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Abstract. The energy and spatial distribution function of primary and high-energy secondary electrons is studied on the 
basis of Boltzmann equation. Highly anisotropic distribution function of primary electrons is considered in a small angle 
scattering approximation with the energy losses in inelastic collisions. The distribution function of almost isotropic 
secondary electrons is studied on the basis of integral Boltzmann equation. The Green function for secondary electrons 

)|,(| errG ′−
rr  is obtained, which permits one to obtain the distribution function of high-energy secondary electrons.  
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1. INTRODUCTION 

Electron beams with energy Eb~1-100 keV are widely used for gas activation in plasma chemistry, for creation of 
laser active media for electro-ionized lasers, cleaning of smoke fumes, for production of plasma in E-beam sustained 
discharges, and for electron-beam diagnostics in rarefied gases. In recent decades, E-beams have been used for 
plasma-chemistry applications, e.g. for thin film deposition with the help of E-beam assisted CVD method [1-3].  

In this paper it is shown that for plasma-chemistry applications the use of electron beams with relatively low 
initial energies in the range of 100-1000 eV is preferable. A comprehensive description of E-beam generated plasma 
should include the consideration of energy degradation and scattering of primary beam electrons, production and 
degradation of secondary electrons, formation of exited atoms, molecules, and ions. High-energy secondary 
electrons produced in gas ionization by electron beams play an important role in gas ionization, dissociation, 
excitation of electronic, vibration and rotation states of molecules. Rate constants of these processes can be much 
higher than the rate constants caused by high energy primary electrons due to specific energy dependence of cross 
sections of electron molecule collisions.  

In recent decades, calculations of the degradation spectrum of electrons have been made by several authors, for 
example, see [4]. Spatial-dependent aspects of electron degradation were considered with the help of the Monte 
Carlo simulation method [5]. However, the disadvantage of the Monte Carlo method is that it requires large amounts 
of computer time, and simulation results can be communicated only as a great quantity of numerical data. Numerical 
results given in such forms are not very useful in establishing the general principles of E-beam activation of gases.  

In this paper, a theoretical consideration of electron-beam degradation, spreading, and secondary electron 
production around the primary low-current electron beams (Jb~1-100 mA) is given for low and moderate gas 
pressures in the range 10-2 – 10 Torr on the basis of the Boltzmann equations for primary and high-energy secondary 
electrons. The numerical calculations have been made for pure argon.  

2. DISTRIBUTION FUNCTION OF PRIMARY ELECTRONS 

Rate constants of molecule excitation, ionization, dissociation, and formation of secondary electrons in a gas are 
the functions of energy and spatial distribution of primary beam electrons. Energy losses and scattering of primary 
electrons of low-current E-beam in a gas should be considered on the basis of the Boltzmann equation. This equation 
is rather complex and its simplification is connected with the analysis of differential cross sections for high energy 
electrons, which experience small angles scatterings (forward scattering) in collisions with gas atoms. We split the 
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problem into two separate problems: energy losses with zero-angle scattering, and spreading of electron beam in 
small-angle scattering approximation (for mean electron energy depending on the length of penetration into gas).  

2.1. Energy Degradation of Primary Electrons 

We consider a cylindrical electron beam moving initially in z-direction in the gas with density Ng=const. Let us 
introduce the distribution function for primary electrons )(),,,(),( 0Ω−ΩΩ≈

rrr
δ

rbb erzfezf , averaged over the 

beam radial profile χ0(r) and normalized as follows  
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where E0 is the initial energy of primary electrons at z=0. The normalization (1) is convenient for mono-directional 
beam of primary electrons. The electron flux, Jn, and the mean energy, )(zE , then will be read as  
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where nb(z) is beam density at the length of penetration z averaged over the radial distribution. The energy losses for 
primary beam electrons can be considered in one-dimensional approach for the highly anisotropic distribution 
function of primary electrons depending on the length of penetration z. In a small angle scattering approximation, the 
distribution function satisfies the Boltzmann equation:  

 

),,(),()(),(),()(

),()(),()(
),(

               

0

2/)(

0

][

εεεεσεεσε

σεεσ

+++++++−

−−++=
∂

∂

∫∫

∑
−

IezfIeqIedezfeqed

ezfeezfeN
z

ezf

bi

e

bi

Ie

bj
j

jbjjg
b

 (3) 

where σj(e) is cross section for excitation of jth atomic level by an electron impact, εj is the excitation threshold 
(energy loss) in this process, σi(e) is the cross section of ionization by electron with energy e, I is the ionization 
potential of atoms. Cross sections for energy excitation of argon were taken from [7]. ),( εEq  is the spectrum of 
generation of secondary electrons with energy ε in the ionization of atoms by primary electron with energy E [8],  
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where I8.0≈ε , (for argon, 5.12)( ≈Arε eV).  
The first two terms in the right side of equation (3) present discreet energy losses by primary electrons in 

excitation of electronic states of molecule, the third term presents continuous energy losses in ionizing collisions 
with the production of secondary electron, and the last term describes the primary electrons, which get into the 
energy interval de after molecule ionization with the generation of secondary electron of energy ε distributed 
according to the spectrum q(e+I+ε,ε).  

In Fig. 1, the mean energy, )(zE , and the root-mean-square energy 22 EEE −=∆  are presented for initial 
beam energy E0 depending on the non-dimensional penetration length zNgσ0 (σ0=10-16 cm-2). It is seen that for small  
z =zNgσ0<Zc(E0)  the root-mean-square energy ΔE depends linearly on 5.0z , and ΔE << )(zE . Thus, the energy 
width of electron distribution in the beam is much narrower than the mean energy. However, for z  >Zc(E0), the 
root-mean-square energy ΔE departs from linear dependence on 5.0z . The mean energy )(zE  decreases more 
rapidly, and, for some zc Ngσ0=Zc(E0), ΔE(Zc) becomes equal to the mean energy )(zE .  

For argon, the value Zc(E0), can be approximated for E0>0.15 keV by the expression 
 2/13
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This is the condition of electron beam “collapse”. Somewhat before this point, a noticeable part of “primary” 
electrons achieves a low energy region (e.g., energy lower than 100 eV) where they do not differ from high energy 
secondary electrons, see, Fig.2 (for E0=1 keV ). For this condition, the radial-angle distribution of beam electrons 
becomes very wide, the beam is spread intensively in space, and transforms into an electron cloud (plasma).  



               
FIGURE 1.   Mean energies )(zE of primary beam electrons, and root-mean-square energies ΔE for different initial energy of 
E-beam electrons that passed the distance zNgσ0 in argon. 
FIGURE 2.   Energy distribution function of primary electrons fb(E,z) for different distances zNgσ0 in argon. 

2.2. Radial Spreading of Electron-Beam 

The radial and angle distribution of electrons in the beam can be evaluated from the exact Boltzmann equation in 
a small angle scattering approximation and based on the assumption that electrons at the distance z have mean 
energy )(zE . Here we use the analytical results obtained in [6]. Differential cross sections for electrons have rather 
complex angle dependence with maximums and minimums. However, for the energy range from 100 eV to 104 eV, 
small-angle scatterings become dominant. Bromberg [7] has shown that for a number of gases in this energy region, 
the differential cross section, total cross section, and the root-mean-square angle can be presented in the form  
 )exp()(),( 0 θξσθσ EEE −= ,      EEEt
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where σ0 and ξ are some constants. Bromberg connects σ0 and ξ with parameters of a long-range polarization 
potential of electron-atom (molecule) interaction (ξ ≈ 0.5 for Ar). Cross sections in the form (6) offer one 
considerable convenience and were used below for the evaluation of electron beam spreading [6]. 

Radial distribution of electrons in the beam passing the distance z in gas can be presented in the form  
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where ω0(ν) is the Bessel transformation of initial electron-beam radial profile, χ0(a/b), b is the characteristic radius 
of electron beam at z=0, and the function  
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contains information about electrons scattering on the path from z=0 to z. 
In Fig. 3, the normalized radial distribution of electron beam density ),0(/),( znzrn bb  calculated according to 

(7-8) (for initial energy E0=1 keV and b=0.1 cm) depending on penetration length z is presented. It is seen that 
exponential wings in the distribution for r>b appear for small z, and 1),0(/),( <= znzbrn bb . For some value of z, 

the density in wings reaches the value of density on the beam axis. For larger penetration length z, 1)( ≥zNE gtσ , 
the radial distribution becomes Gaussian one with mean-square radius: 
 )( 3/3222 zNbr tg θσ+= . (9) 

Spreading of the beam becomes noticeable in the range of penetration zNgσ0 >Zc where the mean electron energy 
becomes lower than 100 eV, i.e. in the range of “complete” energy degradation of beam electrons. For large 
distances, the mean width of a beam becomes proportional to the square root of gas density and to the power 3/2 of 
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penetration depth. The angle distribution of the electron flux can be also obtained from Boltzmann equation. For 
1)( ≥zEN tgσ , it becomes the Gaussian one, with the root-mean-square angle equal to <Θ2>=Ngσt(E)z<θ2>, where 

<θ2> is the root-mean-square angle for a single collision according to (6). This formula is equivalent to the Molière 
expression, in which the exponential cross section is used instead the Rutherford cross section.  
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FIGURE 3.  The radial distribution of normalized E-beam density for different penetration length, z. Initial energy E0=1 keV; 
initial radius of E-beam is b=0.1 cm. 
FIGURE 4.  Dependence of the function ),( eνρ  for secondary electrons on energy for ν=0, 1, and 10.  

3. INTEGRAL BOLTZMANN EQUATION FOR SECONDARY ELECTRONS  

For determination of EDF for secondary electrons spatial dependence in steady state conditions, it is necessary to 
solve the Boltzmann equation for electron distribution function with a source term describing secondary electrons 
generated in a gas by a primary electron beam. We will assume for simplicity that all collisions are isotropic, with 
cross sections equal to momentum cross sections. The integral Boltzmann equation for isotropic part of distribution 
function ),( erf s

r  of secondary electrons can be written in the form [6]: 
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where )0(/)()( bb nrnr rr
=χ  is the dimensionless function of primary electron beam profile, nb(0) is a characteristic 

number density of primary electrons on the beam axis (axis “OZ”), α=Ngbσ0, b is the characteristic radius of electron 
beam. The integral Boltzmann equation (10) for secondary electron generated in an electron beam has a sufficient 
clear meaning: the first term in figure brackets describes the generation of secondary electrons in point rr′  under gas 
ionization by a primary electron beam; the next two terms describe elastic and inelastic isotropic collisions of 
secondary electrons with the energy je ε+  in point rr′  after which the electron obtains energy e; the last two terms 
describe continuous energy loss of secondary electron in molecule ionization, and generation of the tertiary electron 
with energy e in ionization by secondary electron. The factor before brackets reflects the flying away of the 
secondary electrons from the point of generation or the point of last collision rr′  to the point rr . Finally, integration 
over the whole space collects all contributions in the point rr . The distribution function of secondary electrons in 
(10) is normalized as follows 
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Then the excitation rate of j-th molecular state will be equal to  
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i EnNF σ=  is the ionization rate by the primary electrons on beam axis. 

With the help of Fourier-Bessel transformation of the spatial distribution function, ),( erf s
r  can be presented in 

the form: 
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where )|,(| errG ′−
rr

 is the Green’s function of the initial Boltzmann equation. 
The function ),( eνρ  is the Fourier-Bessel image or a “spectral function” of the distribution function ),( erf r

 
and must be determined from the equation 

)(
)(),(    ,),()(),(),()(),(

),()(),()(),(),(),()(         

}

{
2/)(

2

2

e
arctgeeAdeqdIeq

eeeeeEqeAee

t

t
i

IE

Ie
i

Ie

Ie

j
j

jjmbt

b

ασ
ν

ν
ασ

νεενρεσεεενρεσεε

ενρεσνρσννρσ

=+−−+

+∆+∆+++⋅=

∫∫

∑
−

+

+

+

       (13) 

The expression (12) with the Green’s function represents “exact” solution of the Boltzmann integral equation (10) 
for an arbitrary spatial secondary electrons source of generation. Thus, ρ(ν,e)  is universal function for the given kind 
of gas, which does not depend neither on gas density nor source spatial distribution, and for a given electron-
molecule collision cross sections can be easily calculated numerically.  
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FIGURE 5. Radial distribution of density of secondary electrons with energy e>11.5 eV produced in argon by E-beam (E 0=1 
keV; b=0.1 cm) at different argon densities NAr=k·1016cm-3 (k=10, 1, 0.1, 0.01). 
FIGURE 6. The yield of electron-ion pairs creation and ionization rates for primary and secondary electrons (arbitrary units), 
depending on penetration length. Initial E-beam energy is E0=1 keV. 

In Fig.4, the dependence of ρ(ν,e) on the energy of secondary electrons calculated for argon is presented. In 
Fig.5, the radial dependence of secondary electrons densities with energy higher than 11.55 eV is given for different 
argon densities. It is seen that for relatively narrow beams under low density conditions secondary electrons formed 
a wide halo around an electron beam, and E-beam plasma occupies a much wide region than a primary beam. While 
gas density is increasing, the spatial profile of high energy secondary electrons is approaching the profile of E-beam. 
In Fig.6, the yields of electron-ion pairs created by an E-beam that passed the length z and by secondary electrons 
are presented for initial energy E0=1 keV. It is seen that at small z ionization is mainly produced by secondary 
electrons because they have higher cross sections of ionization than those of primary electrons. The “price” of pair 
birth for argon (both by primary and secondary electrons) obtained in this paper is 25.5 eV, that is almost equal to 
the value obtained in [4] by Monte Carlo method.  



For some limiting cases, integrals (12) can be substantially simplified, and it is possible to obtain analytical 
solutions. For ν=0, the equation (13) coincides with the Boltzmann equation for the spatially uniform source term 
( constr =)(rχ ), i.e. ρ(ν=0,e) presents EEDF for a spatially uniform infinitely wide electron beam. In the general 
case, if parameter α=Ngbσ0 tends to infinity, then the small values of ν will give noticeable contribution to the 
integral (12), and we have ),0()( ),( ererf s ρχ ′=

rr
. The limiting case α=Ngbσ0>>1 has evident interpretation: under 

a high gas density or very wide source, spatial distribution function is determined by the local generation rate of 
electrons in the point rr due to a small free length of scattering, and energy spectrum is determined by energy losses 
of secondary electrons (inelastic collisions) only. For presenting a certain practical interest cylindrical electron 
beams, a general solution (12, 13) can be simplified restricted to the one-fold integration of spectral function. 
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where ω0(ν) was defined in (7). This formula was used for determination of spatial-energy distribution of high 
energy secondary electrons in molecular gases [6].  

4. CONCLUSIONS  

The developed theory of collimated low-current electron beam propagated through gas includes the model of 
primary electron energy degradation in non-elastic collisions with gas atoms, multiple scattering of primary 
electrons in a small-angle approximation, and creation of secondary electrons in ionizing collisions. These processes 
lead to the spreading of beam electrons in coordinate and energy space, and formation of electron-beam plasma. An 
integral linear transport equation for secondary electrons generated in a region of E-beam has been considered. With 
the help of Fourier-Bessel transformation, integral Boltzmann equation was reduced to a much simpler equation for 
the “spectral” function, which is a universal function depending on the sort of gas only. The Green’s function of 
initial integral equation has been found. The developed theory can estimate space and energy distribution function of 
secondary electrons with energy higher than the lowest threshold of non-elastic collision.  

The “losses” of electrons in non-elastic collisions into energy region e<I lead to formation of low-energy 
secondary, which turn out to be in the “dead” energy region. In this energy region, electrons can experience only 
elastic collisions with small energy losses. The balance of these electrons can be maintained only due to the 
ambipolar diffusion of electrons and ions in a self-consistent electric field to the chamber walls, or in the process of 
volume recombination. The accumulation of low-energy electrons around the electron beam, especially in the region 
of electron beam “collapse” is the ground for the formation of electron-beam plasma. The increase of electron beam 
current leads to the increase of electron beam density, and, for some currents (say, Jb>10 mA, for pressures p>1 
Torr), Colombian collisions of primary and high energy secondary electrons with low-energy secondary electrons 
lead to the increase of energy thermalization in electron beam plasma and faster spreading of the beam. Thus, for 
increased beam current, Colombian collisions should be included into the model.  

ACKNOWLEDGMENTS 

Financial support for this work was partly provided by the RFBR under the Grant No 05-08-33327-а, and “Leading 
Scientific School”, State contract № 02.445.11.7293  

REFERENCES 

1. A.E. Belikov, S.A. Biryukok, G.I. Sukhinin, R.G. Sharafutdinov, S.I. Veshchikov. In Proceedings of XVII Intern. Symp. on 
RGD, Aachen, Germany, edited by Alfred E. Beylich, Wiley-VCH, 1990, p. 1568-1575. 

2 R.G. Sharafutdinov et al. J. Appl. Phys. 79, 7274 (1996). 
3 A.V. Vasenkov, R.G. Sharafutdinov, and A.V. Skrinnikov. J. Appl. Phys. 83,4249 (1998). 
4. V.P. Konovalov, E.E. Son, in Chemical Plasma 14, edited by B. M. Smirnov, Moscow: Energoatomizdat, 1987, pp.194-226. 
5 A. V. Vasenkov. Phys. Rev. E., 57, 2212-2221 (1998).  
6. G.I. Sukhinin, "Electron-Beam Diagnostics, Activation, and Kinetics in Low-Density Free Jets", Doctor of Sciences 

Dissertation, Institute of Thermophysics, Novosibirsk, 1997.  
7 A. Yanguas-Gil, J. Cortino, and L.L. Alves. J. Phys. D: Appl. Phys., 38, 1588-1598 (2005). 
8 C.B. Opal, W.K. Peterson, E.C. Beaty. J. Chem. Phys., 55, 4100-4106 (1971). 
9 J.P. Bromberg. J. Chem. Phys., 50, 3906-3921 (1969). 


	Title page
	Using CD
	Copyright
	CONTENTS
	Preface
	Local Organizing Committee, Acknowledgment of Support and Sponsorship, Session Chairmen and Paper Reviewers
	International Advisory Committee and Symposia Locations
	GENERAL INVITED LECTURES
	Boltzmann Equation and Hydrodynamics Beyond the Navier-Stokes Level (Harold Grad Lecture)
	Dusty Plasma in the Earth and in Space: Experiments (Lloyd Thomas Lecture)
	Kinetic Theory in Vehicular Traffic Flow Modeling (Special Invited Lecture)

	CHAPTER 1 Kinetic and transport theory 
	Kinetic Theory of Nanoparticles Transport and Relaxation Processes in Gases and Liquids
	Generalized Stefan-Maxwell Diffusion Equations for Multicomponent Mixtures of Polyatomic Gases
	Rarefaction Effect on Heterogeneous Reaction Rate. Temperature Jump on a Porous Surface
	Kinetic Description of Classical Matter Infalling in Black Holes
	On Generalized Non-Equilibrium Thermodynamics of Rarefied Gas
	Description of Transport Processes in Intensive Parameters
	Generalized Boltzmann Physical Kinetics: Theory, Main Results and Problems
	On the First Order Chemical Reaction Rates in Non-Equilibrium Gas Flows
	Couette Flow Solution for Regularized 13 Moment Equations
	About Nanoparticle Friction Force in Gases and Liquids
	Non-Classical Diffusion in Dense Gases and Liquids
	Boundary Conditions for Strongly Perturbed Rarefied Gas

	CHAPTER 2 Boltzmann and related equations 
	Macroscopic Models for Non-EquilibriumFlows of Monatomic Gas and Normal Solutions
	Grad’s Thirteen Moment Method for a Heterogeneous Dispersed Medium
	New Forms of the Boltzmann Collision Integral
	Stable Equations to Second Order in the Knudsen Number for the Fluid Dynamics Variables
	A Simple Model Kinetic Equation for Inelastic Maxwell Particles
	Several Properties of the Matrix Elements of the Collision Integral of the Boltzmann Equation
	The Boltzmann Equation for a Gas with Rotational Degrees of Freedom on the Basis of a Statistical Model
	Dissociation and Recombination of a Diatomic Gas in a Background Medium
	Regularized 13-Moment-Equations
	Weak Shock Wave Solutions for the Discrete Boltzmann Equation
	Dual Variational Principles of the Linear Boltzmann Equation
	On the Uniqueness of Continuous Inverse Kinetic Theory for Incompressible Fluids
	Strong Breakdown of Equipartition in Uniform Granular Mixtures
	On the Existence of a Shock Wave Solution for the Boltmann Equation with a Modified Collision Term
	Simulation of Shock Wave Structure in Nitrogen with Realistic Rotational Spectrum and Molecular Interaction Potential
	General Methods of the Construction of Discrete Kinetic Models with Given Conservation Laws

	CHAPTER 3 Numerical solutions of kinetic equations 
	Lattice Boltzmann Method – Current Status and Prospects for Computing Compressible Flows at Moderate Knudsen Numbers
	Arbitrary Post-Collision Velocities in a Discrete Velocity Scheme for the Boltzmann Equation
	On the Treatment of Strong Evaporation and Condensation Flows of a Vapor at the Fluid Dynamic Level – Fluid Dynamic Formulation for Phase Change Problems
	True Direction Equilibrium Flux Method Applications on Rectangular 2D Meshes
	Unified Solver for Rarefied and Continuum Flows in Multi-Component Gas Mixtures
	Analytical and Numerical Normal Solutions of the Boltzmann Equation for Highly Nonequilibrium Fourier and Couette Flows
	Numerical Study of the Spiral Cylindrical Couette Flow of Rarefied Gas
	Multi-Processor Statistical Simulation of Forming a Detonation Wave in the Shock Tube for Cases of Different Thresholds of a Reaction
	A Numerical Scheme for the Boltzmann Equation
	Numerical Study of Transverse Supersonic Flow of Monatomic and Diatomic Gases Past a Plate
	On the Existence of the Negative Mass Flows in Evaporation and Condensation Problems – Effects of the Finite Thermal Conductivities of the Condensed Phases
	Numerical Investigation on Models of the Boltzmann Equation for Gas Mixtures
	The Tang-Toennies Potentials for the Boltzmann Collision Integrals
	Divergent And Stochastic Combined Forms Of The Boltzmann's Collision Integral In Numerical Simulation
	Numerical Modeling of the Unsteady Vapor Outflow from a Flat Surface Using Direct Numerical Solution of the Boltzmann Equation
	A Method of Joint Solution of the Boltzmann and Navier-Stokes Equations with Application to the Problems of Gas Flows over Plane Plates
	Computation of Decaying Isotropic Compressible Turbulence
	Solving of the Boltzmann Equation in Some Problems with Moving Interface Surface
	Heat Transfer in a Gas Mixture
	Parallel Implementation of the Unified Flow Solver

	CHAPTER 4 DSMC and related simulations 
	Time Relaxed Monte Carlo Methods for the Boltzmann Equation: an Overview
	Sophisticated Versus Simple DSMC
	Parallel Hybrid Method for Subsonic Flows
	Detecting Equilibrium Cells in DSMC to Improve the Computational Efficiency
	Applying the Macroscopic Chemistry Method to Dissociating Oxygen
	Streamline Extrapolation Technique for Subsonic Outflow Boundary Conditions in DSMC Simulations
	New Model for Statistical Simulation of High-Temperature Nonequilibrium Dissociation
	Reconsideration of the Majorant Collisional Frequency Schemes for the DSMC Method
	Statistical Errors of DSMC Results for Rarefied Gas Flows
	Use of Independent Ensemble Averaging for DSMC Solutions in Unsteady Flow
	DSMC Estimate of the Ionic Wind Effect on a Supersonic Low-Density Flow
	On the Stability of the Vertically Stratified State of a Vapor–Gas Mixture between Two Parallel Condensed Phases
	DSMC Simulations of Shock Interaction with Shock-Scale Harmonic Fluctuations
	Progresses in Monte Carlo Simulation of Light Scattering Spectra in Atomic Gases
	Numerical Determination of Reaction Coefficient of Nitrogen Atoms with Solid Carbon by Using DSMC Method
	Numerical Analysis of the Cylindrical Couette Flow of a Vapor-Gas Mixture
	Simulations of Reactor Efficiency for Pulsed Pressure Chemical Vapor Deposition (PP-CVD)
	DSMC Simulation of Pressure-Driven Flows and Heat Transfer in Microfilters
	Statistical Modeling of Interactions between Gas Molecules and Pulsed Optical Lattices
	Object-Oriented Software Design for the Three-Dimensional Direct Simulation Monte Carlo Method
	On Evolution of Vortical System in Rarefied Gas Flow
	A New Decoupled Rotational Energy Exchange Scheme for DSMC Calculations
	Rotational Collision Number and Rotationally Inelastic Cross-Section in Monte Carlo Simulations
	A DSMC Method for the Landau-Fokker-Planck Equation
	Construction of Optimal Parameters for the Test Particle Monte Carlo Method
	Application of Parametric Correction for Improving of DSMC Method Results
	Simulation of Rarefied Gas Flows by Improved TRMC Method
	Time Relaxed Monte Carlo Methods Based on Sampling from McKean Graphs
	DSMC Computations of a Rarefied Gas Interacting with Light
	DSMC Method as Applied to Investigation of Slip Flow of Plasma-Rise Gas in Hollow Cathode
	Quantifying the Effects of Rarefaction in High Velocity, Slip-Flow Regime
	Interpretation of Impact and Static Pressure Measurements in Non-Equilibrium Supersonic Flow by the DSMC Method
	Efficient Parallelization of the DSMC Method
	SMILE System for 2D/3D DSMC Computations

	CHAPTER 5 Experimental procedures in RGD
	Photonic Analyses of High Knudsen Number Flows
	Experimental Studies On Impingement Pressure
	On-Orbit Experiments On Pressure Change Research In Ambient Space Vehicle Environment
	Mass Flow Rate and Tangential Momentum Accommodation Coefficient from Experiments in a Single Micro Tube
	On-Orbit Quartz Crystal Microbalance Measurements of Molecular Deposition on Russian and U.S. Space Stations
	Development of Pressure Sensitive Molecular Film as a Measurement Technique for High Knudsen Number Conditions
	Discharge Coefficients and On-Axis Flow Properties in Small Sonic Orifices at Low Reynolds Numbers
	Zinc Deposition Experiments for Validation of DSMC Calculations of Internal Flows
	Modeling of Processes of External Contamination of International Space Station by Jets of Orientation Thrusters
	Modification of a Rarefied Supersonic Flow over a Flat Plate Using an Electrical Discharge
	Structure and Gas Parameters of Plume Expiring in Vacuum from Four Nozzles, Located Around of the Space Vehicle Case

	CHAPTER 6 Clusters and aerosolos 
	Kinetic Multiscale Modeling and Simulation of Cluster Formation Processes in Free Gas Expansions Using DSMC
	Condensation and Temperature Forces Between Aerosol Particles
	Quasi-Chemical Cluster Model Approach To Gas Precondensation Stage
	On the Motion of Nonsymmetrical Particles with Nonuniform Active Surface in Rarefied Gas
	The Direct Simulation Monte Carlo Of Cluster Formation Processes In Laser Plume

	CHAPTER 7 Gas-surface interaction 
	Gas Jet Deposition of Teflon-Like Films and Ultra-Dispersed Particles
	Surface Structure Degradation of Si-Based Materials Exposed to Dissociated Air and Nitrogen Flows
	Theoretical Dynamics Study of Atomic Oxygen over β-Cristobalite (100)
	Measurements of Thermal Accommodation Coefficients
	Experimental Research of Reflected Flux at Interaction of High-Velocity Free Molecular Beam with Solid Surfaces
	Molecular Dynamics Study of Xe-Graphite (0001) Surface Scattering
	Monte Carlo Simulation of Heterogeneous Catalytic Processes on Heat Shield Coatings of Space Vehicles
	Surface Roughness Effects in Low Reynolds Number Channel Flows
	Wall Temperature Jump in Polyatomic Gas Flows
	Rarefied Gas Atoms Reflection on Rough Surfaces
	Plasma Surface Interaction: Thin Film Formation
	Quasiclassical Approximation for Rotational and Vibrational Transition Probabilities in Gas-Surface Scattering
	Investigation of Heterogeneous Atoms Recombination by Molecular Dynamics Method
	Application of Nocilla Model for Plume Impingement Analysis
	The Normal Momentum Accommodation Effect on Thin Plate Oscillations in a Rarefied Gas

	CHAPTER 8 Space vehicles aerodynamics
	Measurements for Validating DSMC and Navier Stokes Computations of Chemically Reacting Hypervelocity Flows
	Blunt Body Aerodynamics for Hypersonic Low Density Flows
	Scaling Parameters for Hypersonic Flow: Correlation of Sphere Drag Data
	Numerical Study of Hypersonic Rarefied Gas Flows About a Toroidal Ballute
	Numerical Modelling of the Magnus Force and the Aerodynamic Torque on a Spinning Sphere in Transitional Flow
	Numerical Simulation of Rarefied Gas Flows about a Rotating Cylinder
	Cassini-Huygens Aerodynamics with Comparison to Flight
	Application of Modified DSMC Algorithm to Inviscid Flow Calculation
	High-Altitude Aerodynamics of the Clipper Spacecraft

	CHAPTER 9 Inrenal flows, jets, and plumes 
	Problems of Gas-Dynamical and Contaminating Effect of Exhaust Plumes of Orientation Thrusters on Space Vehicles and Space Stations
	Instability of the Plane Poiseuille Flow for Longitudinal Vortical Disturbances by the Ghost Effect of Infinitesimal Curvature
	On the Taylor-Couette Problem in the Continuum Limit
	Effect of Vibrational Energy on Dynamics of Pulsed Vapor Cloud Expansion
	Hybrid Navier-Stokes/DSMC Gas Flow Simulations in Very Low Pressure Thin Film Deposition
	Simple Rarefied Gas Flows in Porous Regions
	Effect of Carrier Gas Nature on Collision-Induced Dissociation of Large Molecular Ions in Mass-Selective Detector with Atmospheric Pressure Chemical Ionization
	Experimental Studies On Heat Transfer To Bodies In Hypersonic Rarefied Gas Flows
	Transient Plume Impingement Analysis For Formation Flying Spacecraft
	Simulation of Nozzle Plume Droplet Flow in Transitional Regime
	Modeling of Gaseous Expansion in Free Jet and Microchannel Flows Using the Modified Moment Method
	Self-Similar Interpolation in Rarefied Gas Dynamics
	Low Density Jet Impingement - Measurement of Heat Transfer
	Modelling of Pulsed Laser Ablation of a Solid Target in a Vacuum in the Explosive Boiling Model
	Light-Induced Heat and Mass Transfer of Rarefied Gas in a Capillary
	Peculiarities of Gas Ejection Into Vacuum From a Nozzle with Near-Wall Liquid Film
	Viscosity Effects on Prandtl–Meyer Expansion

	CHAPTER 10 Reaction and relaxation processes 
	Radiation Heat Transfer Models for Re-Entry Aerothermodynamics
	State-Specific Vibrational Relaxation and Thermal Dissociation in Nonequilibrium Hypersonic Flows
	O+HCl Cross Sections and Reaction Probabilities in DSMC
	A Molecular Kinetic Model of Reacting Gas Flows
	Advanced Models of Vibration-Dissociation Kinetics in Mixtures Containing CO2
	The Effect of the Affinity on the Equilibrium Behavior of a Reactive System
	Multiscale Analysis for Atomic Oxygen Recombination on Silica Surface
	Stochastic Models of Hot Planetary Coronae
	Multi-Temperature Kinetics and Thermodynamic Properties Behind Shock Waves in Reacting Air Components
	Multi-Temperature Kinetics and Transport Properties in CO2/N2 Mixtures
	On a Role of Multi-Level Energy Transitions in the State-to-State Vibrational-Chemical Kinetics
	A Strong Shock Wave Structure in Low Density Gas Mixture Flow Past a Cylinder
	On the Influence of Vibrational Distributions on Dissociation Rates

	CHAPTER 11 Plasma flows and processing 
	Modeling of Multi-Time Scale Particles in Rarefed Gas and Plasma
	Time-Dependent Processes in Diodes with Rarefied Plasma
	“Anomalous” Shock Structure In Weakly Ionized Gas Under Strong Thermal Nonequilibrium
	Non-Linear Gyrokinetic Theory of Magnetoplasmas
	Electron-Beam Activation of Rarefied Gases
	Distribution Function and Transport Properties of the Ions Moving in a Neutral Gas under External Electric Field
	Low Pressure Deposition in a High Density Plasma CVD Reactor
	Simulation of Low Pressure Plasma Processing Reactors: Kinetics of Electrons and Neutrals
	Laser Deflection Diagnostics Of Shock Wave Interacting with Ar and N2 DC Discharge
	Superabundant-Variable Approach to Gyrokinetic Theory
	Gas – Surface Interaction in Hollow Cathode Glow Discharge
	Nonlinear Debye Screening in Strongly-Coupled Plasmas
	Direct Simulation Monte Carlo Study of Neutral Temperature, Density, and Pressure in an Inductively Coupled Plasma
	The Role of Secondary Electrons and Metastable Atoms in Electron-Beam Activation of Argon-Silane Mixtures

	CHAPTER 12 Micro/nano scale flows and devices 
	Numerical Simulation of a Knudsen Pump Using the Effect of Curvature of the Channel
	Low Speed Nano/Micro/Meso-Scale Rarefied Flows Driven by Temperature and Pressure Gradients
	Generalized Reynolds Equation Based on the Ellipsoidal Statistical Model
	Numerical Error Analysis for Deterministic Kinetic Solutions of Low-Speed Flows
	Thermal Creep Continuum Modeling
	Thermal Creep of a Slightly Rarefied Gas through a Channel with Curved Boundary
	On the Dependence of Rarefied Gas Flow Stability in Channels on Interaction Parameters
	Drag of Nano-Particles in the Transitional Flow Regime
	Simulations of Low Speed Flows with Unified Flow Solver
	Monte Carlo Simulation of Rotation of a Laser Opto-Microactuator
	Gas Flow around a Longitudinally Oscillating Plate at Arbitrary Ratio of Collision Frequency to Oscillation Frequency
	The Critical Accommodation Coefficient for Velocity Inversion in Rarefied Cylindrical Couette Flow in the Slip and Near Free-Molecular Regimes
	Gas Mixture Separation in Nanosize Capillaries. Effects of Surface Forces
	Gas Separation Effect of the Pump Driven by the Thermal Edge Flow
	Knudsen Effect and a Unified Formula for Mass Flow-Rate in Microchannels
	Parallel DSMC Application for the Analysis of Argon Gas Flow in a T-Shaped Micro Manifold
	Evaporation-Condensation Problem in Vapour-Gas Mixtures
	Two-Dimensional Slip-Velocity Gaseous Flow Past a Confined Square in a Microchannel

	CHAPTER 13 RGD in astrophisics and aeronomy 
	Free Molecular Simulations of Vapor Dynamics Following a Lunar Impact
	Plasma Kinetics Issues in the ESA ‘Plasma Laboratory in Space’ Study
	3D Numerical Modelling of a Rarefied Gas Flow in the Nearby Atmosphere around a Rotating Cometary Nucleus

	CHAPTER 14 Molecular dynamics simulations
	Why Does Expansion Shock Wave Not Exist in Nature?
	The Molecular Dynamics Calculation of the Self-Diffusion Coefficient
	Hybrid Molecular Dynamics-Monte Carlo Method for Heat and Flow Analysis in Micro/Nano-Channels
	Molecular Dynamics Simulation of Evaporation of a Two-Component Liquid

	CHAPTER 15 Vacuum gas dynamics
	The Integro-Moment Method Applied to Two-Dimensional Rarefied Gas Flows
	First Tritium Pumping Results by a Cryopump with a Precondensed Argon Layer
	Analysis of Free Molecular Flow in a 3-D Turbo Molecular Pump with Non-Parallel Blades
	Silicon Wafer Cooling by Low Pressure Helium Gas in Vacuum Environment

	CHAPTER 16 Molecular beams and collisions (Special Session)
	A Quasi Quantum Treatment of Inelastic Molecular Collisions
	Neutral Molecular Beam Formation or Deceleration Induced by Optical Lattices
	Laser Sustained Plasma Free Jet for the Generation of Fast Atom Beam of Interest in the Simulation of Low Earth Orbit Environment
	A Helium Cluster Beam Source for Cluster Isolated Chemical Reaction Studies
	Gas Dynamics of the Linear Plasma Generator Magnum-PSI
	Expansion Characteristics and Invasion in Hot Rarefied Expanding Plasma Flows
	Development of Shock Heated Molecular Beam: Modification of Shock Tube Valve
	A Mass and Time-of-Flight Spectroscopy Study of the Formation of Clusters in Free-Jet Expansions of Normal-D2
	Asymptotical Analysis of Translational Nonequilibrium in the Hypersonic Flow Near the Flat Plate with the Sharp Leading Edge
	Molecular Beam Study on Oxidation of Si(100) Surface with Ozone
	How Does a Particle Move in Chemical Kinetics?

	APPENDIX (on CD-ROM only!)
	Analytical Solutions of Continuum Equations in Hypersonic Transitional Flow Over Blunt Bodies
	Numerical Modeling of Gaseous Expansion from Micro and Nano Nozzles
	Drag and Heat Transfer Coefficients in Free Molecular Flows
	Stability of Rarefied Gas Flow in a Channel for Ray-Diffuse Scattering Function
	A Study on the Pumping Performance of a Molecular Drag Pump in the Rarefied Gas Flow
	Simulation of an Evaporation of a Monatomic Condensed Phase into a Vacuum by a Monte Carlo Method
	Influence of the Dispersion on the Boltzmann Equation for Nonhomogeneous Case
	Fluid Dynamics at Arbitrary Knudsen on a Base of Alexeev-Boltzmann Equation: Sound in a Rarefied Gas
	Boltzmann Kinetics and Mathematical Modeling in Nanotechnology


	Search
	Exit



