frog method [10] 

 

x and v are calculated numerically by leap frog method is given by 

xi+1 = xi + vi+1/2 * Δt                                                                                                               (17) 

vi+1/2 = vi-1/2+ (qE/m) *Δt                                                                                                       (18) 

Nevertheless, in order to start the Leapfrog scheme, we need to specify v (t = t0-Δt/2) = v-1/2 

in equation. Therefore, we evaluate v-1/2 from the specified v0 for the initiation using Euler's 

scheme. From the Euler’s scheme, 

v-1/2 = v0 – (Δt/2) * (qE/m)                                                                                                     (19) 

The Leapfrog method is fast, numerically stable and outperforms the Euler's scheme but falls 

short of the Runge-Kutta 4th order system in terms of accuracy. It’s important to confirm that 

every particle is still inside the computational domain after moving them to new locations. 

There could be two interactions at the boundary. The particles may clash with solid objects or 

they may leave the domain. 

3.2.5 Output and Repeat 

Output from PIC codes include particle data such as velocities and current densities, as well 

as the spatial distribution of plasma parameters such as potential, charge density, and electron 

temperature. The loop is repeatedly carried out over a number of thousand-time steps until 

the simulation reaches the desired plasma dynamics. 
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3.3 2D PIC CODE 

The in-house developed 2D PIC code is used to simulate the momentary evolution of discrete 

sized photo plasma at a cross-sectional plane of ion extractor geometry. The code is has an 

electrostatic field solver and is written in C++. The input parameters required for running the 

code is given in Table 1. 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

A finite sized laser generated plasma in the form of a rectangular slab of dimension 1𝑐𝑚 ×

4𝑐𝑚 × 15𝑐𝑚 is subjected to an external electric field using an extractor setup as shown in 

figure 1.3.1. The collector plate is kept at a voltage of -850V and placed at a distance of 

75mm from the plasma in order to avoid collection of unwanted isotopes from the atomic va-

pour. A grid is placed between the plasma and the collector plate and kept at -1300V to ini-

tially accelerate the ions from the plasma towards the collector plate through the grid. The 

wires on the grid have 0.5mm diameter and the grid has a geometrical transparency of 90%. 

Between the grid and the collector plate, the ions undergo deceleration and lands on the col-

lector plate with an energy around 850 eV. On the other side of the plasma, another grid is 

kept at 0V which lets the electrons pass through it towards the repeller plate kept at 500V. 

The tail collector is kept at 200V, and it helps to prevent ion loss due to overall upward flow. 

Bottom plate is grounded which reduces scattering of the atomic beam. A computational do-

main with a dimension of 240𝑚𝑚 × 208𝑚𝑚 is created for the simulation with Dirichlet 

boundaries (0V). For the given plasma density of 5x108 per cm3, time-step duration is taken 

to be 2x10-10 (=0.25/wpe) second and the cell length along X and Y is taken to be 0.2mm 

(=Debye length). The simulation is run for a time duration of 10 microseconds so that all ions 

are collected and removed from the simulation domain.  
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Fig 4.1: Spatial variation of plasma potential along x axis for a constant y at (a) t = 0.2ns 

(b) t = 1ns (c) t = 𝟎. 𝟓𝝁𝒔 (d) t = 𝟏𝝁𝒔 

Fig 4.1 shows the distribution of plasma potential and the corresponding electron ion 

movement upto 1𝜇𝑠. The dotted lines show the location of the repeller side grid (kept at 0V) 

and the collector side grid (kept at -1300V), respectively. The plasma potential curve (in 

black) corresponds to the Y-axis on the right side of each plot. Fig 4.1 (a) corresponds to the 

state just after one simulation time-step and shows the profile of the potential due to the 

extrenally applied voltages. The electrons are shown with red dots and the ions are shown 

with blue dots. As the electons and ions start separating and form an ion sheath on the right 

side of the plasma, the potential at the location of the plasma starts to increase. The potential 

increases from an initial ~ -500V to ~30 V at 0.5 microsec. Beyond that time, as the ions start 

expanding, the ion density falls and the gradually the potential starts to decrease again before 

attaining the original value after about 7 – 8 microseconds. This is evident in Fig. 4.2 where 

the potential curves are plotted for different times of the plasma evolution. The two dotted 

vertical lines here represent the width of the plasma (10 mm).
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Fig.4.2: Spatial variation of potential of plasma at every micro seconds 

To study the evolution dynamics, we analyse the 2D spatial profiles of the electrons and the 

ions at different time-steps in Fig. 4.3. 
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Fig 4.3: Spatiotemporal evolution of plasma at (a) t = 𝟎𝝁𝒔(𝒃) 𝒕 = 𝟏𝝁𝒔(𝒄)𝒕 = 𝟐𝝁𝒔(𝒅)𝒕 =

𝟑𝝁𝒔(𝒆)𝒕 = 𝟒𝝁𝒔 (𝒇)𝒕 = 𝟓𝝁𝒔(𝒈)𝒕 = 𝟔𝝁𝒔(𝒉) 𝒕 = 𝟕𝝁𝒔(𝒊)𝒕 = 𝟖𝝁𝒔 

Fig 4.3 (a)  shows the plasma at initial timestep t = 0𝜇𝑠. Immediately afterwards, the 

seperation of charges start giving rise to an ion sheath towards the grid on the collector side. 

The electron starts moving towards the repeller plate through the left-side grid. Had there 

been no plasma effect, electrons collection whould have been complete in a few nanoseconds, 

but due to the plasma effect, although not very strong in this density, electrons take up to a 

few microseconds to get completely removed from the simulation. The ions motion is slower 

compared to the electrons due to their higher mass value. Although the ions start their motion 

towards the collector grid in a conversing fashion, after crossing the grid, they start to diverse 

in the upper and lower boundaries as they face a deccelerating electric field between the grid 

and the collector plate. This contributes to some loss of ions as can be seen in the plot of 4 

microseconds onwards. This loss becomes more significant at higher plasma densities. The 

interception at the grid wires also contribute to ion loss, which can go up beyond 15% for 
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high density plasma due to back and forth ion oscillation between the collector plate and the 

gird. The electron and ion currents are plotted in Fig. 4.4. As seen from the curves, electrons 

are collected quickly with the process completing within 2.5 microseconds but the ion 

currrent starts about 2.8 microseconds and extends up to about 9 microseconds. It is to be 

noted that the ion current rises sharply but falls in a gradual manner. The currents are plotted 

in arbitray units only to give a comparison of magnitude between the electron current and the 

ion current. The estimation of actual magnitude of ion or electron current requires 3D 

simulation and with the current computational resources, it will take several months for such 

a simulation to complete.  The plot shows the extraction current after one pulse of laser. As 

the repition rate of the laser pulses is 12.5 kHz, the time duration between two laser pulses is 

80 microseconds. Thus, there will be 7,50,000 such extraction signal pulses in a duration of 1 

minute. 

 

Fig 4.4: Electron-ion current v/s time  

From the area under the ion current vs. Time plot, we can calculate the number of ions reach-

ing the collector plate, from which we can also deduce product collection rate in mg/hour.  

We can calculate ion extraction efficiency of this process by taking ratio of the number of 

ions reaching the collector plate to the initial number of plasma ions taken for simulation. For 

our current simulation, ion collection efficiency is found to be ~70%. 
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CHAPTER 5 

 

CONCLUSION 

 

A computational study of photo-plasma after the enrichment of 176Lu is done by using the 

two-dimensional electrostatic PIC simulation. The configuration for the ion extraction pro-

cess consists of photo-plasma, G1 and G2 grids, repeller and collector plate, tail and bottom 

plate. The dynamics of plasma is studied from spatiotemporal evolution of plasma and elec-

tric potential plots. From the electron ion pulses it is clear that electron current is maximum at 

0.5𝜇𝑠 and there by decreases. Similarly, ion current is maximum at ~3𝜇𝑠 thereby falls. At 

some point the two currents become stable also. Collection of ions completed ~9𝜇𝑠 time. 

This study gives me the idea of ion extraction process behind medical isotope separation of 

176 Lu and its computational study. 

The collision between the particle became significant if the density and temperature of plas-

ma increased. There are different types of collision occurs inside the plasma. The charged-

neutral collision and columbic collision which may or may not change the direction and ki-

netics of plasma which makes the process more complex. In addition to PIC method, we have 

to implement Monte-Carlo simulation method for computational study of collisional plasma. 

MC method uses the random number generation to specify the collision of each particle. 
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