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Abstract

A semi-Lagrangian numerical method is presented in our study, which is automatically
mass conservative and positivity preserving. The Convected scheme (CS) refers to
a ‘forward-trajectory’ semi-Lagrangian method for solving the Boltzmann equation
and for plasma kinetic simulation. In this thesis, we explored the following issues:
(1) developing a new version of the Convected scheme with high order accuracy and
efficiency; (2) applying the Convected scheme to solve engineering problems such as
plasma breakdown and quantum transport of electrons.

The basic CS has 2" order local truncation error (L.T.E.) in space, which is not
accurate enough. Thus, a higher order CS is necessary, and a new method (the MF
scheme) was developed and derived. The convergence analysis of the 1D continuity
equation was first tested (for a stationary wave with time independent and a pulsat-
ing problem with time dependence) to ensure that our scheme is high order when the
Courant number is greater than one. 1D breakdown simulations were then solved.
Breakdown simulation should ideally permit time steps up to or greater than the
Courant-Friedrichs-Lewy (CFL) limit and the numerical results proved the ability to
accomplish this efficiently on a uniform mesh. Next, for the constant advection equa-
tion, an arbitrarily high order CS (the fs scheme) was developed. Previously, the foo
scheme was used to solve 1D-1V Vlasov-Poisson systems such as linear Landau damp-
ing and the ‘bump-on-tail’ instability. Here, we extended the arbitrarily high order fas
scheme to other problems such as the Wigner equation and the Vlasov equation with
a discontinuous potential. Moreover, the convergence analysis of the solution to the
Wigner equation and the Vlasov equation with a discontinuous potential demonstrated

that our scheme is efficient and accurate.



Contents

Acknowledgement . . . . . . ...

Abstract . . . . . .
Contents
List of Figures
List of Tables

1 Introduction
1.1 Background . . . . . ... . ...

1.2 Conclusion . . . . . . . . .

2 Literature review

2.1 Plasma breakdown . . . . ... ... Lo
2.2 Wigner equation . . . . . . ..o Lo

2.2.1 Methods for solving the Wigner equation . . . . . . . .. .. ..
2.3 Convected Scheme . . . . . . . ...
24 SUMMATY . . . . o e

3 Gas Breakdown
3.1 Model Equations . . . . . . .. ..

3.1.1 Energy-Based Formulation of The Source Term . . . . .. . ..

iii

11

iii

vi

xi

13
16
18



3.1.2  Analytic Theory . . . . . . . . .. ...
3.1.3 Temporal and Spatial Scales of Interest . . . . . . . . .. .. ..

3.2 Splitting Methods and Convected Scheme . . . . . . . . .. ... ...
3.2.1 Strang Splitting . . . . . . . ..o
3.2.2 Higher-Order Operator Splitting and Higher Derivatives of Elec-

tric Field . . . . . .o

3.3 Convected Scheme and Advection . . . . . ... ... ... ... ....
3.3.1 High Order Remapping . . . . . . . . .. ... ... ... ....
3.3.2 Moving Face (MF) . . . ... ... ... oo L

3.4 Advection Tests . . . . . . . ...
3.4.1 Stationary Wave . . . .. . ...
3.4.2 Pulsating solution . . . . . . ... ... oo

3.5 Numerical Experiments for 1D Breakdown . . . . . . .. .. ... ...
3.5.1 Breakdown Test-Case: Problem Setup . . ... ... ... ...
3.5.2 Breakdown Test-Case: Refinement Analysis . . . .. ... ...

3.6 Summary ... ..

Arbitrarily High Order Convected Scheme and Its Application

4.1 Arbitrarily High Order Convected Scheme for The Constant Advection
Equation . . . . . . ..o
4.1.1 Numerical Test . . . .. .. .. ...

4.2 Wigner-Poisson equation for 1D Landau damping . . . . . . .. .. ..
4.2.1 Numerical Test . . . . . . . . .. ..

4.2.2  SUMMATY . . . . . o e

v

79

4.3 Wigner equation and Schrodinger Equation in The Semi-classical Regime 84

4.3.1 Schrodinger Equation in The Semi-classical Regime . . . . . . .

84



4.3.2 Numerical test . . . . . . . ... Lo 87

4.4  Vlasov equation with discontinuous potentials . . . . . . . ... .. .. 92
4.4.1 First Order in Classical Mechanics . . . . . ... ... .. ... 95

4.4.2 High Order Scheme in Quantum Mechanics . . . . . .. .. .. 106

4.5 Summary ... 124

5 Conclusion 125
Bibliography 127
A Fourier Filter for the spectral-CS 134
B Poisson solver 1 136
C Poisson solver 2 139

D Poisson solver 3 141



List of Figures

2.1

3.1

3.2

3.3

3.4

4.1

Ballistic operator of the moving center (MC) scheme. The right frame

shows the density reallocated to cells, according to the MC scheme.

Analytic solution for electron and ion density (upper) and electric field
(lower). . . .
Ballistic operator of the moving face (MF) scheme. The right frame
shows the density reallocated to cells, according to the MF scheme.

(MM version) The solution for different order versions of the CS for
increasing number N of spatial subdivisions. . . . . . .. ... ... ..
Breakdown simulation: spatial profiles of the electron density (upper
left), ion density (lower left), electric field intensity (upper right) and
charge density (lower right) at different times ¢ € [1/3,2/3T,T] with
T = 2.4 x 107®s. These profiles are very similar to those obtained
analytically (Fig. 3.1), although the analytic results apply to the steady

state at very long times. . . . . . .. ... .o

The solution from the f55 scheme of the CS for increasing number N, of

spatial subdivisions for the Example 4.1.1. (a) N, = 32, (b) N, = 256 .

vi

17

43

52

72



4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

The figures for the two stream instability with the different h. Here h
is 0, 8 and 15, respectively. When the quantum parameter A becomes
larger, the plasma oscillation shows a linear damping behavior because
the quantum effect overcomes the instability. [62] . . . .. ... .. ..
(Two stream instability simulation) Classical phase space distribution
evolution for A = 0. When instability appears, a hole structure forms in
the distribution. The starting point for the instability is around ¢ = 40. |

(Two stream instability simulation) Quantum phase space distribution
evolution for A = 8. When instability appears, a hole structure forms in
the distribution. The starting point for the instability is around ¢ = 60
which is longer than A =10. [62] . . . . ... ... ... ... ... ..
(Two stream instability simulation) Quantum phase space distribution
evolution for 7 = 15. For h = 15, there is no formation of hole structure.
The instability is overcome by the quantum effect. [62] . . . . . .. ..
The initial condition of the Wigner function. The distribution density,
f(z,v,t =0) for different €. (a) ¢ =0.04, (b) e =0.0025 . ... .. ..
The initial condition of the Wigner function. The position density,
n(z,t = 0), for different mesh size Az = 1/16 (¢ = 0.04). (a) Av =1/4,
(D) Av=1/16 . . . . . .
The initial condition of the Wigner function. The position density,
n(z,t = 0), for different mesh size Az = 1/128 (¢ = 0.0025). (a)
Av=1/32,(b) Av=1/256 . . . . .. .. .. ...
The particle is incident on the potential barrier. One condition leads to

reflection and another condition to transmission. . . . . . . . . . . . ..

vii



4.10

4.11

4.12

4.13

4.14

(a) Reflection: the particle with incident momentum p is reflected with
momentum —p, (b) Transmission: the particle with incident momentum
—p* is transmitted with momentum —p. . . . . . ... ...
[lustration of how the method of characteristics (MOC) is applied at
the boundary; In [70], the MOC looks back to several initial cells.(a)
For continuous potential, velocity does not change during the advection
step. The distribution function f;; at t = ¢y + At is from f;; and
fi—1,; or from f;; and fiy1,; at t = t5. For discontinuous potential, a
boundary condition is used to change velocity at the boundary, x = x4.
(b)Reflection: the distribution function f; ; at t = to+ At is from f_; ; at
t = to, (c) Transmission: the final distribution function f; ; at t = to+At
is from f;_i, or from fiy1 ., att=to.. . .. ..o
Ballistic operator of the moving cell for both v > 0 and v < 0. The left
frame shows the initial positions of two MCs. The right frame shows
the densities reallocated to cells, according to the remapping rule.
Discontinuous potential barrier. (a) V=~ < V* (b) V= > V. Here, the
superscripts ‘+’ and ‘-> mean the right and left limit of the barrier, x.
Ballistic operator of the moving cell across the discontinuous potential
barrier (V~ < V7). (a) both the velocity faces of the initial cell go to
the same cell, (b) the velocity faces of the initial cell go to different cells.

The superscripts ‘4+’ and ‘-’ mean the right and left limit of the barrier,

viii

117

117



4.15

4.16

4.17

4.18

Vyop and vy, are the transmitted velocities corresponding to vy, and
Upot- 1f v}, and vy, are not in the same cell, there are two methods to
deal with the remapping rule: (a) Method 1, the initial cell is divided
into many smaller cells which are remapped separately;(b) Method 2,
velocities (such as v; and v,) are found within the initial cell which map
onto velocity cell boundaries at the final location. The initial cell is
split, at v; and vy, into new cells which are remapped separately. The
superscripts ‘4’ and ‘-” mean the right and left limit of the barrier, z,.
[lustration of how the method of characteristics (MOC) is applied at the
boundary; a MOC such as the CS looks forward from an initial cell to
several final cells.(a) For the continuous potential, the initial distribution
function f; ; goes to (4, ) and (i+1, j) or to (4,7) and (i — 1, j). For the
discontinuous potential the boundary is at x = x4, (b) Reflection: the
initial distribution function f;; goes to (i, —j), (¢) Transmission: the
initial distribution function f;; goes to (i + 1,m) or to (i — 1,m).
[lustration of how the method of characteristics (MOC) is applied at
the boundary; a MOC such as the CS looks forward from an initial
cell to several final cells. (a) some particles can transmit across the
barrier, while some particles are reflected, (b) particles do not have
enough energy to cross the barrier, they are reflected, (c) particles have
enough energy to cross the barrier, they are transmitted. . . . . . . . .
Vlasov equation with discontinuous potential (classical mechanics). The
figure shows the (a) initial condition, and (b) exact solution of the den-

sity distribution for N, = N, =200 . . . . . . . .. ... ... ... ..

1X

118

119



4.19

4.20

4.21

4.22

4.23

4.24

Vlasov equation with discontinuous potential (classical mechanics). The
numerical solution for two algorithms for the Example 4.4.1. (a) Algo-
rithm 3, and (b) Algorithm 4, for the numerical example in section
4411 Ny =N, =200 . . . .o oo
A schematic representation of a potential step, particles are moving from
right to left and from left toright. . . . . . . .. ... ... ... ...
The reflection coefficient (R) and transmission coefficient (7") for the
Example 4.4.1. R and T are functions of transmitted velocity, p. . . . .
Vlasov equation with discontinuous potential (quantum mechanics). The
figure shows the (a) initial condition, and (b) exact solution of the po-
sition density. . . . ..o L
The reflection coefficient (R) and transmission coefficient (7") for the
Example 4.4.1. R and T are functions of incident velocity, ¢ . . . . . .
Vlasov equation with discontinuous potential (quantum mechanics). The
final solutions obtained with the low and high order CS scheme are com-

pared with the exact solution. . . . . . . . ... .. ... ... .....

123



List of Tables

3.1 Continuity equation, stationary wave: refinement analysis for the moving-
midpoint (MM) version of the Convected Scheme (CS). We compare the
‘standard’ low-order implementation MM2 with its high-order variants
MM3 and MM4. The table reports the L*norm of the error (differ-
ence of analytic and numerical solutions) at the final time, for progres-
sively larger numbers of cells N. The algebraic order of convergence
(‘Order’ column) is calculated as the base-2 logarithm of two succes-
sive error norms. All simulations employ the same Courant parameter
Co(x) = 0.2 + 0.1sin(x), which corresponds to a constant grid velocity
ug =10, . e

3.2 Continuity equation, stationary wave: refinement analysis for the moving-
face (MF') version of the Convected Scheme (CS). We compare the ‘stan-
dard’ low-order implementation MF2 with its high-order variants MF3
and MF4. Asin Table 3.1, we report the number of cells N, the L?-norm
of the error, and the order of convergence. All simulations employ the
same Courant parameter Co(z) = 0.2+ 0.1sin(z), which corresponds to

a constant grid velocity ug =10. . . . . . . ... oL

x1



3.3

3.4

3.5

3.6

3.7

3.8

3.9

Same as Table 3.1, but for a larger Courant parameter Cp(x) = 0.8 +
0.4 sin(z), corresponding to a constant grid velocity ug = 2.5. We notice
that the MM3 and MM4 schemes cannot reach their nominal order of

convergence (2 and 3 respectively) in this situation where max |Cy(x)| >

Same as Table 3.2, but for a larger Courant parameter Cp(x) = 0.8 +
0.4 sin(x), corresponding to a constant grid velocity ug = 2.5. Contrarily
to the MM results in Table 3.3, all MF schemes exhibit the expected
orders of convergence. . . . . . . .. ...
Same as Tables 3.2 and 3.4, but for a larger Courant parameter Cy(z) =
3.2 + 1.6sin(x), corresponding to a constant grid velocity ug = 0.625.
Again, all MF schemes exhibit the expected orders of convergence.

1D continuity equation, pulsating solution. Convergence analysis at a
constant grid velocity ug := Az/At=0.4. . . . ... ...
Constants employed in all breakdown simulations, as they appear in
(3.55), (3.56) and (3.57). . . . .. ...
Breakdown simulation: refinement analysis at fixed Az/At ratio. The
moving-face (MF) version of the Convected Scheme (CS) is combined
with 2nd-order Strang’s splitting. The table reports the relative L? norm
of the error in the electron density at the final time, with respect to
a reference solution. All simulations employ a constant grid velocity
ug = Ax/At = 9375, and therefore have the same nominal profile of
the Courant parameter Cy(x,t), which approximately ranges between 0
and 2.67. . ...
Breakdown simulation: refinement analysis at fixed Ax/At ratio. Same

as Table 3.8, but using 4th-order McLachlan’s splitting [57]. . . . . ..

xii

20



3.10 Breakdown simulation: refinement analysis at fixed At. The moving-

3.11

4.1

4.2

4.3

face (MF) version of the Convected Scheme (CS) is combined with 2nd-
order Strang’s splitting. The table reports the relative L? norm of the
error in the electron density at the final time, with respect to a reference
solution. All simulations employ a constant time-step size At = 4 X
1072 s,
Breakdown simulation: refinement analysis at fixed At. Same as Ta-

ble 3.10, but using 4th-order McLachlan’s splitting [57]. . . . . .. ..

Constant Advection equation: refinement analysis for the fo5 version of
the Convected Scheme (CS) for the Example 4.1.1. The table reports
the L2-norm of the error (difference of analytic and numerical solutions)
at the final time (7" = 1), for progressively larger numbers of cells N,.
The algebraic order of convergence (‘Order’ column) is calculated as the
base-2 logarithm of two successive error norms. All simulations employ
the same Courant parameter Cop =0.32. . . . . . . . . ... ... ....
Two stream instability simulation: The error in the L?-norm at T' = 2.5
with i = 0. The fs version of the Convected Scheme (CS) is combined
with 2nd-order Strang splitting. The table reports the relative L? norm
of the error in the electron distribution at the final time, with respect
to a reference solution. . . . . . . .. ..o
Two stream instability simulation: The error in the L?-norm at T = 2.5
with i = 8. The fy version of the Convected Scheme (CS) is combined
with 2nd-order Strang splitting. The table reports the relative L? norm
of the error in the electron distribution at the final time, with respect

to a reference solution. . . . . . . . . . .

xiii



4.4

4.5

4.6

4.7

4.8

4.9

Two stream instability simulation: The error in the L?-norm at T = 2.5
with i = 15. The fos version of the Convected Scheme (CS) is combined
with 2nd-order Strang splitting. The table reports the relative L? norm
of the error in the electron distribution at the final time, with respect
to a reference solution. . . . . . . .. ..o
The Schrodinger equation simulation in the semi-classical regime. The
table reports the relative L? norm of the error in the position density
at the final time (¢ = 0.64) and € = 0.04, with respect to a reference
solution. [D9] . . . . L
The Schrodinger equation simulation in the semi-classical regime. The
table reports the relative L? norm of the error in the position density
at the final time (¢t = 0.64) and € = 0.0025, with respect to a reference
solution. [59] . . . ..
The Wigner equation simulation in the semi-classical regime. The table
reports the relative L? norm of the error in the position density at the
final time (¢ = 0.64) and ¢ = 0.04, with respect to a reference solution.

The Wigner equation simulation in the semi-classical regime. The table

reports the relative L2 norm of the error in the position density at the

Xiv

91

final time (¢ = 0.64) and € = 0.0025, with respect to a reference solution. 91

Vlasov equation with discontinuous potential (classical mechanics). The
table reports the L'-norm of the error (difference of analytic and numer-
ical solutions) at the final time (7" = 1), for progressively larger num-
bers of cells N, and N,. The algebraic order of convergence (‘Order’
column) is calculated as the base-2 logarithm of two successive error

norms. Scheme I is using Algorithm 3 and scheme II is using Algorithm



4.10 Vlasov equation with discontinuous potential (quantum mechanics) for
the Example 4.4.1. The table reports the L'-norm of the error (differ-
ence of analytic and numerical solutions) at the final time (7" = 1), for
progressively larger numbers of cells N, and N,. The algebraic order
of convergence (‘Order’ column) is calculated as the base-2 logarithm of
two successive error norms. The low order scheme uses Algorithm 5

and the high order scheme uses Algorithm 6. . . ... ... ... ...

XV



Chapter 1

Introduction

This thesis describes research consisting of novel numerical simulations applied to a)
plasma breakdown and b) the Wigner equation. The description of electrical breakdown
in a gas (a phenomenon that we refer to as “gas breakdown”, or simply “breakdown”)
is of considerable importance [1—8] and is also difficult to accurately achieve. Since the
strongest growth in free electron density occurs at the front of the breakdown region,
the spurious density caused by numerical diffusion can grow faster than the ‘ideal’
density and potentially exceed it. In addition, in the system of equations used here,
the long time solution exhibits a discontinuity in the gradient of the density at the
breakdown front. This makes breakdown a challenging test of a numerical scheme.
The Wigner equation has been applied in many fields, such as plasma, optics and
semiconductor devices. In the past few decades, the Boltzmann transport equation was
used to describe semiconductor devices, such as a metal-oxide-semiconductor field-effect
transistor (MOSFET). However, when the size of the devices enters nano-scales, quan-
tum effects need to be considered, and the Wigner equation becomes more important.
This chapter introduces the background. We explain the issues involved in Sec-

tion 1.1. Next, we compare many different models and discuss why we believe that the



Wigner equation is the best candidate for quantum devices and the Convected scheme
is a good tool for solving the advection equation. In Section 1.2, we introduce how we
use a Convected Scheme (CS), combined with a splitting method, to describe plasma
breakdown and solve the Wigner equation. The CS is a method of characteristics and
provides an accurate method of solving plasma equations and the Boltzmann transport
equation. Here, we want to apply the CS to solve the Wigner equation as well. The
splitting method is a useful tool, which can split a vector field into a sum of two or more
parts and these parts can be integrated more easily than the original one. Splitting
methods include, for example, Lie splitting, Strang splitting and higher order splitting
such as 4th order and 6th order splitting. In this document, we use Strang splitting
(2nd order accurate) and 4th order splitting on the plasma breakdown case and Strang
splitting on the Wigner equation to verify the scheme. Before starting to solve the
Wigner equation, plasma breakdown is first solved by the CS and splitting method.
By simulating plasma breakdown, we can learn how to use the CS and splitting method
to predict accurately electrical properties. The Wigner equation is solved by analogous

techniques.

1.1 Background

We now introduce the two areas where we have done simulations: plasma breakdown
and quantum transport. Electrical breakdown in high pressure gases poses formidable
challenges to numerical simulation. One of the principal problems is numerical diffu-
sion, which allows electrons to travel ahead of the physical breakdown front: in this
region of space the electric field has maximum intensity, the ionization level is highest,
and even small amounts of spurious density can lead to qualitatively incorrect results.

On the other hand, in 1947, the bipolar point-contact transistor was invented at



Bell Telephone Laboratories by John Bardeen, Walter Brattain and William Shockley.
In the 1950s and 1960s, the germanium transistor was more common. However, leakage
current is easily generated with a germanium transistor. Now, silicon has been become
the main material for semiconductors because silicon has superior physical and tech-
nological properties. During the past few decades, the development of semiconductors
has grown quickly and they are now widely used, in applications such as automotive,
medical, LED lighting and so on.

Due to the rapid development of semiconductor technology, device dimensions have
decreased very rapidly. In order to improve the speed and functionality of integrated
circuits (ICs), higher integration densities are necessary. In 1965, Gordon Moore pre-
dicted that transistor count would double every 18 months. Now, 16 nm technology
has been produced, and in 2020, 7 nm technology will be introduced [9]. In the past
few decades, devices were situated in the mesoscopic range, where electron transport

can be described by the Boltzmann Transport Equation (BTE). The BTE is

01 0T 0 (9) »
collision

o Vox Tmiav T\
where F(x,v,t) is the force field acting on each particle, and the term on the right-
hand side is the Boltzmann collision integral. The BTE uses the distribution function,
f(r,k,t) to describe the probability of particles being at (r,k,t). The main reason to
use the BTE is that the distribution function f is a phase-space distribution function
containing all of the information of interest about the carriers, such as their current
and kinetic energy [11], and the phase-space distribution function is the most intuitive
and efficient way to describe this information.

However, when the size of devices continues to shrink and enters the quantum

region, the BTE has limitations. Because the BTE particle trajectories obey Newton’s



laws, the position and momentum of the electrons can be exactly known at the same
time. Since both the position and the momentum of a particle are arguments of
the distribution function, apparently the quantum mechanical uncertainty principle
ApAr > h is violated. Therefore, we need to find the proper equation to apply to
nano-scale devices, and an efficient and intuitive model to solve this equation.

Instead of the Boltzmann transport equation (BTE), there are many choices such
as the Schrodinger equation (SE), transfer-matrix (TM), density matrix (DM), Green’s
function (GF), Wigner function (WF) and so on. Each one has its own strengths and
weaknesses. Comparing these methods, we believe that the Wigner function method
may be the best candidate to simulate quantum devices for the reasons explained
below [12].

The Wigner function was derived by Eugene Wigner in 1932. Recently, the Wigner
function has become a popular tool and has been applied in many fields. Similar to the
Boltzmann equation, the Wigner equation provides the quasi-distribution function from
which we can obtain necessary information about the device, such as carrier density and
current density. The main reason for using the Wigner equation is that the Wigner
equation is analogous to the Boltzmann equation. Hence, the Wigner equation can
adopt many common techniques used for the Boltzmann equation. Comparing with
the NEGF and other models, the numerical complexity is much less for the Wigner
equation.

Currently, Monte Carlo is one of the most widely used methods for solving the
Wigner equation. The Monte Carlo method has been applied to the Boltzmann trans-
port equation and has obtained successful results. Since 2002, the Monte Carlo ap-
proach has been extended to solve the WTE [13-16]. The Monte Carlo approach allows
the study to include the whole scattering process. The benefit of using a Monte Carlo

method to solve the Wigner equation is that the technique applied to the Boltzmann



equation can be used again.

In this work, we introduce a technique, called the Convected Scheme (CS). The
term CS refers to a family of algorithms, most usually applied to the solution of the
Boltzmann equation. In contrast to most finite difference schemes, the CS is not re-
stricted by the Courant-Friedrichs-Lewy (CFL) criterion, so the CS can use a long
time step which makes simulations more efficient and possibly more accurate. More-
over, the CS can reduce the numerical errors often associated with the Monte Carlo
method. One purpose of this work is to demonstrate the advantages of CS scheme,

both for breakdown and for broader classes of problems,; such as the Wigner equation.

1.2 Conclusion

In this work, we extend a numerical method, the Convected Scheme or CS. The Con-
vected Scheme (CS) is relatively intuitive and accurate and has been used for plasma
kinetic simulation [17-21] and for solving the Boltzmann equation. Here, a new ver-
sion of the CS (the MF scheme) is developed which has higher order accuracy in the
presence of variable flow velocity, and still maintains the characteristics of the CS,
including exact automatic conservation and positivity preservation. In addition, like
earlier versions it can take time steps which exceed the CFL limit, achieving high ef-
ficiency. Further, we extend the CS to handle other equations, such as the Wigner
equation and the Vlasov equation with a discontinuous potential, which are difficult
and important to model.

Here, we employ two different CS schemes. One is the Moving Midpoint (MM)
scheme, another is the Moving Face (MF) scheme. These two schemes will be discussed
in detail later.

The overall approach is based on a technique (the CS) for solving advection equa-



tions which is combined with descriptions of other physical phenomena using a second
(or higher) order splitting in time. The MF scheme is first tested for convergence in
1D breakdown simulations, which is sufficient to address the important behavior. Fur-
ther, for the constant advection equation, an arbitrarily high order Convected scheme
(AHOCS) was developed (the fos scheme) which is based on the MM scheme. When
the fo5 scheme is employed on the constant advection equation, machine precision can
be achieved rapidly. The Wigner equation contains a constant advection equation and
a pseudo-differential operator. By taking advantage of the fyo scheme and the Fast
Fourier transfer/inverse fast Fourier transform (FFT/IFFT), the Wigner equation can
be solved by the CS. We solve the Wigner equation in 1D Landau damping and in the
semi-classical regime (the scaled Planck constant (¢) is small). The solution demon-
strates that our scheme is efficient. Finally, we combine the MF scheme and the fyy
scheme to solve the Vlasov equation with a discontinuous potential to surpass the the-
oretical limit for finite differences. Encouraging results were obtained, exhibiting high
accuracy and efficiency. All of these new contributions are described in this thesis.
This chapter contains the background and motivation for performing this work.
An overview of the literature, such as the splitting method, the Wigner equation, Con-
vected Scheme and other schemes, is introduced in Chapter 2. In Chapter 3, we present
a simple analytic theory of breakdown in the frame of reference of the breakdown front.
We develop a numerical scheme (the MF version of the Convected scheme), followed
by results. We introduce an arbitrarily high order Convected scheme and employ this
high order scheme to solve the Wigner equation and the Vlasov equation with a dis-

continuous potential in Chapter 4. Finally, we conclude this thesis in Chapter 5.



Chapter 2

Literature review

In this chapter, we review the relevant papers and theories that we will use in this
document. In Section 2.1, we mention the implications for modeling of earlier work on
breakdown, and difficulties encountered. In Section 2.2, we outline numerical methods
for solving the Wigner equation, but especially those techniques for handling the prob-
lem of characteristics and the Boltzmann equation which can be adapted to the Wigner
equation. The Wigner equation is the Fourier transform of the density matrix. Here,
we introduce the Wigner function and the dynamic equation of the Wigner function.

Finally, the Convected scheme will be introduced.

2.1 Plasma breakdown

Here, we review simulation of breakdown. While some work has been done on making
the numerical scheme high order (which must not be confused with the use of high
order moments of the fluid equations) and the difficulties due to numerical stiffness
have been recognized, simulation of breakdown is still a relatively new topic. In [, 7],

the authors used a third order scheme to handle electron drift. They do not appear to



have coupled the electron drift to the other processes (ionization, updating the electric
field) to create a scheme which is overall of high order, as discussed here. They remark
that, as negative densities.

In [22], the authors present a splitting procedure consisting of a) Predictor step
(chemical reaction + continuity equations are solved); b) Poisson solution; and ¢) Cor-
rector step (same equations as predictor step). The corrector step is simply an iterated
version of the predictor step using updated fields. The Poisson solution is (semi)-
implicit but does not appear to involve the reactions described in the predictor step.
The overall order of the scheme is not stated. The predictor and corrector steps are
described using different forms of splitting, but it is stated that second order is not
readily achieved in any case.

An important issue which is a focus of [23] is that the spatial scales involved in
breakdown are very short indeed. Their response is a spatially adaptive solution in a
standard Eulerian framework. As usual, the use of an explicit time integrator in the
presence of small cells leads to unphysical time-step restrictions due to the Courant-
Friedrichs-Lewy (CFL) stability limit.

Later we propose to overcome the CFL limit in breakdown simulations by using a
simple semi-Lagrangian method: the Convected Scheme, or CS. Our numerical exper-
iments amply demonstrate the efficiency of this approach on uniform meshes and we

expect increased benefits when a simple refinement strategy is employed.

2.2 Wigner equation

Since its invention in 1932 by Wigner [24, 25], the Wigner equation has found applica-
tions in many physical fields, such as optics [20, 27] and chemistry [25].

Here, the Wigner transport equation (WTE) will be derived from the density matrix



as follows. Because the Wigner function describes a statistical ensemble of particles,
we can use the density operator p to start the derivation of the WTE. The density

matrix is defined in terms of the N-particle wave function [29-31]

p(z1, 22, 1) = Zpi%(zl)lﬁ(zz) (2.1)

where 1); is the wavefunction and p; is the probability of state .
In order to describe how the density operator changes in time, Liouville-von Neu-

mann equation can be applied:

dp 1
X = (H. 22)

H is the Hamiltonian and it can be expressed as:

—h? 92
== o @ + V(Z) (2.3)

where m* is the effective mass and V' is the potential energy. Substituting Eq. (2.1)

into Eq. (4.49), one can obtain:

8p(22, Zl) . i —_FLZ 82 62
iR

= o |3~ 3| P a) + VG = VEalloGaz) } (24)

For convenience in future, we need to transform z; and z, into new coordinates.

/ !/
21:Z+%and22:z—% (2.5)

Again, we transform the second derivative in Eq. (2.4) to the new coordinates according

the chain rule.
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0 0 0z 0 0z 0 0

92 0502 95 0: 05  0m
0 0 0z 0 0z 1 0 1 0 0z

97 0207 9502 202 20507

Finally, we get the relationship between z, 2z’ and z1, z9:

00 _1[¢ » )
0207 2|02 023 '
Eq. (2.4) can be written in the new coordinates:
Oplz—%,24+%) h 9 0 - | 2 2 S
BT = %5%/)(2—57 Z+§)+ﬁi V(e =5)+V(z+ ) | ple=5, 245,
(2.7)

In order to connect the WF with the density matrix, we introduce the Fourier

transform and inverse Fourier transform here.

1 —iT _L eia}
16) = o= / Fa)e da, fa) = <= / F(€)eiede. 2.8)

The Wigner function is the Fourier transform of the density matrix, also called the

Weyl-Wigner transform [30], i.e.

imuv ! 2!

f(z,v) = % /dz' eXp(TZ Y (z — %)w(z + 5) (2.9)

On the other hand, the density matrix is the inverse Fourier transform of the WF.

/ / - /
ple=goe+g) = [ e ) (210)

In order to get the WTE, which is the dynamic equation of the WF, the dynamic

equation of the WF can written as:
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af _ m
ot  27h

dz' exp(%z')% (2.11)

substituting Eq. (2.7) into Eq. (2.11), we get:

af —m , imv , h 0 0 4 2
a—ﬁ/dz o R R G R Y 1o
7 e L (v - 2 z EEAE AN
5z dz’ exp( > Z)ih (V(z 2)~|—V(z—|— 2))) p(z 24+ =)

Now, we look at the first term the right hand side of Eq. (2.12),D; and use integration
by parts to deal with it. According to the integration by parts at 2/, we know [ uv' =

UV — fu’v.

) (2.13)

where,

. 9 , ) : : .
/dz’ exp(%z')—p(z—z—,z%%) = exp(@z’)p(z—z—,z+%)—/dz'@ exp(ﬂz'
z

and we assume that:

. z z
Jm ez 5,2t 5) =0
Therefore,
mv 0 imu 2! Z
D= —— [ dY —2 - — — 2.14
1= g [ e e - S e 4 ) (2.14)

Comparing with Eq. (2.9), Eq. (2.14) can be rewritten as:
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__9f
Dy = v (2.15)

where v(k) is the velocity. As for the second term on the right hand side of Eq. (2.12),

D5, this can be written according to the inverse Fourier transform as follows:

D, — QMQ //dz v’ exp( (”h_”) ) (V(z— %') V(z+ %)) Fz0), (2.17)

Finally, the Wigner dynamic equation is:

a a _ / /
f(za,tv,t) +v f(zzv b 227rh2 //dz'dv exp( (Uh v) 2') <V(z - %) —V(z+ %)) f(z01) =0

(2.18)
After solving the WTE, f,, is found. Then, the interesting results are the density

and current.

n(r,t) = /dvfw(r,v,t) (2.19)

J(r,t) = /dv v fw(r,v,t) (2.20)
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2.2.1 Methods for solving the Wigner equation

In this section, we introduce the different methods for solving the Wigner equation.
An efficient and accurate simulation is important for designing and developing the
techniques. The Wigner equation is expressed in Eq. (2.18). Here we will review
the varieties of methods which are applied to deal with the Wigner equation and the
potential operator.

First, we review the finite difference method, which is the most intuitive method.

We then discuss the Monte Carlo simulation. Finally, we introduce other methods.

2.2.1.1 Finite Difference Method

Many methods have been found for solving the WTE. Frensley first solved it by using
the first-order upwind+downwind difference scheme to simulate a resonant tunneling

diode (RTD) in 1987 [32, 33]. In this case, the WTE can be written as:

X [+ A) = f(@)s k<0

M_ hZka n ’”‘ﬁ < [F(@) = = D) = f@)]; k>0

T

The potential operation can also be expressed in the discretized form:

Vi k) =5 Zsm k€)[v(x + 5) —v(z - —5)]

where A, is the mesh space and N is the number of mesh points.
After that, the higher order upwind+downwind difference scheme was introduced [3/1—
]. On the other hand, in order to get an accurate electron distribution, the space

charge also needs to be considered. The WTE is coupled with the Poisson equa-
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tion [37, 38] for obtaining a self-consistent solution. Again, the finite difference scheme
can be applied to discretize the Poisson equation.

In order to compare the result computed by the finite difference method with the
exact solution and with the solution computed by the NEGF, [39] describes the sim-
ulation results of the resonant tunneling diode (RTD) at the different bias. From the
results, they show that the solution of the NEGF is very similar to the exact solution.
However, the solution of the Wigner equation approaches the exact solution only when
the length of the contact is large. The authors think this is due to the inflow bound-
ary condition of the Wigner equation being exact when the boundary condition is at

infinity.

2.2.1.2 Monte Carlo

As we mentioned above, the Monte Carlo method is acknowledged as an important
tool for solving the Boltzmann transport equation. For the Wigner equation, it is
a phase-space description as is the Boltzmann transport equation. Therefore, it is
possible to use analogous techniques which are used for the BTE applied to the Wigner
equation. Unlike the BTE, where the distribution is always positive, the WTE contains
a nonlocal term, and this nonlocal term may create some negativity, resulting in a quasi-
distribution. This is the main difference between the BTW and the WTE. Therefore,
in order to simulate quantum devices by the Monte Carlo method, a new term, the
affinity (A;), is introduced [30].

The affinity is a weighting given to the particle, and this weighting can be negative

for a negative distribution. The affinity can be expressed as [30]:

S Ao,

, dt
€M (z,k)
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where M (x, k) is a mesh of the phase-space.

Therefore, the affinity is updated at each step, and it allows the Monte Carlo
method to be applied to the Wigner equation for the both positively and negatively
valued Wigner function. In some papers [10, 11], the authors compare the solutions
computed by the Wigner equation for RT'D and MOSFET. When the authors used the
Monte Carlo method to solve the Wigner equation, there is good agreement with the

NEGF.

2.2.1.3 Gaussian beam

The Gaussian beam method was used by Helle in 1975 to solve the Schrodinger equa-
tion [12]. In [13], the author used a phase space Gaussian beam (PSGB) method for
solving the Wigner equation. As the name implies, the Gaussian beam (GB) solution

is the basic element for this method and it can be expressed as follows:

¢ (t,a,0) = A(t,y)eT 0/ (2.21)

where y = y(t,yo) is the center of the beam.

There are three steps to be implemented: 1) Use the sum of GBs to describe the
initial value of the function and then get the initial values of the PSGBs, 2) Update
the evolution equations for PSGB, and 3) Form an approximate solution of the Wigner
equation by summing the solutions of the PSGBs. The truncation error of the Taylor
expansion is used to gauge the accuracy of the beam. The main advantages of the
PSGB are 1) computational cost can be reduced significantly, and 2) one can get an
accurate approximation of the Wigner equation when the potential is discontinuous.
When the potential is discontinuous, the interface conditions need to be applied to

handle discontinuities. Hence, the PSGB can deal with the potential whether it is
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continuous or not.

2.3 Convected Scheme

In this section, we will now introduce the Convected Scheme (CS). The CS provides a
solution of continuity and kinetic equations [17, 11-17] which has a number of desirable
characteristics, including: 1) it is efficient, 2) it is conservative, 3) it preserves positivity,
and 4) it has low phase-error.

In contrast to most finite difference schemes, the CS is not restricted by the Courant-
Friedrichs-Lewy (CFL) criterion, so the CS can use a long time step which makes
simulations more efficient and possibly more accurate.

The CS solution method envisages a moving-cell (MC), C(t), originating from Cj at
t = ty. At the end of the time step, the particles in the moving cell are remapped back
onto the Eulerian mesh as shown in Fig. 2.1 and move according to the Lagrangian

trajectory (x(t), v(t)):

* (2.22)

‘2—‘; = %F(t,x, V)

with initial conditions (xq, vo) at ¢ = t.
Recently, Y. Giicli [18] et al. applied small corrections (U ) to the final position of
the moving cells before remapping, in order to increase the spatial accuracy from 2nd

to 4th order. The starting point is the 1D advection equation:

on N d(un)
ot Oz

=0

where n(z,t) is the density and u(z,t) is the velocity. The normalized displacement of
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X

Figure 2.1: Ballistic operator of the moving center (MC) scheme. The right frame
shows the density reallocated to cells, according to the MC scheme.

the moving cell coincides with the Courant number

uAt

v

)

The 1D CS scheme can be rewritten as

. UFnk + (1 —-UMnF ifU >0,
nile = (2.23)
(14 Ufnf — UL nk,  otherwise,

Here, ¢ denotes space, k£ means time and U is the fractional normalized displacement.
If there is no correction, then U(z,t) = Uy. In order to get the high order CS, a small
correction to the final position of the moving cell is employed. Hence, U = Uy + U =

[u+ @] &L, where U is an ‘anti-diffusive correction’ [19, 50).
Later, in [51], Y. Giigli et al. introduced a new improved scheme to calculate the
product of (Un), which is a form of the high order derivatives for the constant advection

equation, to extend the CS to arbitrarily high order of accuracy in time and space. In

that paper, Y. Giiclii described two interpolations to construct the product of (Un) to
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get a high order result.

One is polynomial interpolation, which uses the centered finite difference approx-
imation to get the required derivatives. The updated density can be achieved by
performing a local polynomial interpolation. Another is trigonometric interpolation,
which is applied in cases with periodic boundary conditions, we call this scheme an foo
scheme. Because of the periodic boundary conditions, the high order derivatives can be
efficiently computed by the fast Fourier transform (FFT) and the inverse fast Fourier
transform (IFFT). For the new improved scheme, the orders of convergence are higher
than for the old scheme. In addition, the f;5 scheme can reach machine precision very
quickly, so the efficiency can be improved greatly. Finally, the new scheme allows for
coarser meshes and still retains accuracy for a long time. Therefore, the new improved
scheme can be applied to problems with higher dimensionality and reduces memory

requirements.

2.4 Summary

This chapter began with an overview of the development of the plasma breakdown.
We introduced some earlier work on plasma breakdown, including what were used and
what issues they faced. Following this, the Wigner equation was derived from the
density matrix. The Wigner equation is the dynamic equation of the Wigner function.
The Fourier transform and inverse Fourier transform connect the Wigner function with
the density matrix. The Wigner function is the Fourier transform of the density matrix
and the density matrix is the inverse Fourier transform of the Wigner function. Next,
methods were introduced to solve the Wigner equation, such as a finite difference
method and a Monte Carlo method. Finally, the Convected scheme was introduced.

The Convected scheme solves the Continuity equation. It was then extended it to
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solve the kinetic equation. Recently, improved schemes were developed which applied
a small correction to the final position of the moving cells to improve accuracy and
efficiency. These methods can achieve higher accuracy and still keep the desirable
characteristics of the Convected scheme, including conservation, positivity and ease of

implementation.
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Chapter 3

Gas Breakdown

In this chapter, we focus on developing an approach for describing electrical breakdown.
The essential feature of plasma is its ability to create, and respond to, electromagnetic
fields. In most plasmas the production of electric fields depends critically on a fine
balance between the densities of positive and negative species. It is essential therefore
that a plasma simulation method conserve density, locally not just globally, and pre-
serve positivity. We shall see below that breakdown simulations in particular naturally
call for the resolution of space and time scales such that the Courant number is of
order one. Here we present a scheme that achieves local conservation and positivity
preservation in a natural way, and enables the use of Courant numbers throughout the
range required for breakdown.

In order to solve the “breakdown equations”, we propose a splitting scheme that
combines a numerical solution of Poisson’s equation and the plasma motion (handled by
the CS) with the creation of ion-electron pairs due to ionization (handled analytically).
The numerical error of the combined scheme is at least second order in the discreteness
parameters Ax and At. As a result, accurate simulations are possible which require

only moderate resolution in space and time.
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One of the goals of this chapter is to develop a numerical solution of advection
equations, based on the Convected Scheme, which applies analytic corrections to make
the solution high order. The CS achieves positivity preservation by finding fractions
of the initial cell which fall into each final cell, in this semi-Lagrangian scheme where
density may travel across many mesh-spacings in a time step. The fractions themselves
must be positive (or zero). Finding the final cells is straightforward in most cases, but
in a small number of instances the list of final cells needs to be found accurately
since small corrections will cause the entries in the list to jump. Handling these cases
analytically is the greatest challenge in this work, and we shall devote some effort to
demonstrating that good convergence is achieved by our method. So in summary, we
propose and test a scheme for solving advection equations, which we believe is relatively
simple (using a straightforward set of analytic expressions in the algorithm) and which
has several desirable features (automatic local conservation, positivity, freedom from a
CFL criterion).

In the chapter, we specify the model and the equations it employs, followed by a
simple analytic theory of breakdown in the frame of reference of the breakdown front,
and a discussion of the relevant time and space scales of breakdown in Section 3.1. In
Section 3.2 we introduce the numerical scheme and derive expressions needed to achieve
second and third orders of accuracy. Section 3.4 presents results of convergence studies
for test cases involving only advection. Section 3.5 consists of results for breakdown,

again emphasizing convergence, and Section 3.6 gives the conclusions.

3.1 Model Equations

The 1D breakdown problem can be described by the temporal evolution of the macro-

scopic quantities: n(z,t), the electron number density [m~3]; n;(z,t), the ion number
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density [m™%] and E(z,t), the x component of the electric field [V /m].

Electron-ion pairs are produced by electron-impact ionization of the background
gas; assuming that the breakdown event happens on the electron timescale, electrons
are then able to drift in the electric field, while the slower ions remain at rest at the
location where they were created.

For breakdown at atmospheric pressure, the electron mean free path for both elastic
and inelastic collisions with the background gas is very small. Hence, we will assume
that electrons are in local equilibrium with the electric field, so that all the kinetic
coefficients (e.g. mobility and collision rates) will depend on the local electric field
only. If we further neglect electron diffusion, the electron density satisfies an advection-

reaction partial differential equation (PDE),

Oone N O(une)
ot Ox

= Uiy Ne, (3.1)

where u(F) is the electron drift velocity [m/s] along = and v, (E) is the ionization rate
[s7!], which will be discussed later. (Photoionization [52, 53] is potentially important
but is beyond the scope of the present paper). On the other hand, the ion density

satisfies an ordinary differential equation (ODE) of the form

ani

E = Uiz N, (32)

while the instantaneous electric field can be determined by solving Gauss’ law

O _ 4 ), (3.3)

ox €0

where ¢ < 0 is the electron charge [C] and € is the vacuum permittivity [F/m], with

the proper boundary conditions.
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Egs. (3.1), (3.2) and (3.3) are non-linearly and non-locally coupled to each other,

and they should be solved simultaneously.

3.1.1 Energy-Based Formulation of The Source Term

The source term on the right-hand side of Egs. (3.1) and (3.2) represents the production
rate of electron-ion pairs in the unit volume [m=3s7!], due to electron impact ionization
of the neutral gas background. Since the ionization process converts electron kinetic
energy into atomic potential energy, and electrons in their turn gain kinetic energy
from the electric field through Ohmic heating, we can conveniently reformulate the

ionization rate in terms of energy-based quantities:

e The power per unit volume [W/m?] delivered to the electrons is P, = J - E =

gn.ul’, where in general uFE < 0, and hence the power is positive as expected;

e Being in local thermal equilibrium, the electrons dissipate electric power through
elastic and inelastic collisions with the gas background; specifically, a fraction
a(E) of the power goes into ionization, so that P, = aP, = aqn.uF; clearly

O<a<l;

e Assuming the gas background is in the ground state, the creation of a single
electron-ion pair requires an energy e;, [J], that is the first ionization threshold,
and hence the rate of creation of new electron-ion pairs in the unit volume is
obtained by dividing the ionization power by the aforementioned energy, so that

Siz - Rz/eiz =« qneUE/eiz;

e By comparing the last formula with the source term in (3.1) we finally get

w(E) = L a(E)W(E)E. (3.4)
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This last expression clarifies the relationship between the ionization frequency v;,
and the drift velocity u, which are not independent quantities. This is especially
important when experimental data are employed: setting & = 1 in (3.4), which can
only happen as E — oo, provides an upper bound on v;, that cannot be exceeded.
Indeed, in order to ensure consistency between our parameters, in our analytical and

numerical calculations we will always specify o and u, and then compute v;, using (3.4).

3.1.2 Analytic Theory

We assume that, after a first rapid transient, the velocity of the ionization front settles
to a constant value vy, while the electron and ion density profiles become stationary in
a reference frame co-moving with the ionization front [54, 55]. Under this hypothesis,

we look for a traveling-wave solution in the form

ne(, t) = ne(), ni(x,t) = ni(§), E(z,t) = E(S),

where the change of coordinates { = x — vyt was used. Accordingly, Egs. (3.1)- (3.3)

become

d

d_£ [(u — vf)ﬁe] = ViyNe, (3.5a)
d%[—vfﬁi} = Uiy, (3.5b)
dE o

d_f = é(ne - TLZ‘), (35C)

Taking the difference of Egs. (3.5a) and (3.5b) we get

d - -
Iz [(u—vp)Re 4+ vs;] =0,
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which is simply a statement of the conservation of the current density J along the

co-moving coordinate &:

J(€) = q[(u — vs)Ne + vf1;| = constant.

We notice that J differs from the ‘standard’ current density J = qun, calculated
in the laboratory reference frame, because of the term qus(n; — n.) due to space-
charge. Nevertheless, we know that behind the breakdown front the current is negligible
(J =~ 0), and the gas is quasi-neutral (n. ~ n;); hence, it is reasonable to assume that

J= 0, which yields a local relation between the electron and ion densities in the form

Substitution of the last equation into Gauss’ law (3.5¢) yields the expression

€0V dE

e = LA

that will be used in the following derivation.

We now integrate both sides of Eq. (3.5a) from the location £*, where the electric
field is maximum (F = E,,..), to a general position . Integrating the left hand side
gives

/f d SO e ~ -
—[(U—’Uf)’fle}df = [(U—Uf)ne}g* = [U(E(€)> _Uf}ne(g)a

and integrating the right hand side gives

/€ Vit dE' = /é L wd—Edf’ _ w/E(E) Vi (E') -
o iz'le o iz qu dfl q " U(E/)

_ _Eovf /Emaz qu(El>E/C((E/) dE, _ _EOUf /Emaw E/O{(El) dEl/
ew Jig  ewu(E) B JEE)
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By equating the two sides we get an expression for the electron density as a function

of the local electric field E(€):
Emafl‘
(&) =0 / E'a(E')dE'. (3.7)

A similar expression can be obtained for the ion density, as

ni6) =2 / " BB dE. (3.8)

Ciz JE(¢)

Egs. (3.7) and (3.8) can be used to compute actual profiles once the functions u(F)
and «(E) are known, as well as the quantity v;. For our preliminary tests, we will

assume that the following simple relations hold:
u<E) = :uEa Q(E> = Omax E/Emaza Vf = (1 + G),UEmag;, (39)

where u(E) is the electron mobility (here assumed constant), ®mas := @(FEpmas), and a
is a small parameter used to adjust the velocity of the ionization front. Substituting

the parameters from (3.9) into Egs. (3.7) and (3.8) we obtain

~ 3
- 1 3 iy B lta
Te é - 5€ Efnam/_ ) L- [ ’ 310
( ) (2 0 2 Nmax Emax 1+a— E/Emaa: ( )

~ 37
~ 1 3 Ciz E
ni(€) = (aeoEfmm/§a ) 1— (E ) , (3.11)

where the electric field E (€) is obtained by integrating Gauss’ law, which assumes the
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simple form

~ ~ 3 ~
dE 1 3 iz E E Emax
a4 (—eoEwa/— c ) 1— /En . (3.12)
dé' (&) 2 2 Omazx Emam ]. +a — E/Emaz

For breakdown of air at atmospheric pressure and standard temperature, we use

Eraz = 4.999 x 10°V/m, aypae = 0.1, = 0.01m?/(Vs) and a = 0. These expressions
will be used to compare to numerical results in what follows. Results from the analytic

solution are shown in Fig. 3.1.

3.1.3 Temporal and Spatial Scales of Interest

Here, we estimate the interesting scales for electric breakdown in air at atmospheric
pressure; experimental evidence, as well as our analytical results, suggest that the
electron density is of the order of 10810 m=3. The spatial and time scales for the

cases are set by

1. The distance Ly over which the electric field is expected to be shielded, which is

approximately €y FE,,q./(nq), yielding L ~ 500 pm.

2. The distance L;, over which an electron gains enough energy to create a new
electron - which in our case is about ten times the distance in which the voltage
changes by the ionization potential, since about 10 % of the energy goes into

ionization. We estimate L;, ~ 40 um.
3. The dielectric relaxation time, 745 ~ 107 8s.

4. The rate of ionization, v;, is essentially the reciprocal of the time to travel a
distance L;,. The greatest speed is ptF,,q, which is about 5 x 10* m/s. This gives

v, ~ 10° Hz.
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Figure 3.1: Analytic solution for electron and ion density (upper) and electric field
(lower).
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The length Lg and L,, are each linked to a time scale (7; and 1/v;,, respectively)
through the flow velocity, leading to a typical Courant number around one. In the
cases which follow we examine a variety of Courant numbers, ranging from about 0.3

to of order 10.

3.2 Splitting Methods and Convected Scheme

In this section we introduce our scheme for solution of the continuity equation, which
we refer to as the Convected Scheme. We first describe the Strang splitting which
allows the overall model to be made second order [56]. A high-order splitting scheme

is given below.

3.2.1 Strang Splitting

We now split the system of Eqs. (3.1), (3.2) and (3.3) into two separate systems:

A: Electron transport

on. 0

= — - [u(E)n.] B
ot Ox with 9F = g(ne —ny;)
(9ni -0 0 €0
ot
B: Electron-impact ionization
% = ViZ(E)TLe 8
ot : _
with — =0
Oni _ Vi, (E)n ot
at 1Z e

where the condition F /0t = 0 used in System B is due to the fact that the ionization
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process does not change the local charge density:

The Strang splitting procedure consists of evolving System A by half a timestep
At/2, then System B by a full time-step At, and again System A by another At/2.
This can be written in compact notation as

ne(t + At
( ) _ A2 | BAL

ni(t + At) ni(t)

We will only compute the solution at discrete time instants ¢, with a local separation
in time Aty := {11 — tx. Accordingly, we will use the notation n* ~ n.(t;) and
n¥ = n;(ty) to indicate the numerical solution at time ¢,. Further, the solutions at the
intermediate stages of the Strang splitting procedure will be designated as n} and n’*.

We point out that, even in the ideal case where systems A and B can both be
solved exactly, one step of Strang splitting still introduces a local truncation error that
is proportional to (Atg)3. If all time-steps are equal to At, the global error in the
solution after a fixed time 7" will be O(A#?), and for this reason this is referred to as
a ‘second order’ splitting. Overall this splitting procedure is adequate as long as the
product At v;, < 1; this is confirmed by the numerical results in Section 3.5.

In our case, System A will be solved approximately by using a Convected Scheme for
ne, while n; remains unchanged. One complication is that the local advection velocity
u(F) is non-constant and non-homogeneous: it depends on the spatial distribution
of the electron and ion densities in the domain, and on the instantaneous boundary
conditions for Gauss’ law.

On the other hand, system B can be solved analytically for both n. and n;: taking
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a full-step Aty yields

Kk *
n.* =n, + An,
n;* =n; + An,

where the density increment An(x) due to ionization is
An = n, {exp[vi,(E*)Aty] — 1},

with the electric field E*(x) satisfying Gauss’ law

OFE™ Lt — )
ox € ¢ e

and boundary conditions defined at time t; + Aty /2.

3.2.2 Higher-Order Operator Splitting and Higher Derivatives

of Electric Field

A fourth-order accurate operator splitting was developed by Mclachlan [57]. The
fourth-order splitting procedure consists of evolving System A and System B using

several different time steps. This can be written in compact notation as

6
ne(t + At) _ cAciAt | BdjAt ne(t)
n;(t + At) j=1 n;(t)
€1 = C = 14I0\§E, C2 = C5 = —201823/@, €3 =0 = —5+§}/ﬁ7 dy =dy=ds =3, dy=dy =
_1 dg =0

In order to apply the MF scheme, we need to compute the first and second partial
derivatives of the drift velocity u(E), with respect to time t and to the spatial coordinate

x. The first time derivative of the electric field is computed by means of Ampere’s law,
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which reads

oF q
E = —;u(E)ne (313)

and we differentiate the above to compute the second derivatives. For the second time

derivative we obtain

O’F q( , OE One
— = —— E)— E 14
e =L (v S+ e ) (3.14)
where Ampere’s law is used again to compute OE/0t. On./0t is computed using the

transport equation, Eq. (3.1). The second order mixed derivatives such as 9?E/dz0t

are computed by taking a finite difference of OF/0t.

3.3 Convected Scheme and Advection

We will now introduce the CS and use it to solve the advection equation. The term CS
refers to a family of algorithms, most usually applied to the solution of the Boltzmann
equation. In contrast to most finite difference schemes, the CS is not restricted by the
Courant-Friedrichs-Lewy (CFL) criterion, so the CS can use a long time step which
makes simulations more efficient and possibly more accurate. Using the CS, the density
in a cell at time ¢ + At is calculated by summing over different cells where particles
started at time t. The fractions of the particles originating in a given initial cell which
are placed in a final cell are determined by the fractional overlap of the initial cell,
once it has been allowed to move within a time step, with the final cell.

The CS is used to solve by envisaging a moving-cell (MC) C(t). At the end of the
time step, the particles in the moving cell are remapped back onto the Eulerian mesh.
In [18], the moving cell has a uniform density in physical space and

1) one can move the midpoint of the cell (Moving Midpoint, MM): each face has
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the same velocity, or

2) one can move the faces of the cell (Moving Face, MF): the two spatial faces of a
cell are moved independently.

We employ both of these, starting with the MM scheme because it is simpler and
retains many desirable properties: it is efficient and conservative, it preserves positivity
and has low phase-error.

However, the accuracy of the simplest version of the scheme is only second order
in space, so the leading error will generate a strong numerical diffusion. As a result,
a high-order remapping procedure is necessary, and as shown below it applies a small
correction to the final position of the moving cell to reduce the undesired numerical

diffusion [18].

3.3.1 High Order Remapping

The accuracy of the basic MM scheme is only second order in space, which is not
enough for the proposed simulations. In order to increase the accuracy, two strategies

could be employed:

1. a non-uniform density in the moving cell

2. a small correction to the final position of the moving cell.

A non-uniform density of the moving cell is more complex to implement than a
small correction to the final position. Therefore, we derive the modified equation
below which allows us to obtain a small correction to the final position of the moving
cell. The derivation based on the Modified Equation summarizes results from [18] for
the MM scheme, which we extend here to derive the MF scheme. This modification

increases the order of the spatial accuracy from second to fourth. The main point is
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when we apply this correction to the position, the operation of the CS is not changed,
but it gives more accurate results.

The starting point is the 1D continuity equation:

9] 9,
pri + 8—x(un) 0 (3.15)

where n(x,t) is the density and u(z,t) is the velocity.
The MM scheme is not limited by the CFL criterion: the normalized displacement

of the moving cell coincides with the Courant number

uAt

= A

(3.16)

and is not required to have a magnitude less than one. The displacement of the moving

cell can be written as

C=m+U, m € 7, -1<U<1, (3.17)

where m rounds the Courant number toward zero and U is the remainder or noninteger
part of the Courant number. The 1D MM scheme can be rewritten as
koo ok ky, koo
- urn; +1=U")n; ifU >0,
Ny = (3.18)
(1+ Ufnf — UL nf,  otherwise,
Here, i denotes space and k means time. For the sake of clarity, in the present derivation

we will only consider the case C' > 0, the case C' < 0 can be derived similarly, and

hence Eq. (4.4) becomes

k+1 Uzk m— lnz m—1 +< - Uzkfm)nffm (319)
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Then, we can use the third order Taylor expansion to expand Eq. (3.19) about point

(ZL’Z,tk)

At? At 2 1)Az? 2Ax?

ntAt + (TLC)QCAZIZ' = —nttT — nttt? + (nU)MW + nmm 5 v
3.20
(3m?* +3m + 1)Ax? m3Ax? (3:20)

Derivatives of U are to be understood as the equivalent derivative of C', since in principle
derivatives of U are discontinuous when m changes. Nevertheless we prefer to write
expressions in terms of U.

In order to eliminate n;, we assume
nAt = —(nC), Az + HAL, (3.21)

where H is the 1% local truncation error (LTE). The expression for ny can be obtained
by differentiating both sides of Eq. (3.21). During this process, n; can by substituted
for using Eq. (3.21):

nugAt? = C(nC)eAx? + Cp(nC),Ax* — (nCy) ArAt — (CH) AtAz + HAE (3.22)

The expression for ny; can be obtained by a similar process:

N At} = —C*(nC) ua A2® + (26&2—; — BCC’x) (nC) gu A

+ (20xt% —C? - ccm> (nC),Az? (3.23)

+ C(nCy)aa AZ? At 4 Co(nCy) A2 At — (nCy) . Az A? + H.O.T.
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Substituting Eqgs. (3.21), (3.22) and (3.23) into Eq. (3.20), one gets:

Ax? At
At + (nC) Az = TN (142m —C) (nC)p — Cp(nC), + (nC’t)xA— — Ngam(m + 1)
x

Az? 9 At
At At
2 j— — —_— —
+ (€24 €O~ 2045 ) (1), - ClHC

At

E) — (nC)gzz3m(m + 1) + nggem(m + 1)(2m + 1)

At

+% [(CH), Az — H,At] + O(Az?)

(3.24)
where the r.h.s is the truncation error.

Comparing Eq. (3.24) with Eq. (3.21), the 1** order part of the LTE, H; can be

obtained:

Az? At

H, = - (1 =C+2m)(nC)ze — C2(nC), + (nC’t)xA—x —ngem(m+1)], (3.25)

The 2™ part of the LTE can be obtained by assuming H ~ H;. The space and time

derivatives of the LTE can thus be obtained:

Az?

2

At

2t 1
—i—(nC’t)mAx Ngzzm(m + 1)

(3.26)
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and
Az? A
L= SAp [(c2 — C =2mC +m(m +1)) (nC)zar + ((30 —2)C, — 4mC, — QC’tA—x> (nC) g
2 At
+ (O =1)Chp + CF = 2mCyy — 20— (nC),

At At At
+(1—-C+ Qm)(nct)sz_x - Cx<nct)xA_x + (nCut)x (A_x)

(3.27)
Substituting Eqs. (3.26) and (3.27) into Eq. (3.24), one gets:

Az? A
At + (nC),Ax = Tx {(1 +2m —C)(nC), + (nC’t)A—; — nzm(m + 1)}
Ar3
+Tx [(30 ~90% 14 6mC — gm(m + 1)) (C) s

At

+ <§C’x —200C, + Ctﬁ + 3mC’x) (nC), + (26’ — ; — Sm) (nC’t)xA—x

2 Ax

+ Nae(2m® 4+ 3m* + m) — 2 Cm(m+1) — 1(nCtt) Aty

+O0(Az?)
(3.28)

In order to get the third order version of the MM scheme, we apply a small correction

to the final position.

C=m+Uy+U +U; or u=ug+u+ usg (329)

ug(x,t) is the physical velocity field, U; o Az and U, o< Az?. Substituting Eq. (3.29)

into Eq. (3.28) and comparing with the ‘physical’ continuity equation

ng + (uon), = O(Az?), (3.30)
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we find the corrections to the final position as

A 1 At
U, = il (se — Up) —(Upn)z + Upt—— + mUy, | ; where s, is the sign of C' (3.31)
2 n Ax
and
A 2 Tx T At
Uy = el Upd; + n—d2 + Ueads + Upyds — 2Uo,Uns—~— + Upgids + Upsds | -
6 n n Az
(3.32)
where
3 1
dy = U; — sexUo+ 5 (3.33a)
3 m 1 At 1
dy = 3Ug, (Ug —(m+ sc§)U0 + ey + g) +3Un 3 <sc§ - U0> : (3.33b)
3 3 1
ds = UZ — (m + sc§> Uy +m? + SCTm + 3 (3.33¢)
3
d4 = UO —2m — 8057 (333d)
At 3
d5 = E (2TTL + 805 — Uo) s (3336)
At?
de = —— .33f
o= 5o (3.331)

With U; and U,, we can get fourth order accuracy in space without changing the

remapping rule of the CS.

3.3.2 Moving Face (MF)

As we mentioned above, there are two methods to move the cells: 1) one can move the
midpoint of the cell (Moving Midpoint, MM): each face has the same velocity, or 2)
one can move the faces of the cell (Moving Face, MF): the two spatial faces of a cell

are moved independently. The high order MM scheme was introduced above. We now
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turn to the MF scheme. The MF scheme allows the faces of the initial cell to move to
“final” positions at the end of a time step, as shown Fig. 3.2. The density in the initial
cell is returned to the mesh in proportion to the area overlap, shown by shaded areas.
Hence the fraction of the density going to each final cell is equal to the fraction of the
area of the moving cell which overlaps that fixed mesh cell.

The displacement of the front face includes a ballistic part Cq. Chper can be found

by taking the average C over the time step. First, we can use a Taylor expansion to

expand C(At).
2

C(t) = C(0) + Ot + ctt% + O (3.34)

then, taking the time average of C' between 0 and At, we get

—_ 1 A dC At d2C At?
C.—E ; Cdt—C—l—E?—F 12 6 (335)
where
dC 0C 0Cdx Azx
Therefore,
C=0C+ Ctg +co, E
2 2 (336)
n CttA_t L CtAxAt N 2Cth'AxAt C’2C’mA OCﬁAx |
6 6 6 6 6
and to third order
Az At
Cpat = Co + — (COtA COCOm>
(3.37)
Az? At? At At
6 (OOttA 5 T OOxCOtA + QOOCOxtA + C§Cous + C(]ng) :

where Cy = C(x;,t;) is the local Courant number, and the small terms allow for the
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velocity changing during the step. Here, C' is not required to have a magnitude less

than one: as usual, we can decompose C' into integer and fractional parts as

C=(m+U), meZ —-1<U<]l. (3.38)

where m rounds the Courant number toward zero and U is the remainder of the
Courant number.

Finally, by means of a modified equation analysis based on the overlaps of the cell
faces with the fixed cells (see below), we derive a second order “numerical” correction

Chu which resembles antidiffusive corrections found elsewhere. C,,; is added to Cy;.

Ot = =2 "2 07 (50 — UO)} + 2 1B ody + 22y + 2 Uds + Ugods | . (3.39)
2 Ln 6 n n n?
where
dy = —2U¢ + 83U — 1, (3.40a)
3 3m 1 At 1

dg = on <3U0(—2U0 + 865 — m) + 567 - 5) + 3U0tE(SC§ — U(])), (340b)

1 3
d3 = 3(5 - SC§U0 + UOZ), (340C)

1
d4 = 3(Ug - E - SCU()). (340d)

The equations above should be rewritten in terms of Cl,, after this is split into
Chal = Mpar + Ubal; m € Z, -1<U«<1.

To first order we have

At Az
Uy = Upal — 00t7 - COCUIT
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and by substituting back into the equations (Eq. (3.39) and Eq. (3.40)) above we obtain

Az n
Cip = — = A1
1 5 5, o (3.41a)
Az? [Ny 3n? Ny
Con = 5 [( o 5@) m+ FCOJ:UQ + Cogas (3.41b)
where
M0 = Ubal(sc — Ubal) (3.42a)
m = Upal (30 + Uiy — 1) , (3.42b)
2 = —1/2+ 3, (3.42¢)
ns = —1/4 — 3. (3.42d)

Our procedure is the following:
1. Compute the ballistic displacement {Cha }; at the cell centers using (3.37);

2. Using cubic interpolation, evaluate {Cbal},-,% at the cell faces; then decompose it

as {Cpa}; 1 = {mra};i 1 +{Upa}; 1

3. Using second order finite-differences, compute {n,/n},_ 1, {Nzz /n}F%, {COx}F%

and {Cozz },_ 1 also at the cell faces;

4. Compute the anti-diffusive corrections {C’ln}i_% and {an}i_é using (3.41) and (3.42),

and add those to the ballistic displacement;

5. Remap density from the moving cells onto the fixed mesh using the classical CS

remapping rule.
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The finite difference approximations that we use are

_ [Colixa — [Colia 2
[Cozli = AL + O(Azx?) (3.43a)
90 .
[Cosali = (ol = 21Col: + [Colinn +O(A?) (3.43b)
Ax?
_ [Coddiv1 — [Cot)i—a 2
[Coal_s = —[Cralli—2 + g[cbal]i—116+ 9[Cralli — [Crat)it +O(AY) (3.43d)
Ny 2 Ny —Ni—1 2
2 e e A 4
[nL_é Axni,1+ni+g+0< z°) (3.43e)
Ngx 2 Nj—o — N1 — Ny + Njy1 9
= A A43f
[n :|z—é AxQni_2+ni_1+ni~l—ni+1+5+O( JZ) (3 3)
[Cou)i_1 = % +0(Az?) (3.43g)
_ [Coli—a — [Coli—1 — [Coli + [Coitr 9

where ¢ is a small positive number that avoids division by zero.
Therefore the normalized displacement averaged over a time step is C' = Cpq+C1 +
(U5, and in terms of the displacement defined in this way, the normalized displacement

of the MF can be expressed as:

Cur = Ciz172 = {Crartix1y2 + {Crntizr/2 + {Contit1)2 (3.44)

where the plus or minus are for the front or back face respectively, denoted C'y and Cj,.

Then to find the fraction of the moving cell in the fixed cells f (in front) and b
(behind), we first find the length of the moving cell, 1 + C'y — C,. The overlap of the
moving cell with the fixed cells f and b is Cy — my for the front cell where my is the
index of cell f and the overlap is (m; + 1) — C}, for the back cell where my, is the index
of the back cell, respectively. The fractions in each cell are these overlaps divided by

the length of the moving cell. (This is easily extended to cases where f and b are
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t=t, t=t +At
.............. e

Figure 3.2: Ballistic operator of the moving face (MF) scheme. The right frame shows
the density reallocated to cells, according to the MF scheme.

not adjacent.) A modified equation analysis, or direct comparison with the results of
the MF scheme, confirms that this procedure, with the antidiffusion term C,,;, yields

results correct to second order. The final expressions for the fractions are:

(mb—{— 1) -y

= A
Jo 1+ Cf — G <3 5)
and
Cy—my
= 4
Iy 1+Cf =Gy (346)

These fractions sum to precisely one.

Provided that C' varies smoothly, we encounter three situations with respect to mjy
and my. Most frequently, m; = my. We also find my; > my, (but only my = m;, + 1
in practice) and my = m;, — 1. In the first two cases we find the overlaps using the
formula above. In the last case, both faces are in the same final cell, and the entire
density is put in that cell. If C is negative, a mirror-image set of rules applies. We

describe the implementation details in Algorithm 1.
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Algorithm 1 High order Convected Scheme with MF

1:

Given the Courant parameter C¥ = u¥At/Axz, compute the ballistic displacement
{Char }i at the cell centers;

Using the cubic interpolation, evalute {Chq }it1/2 at the cell faces, and decompose

it as {Char tiz172 = {Mbartit1/2 + {Ubat Fit1/2:

: where  {mpai}izi2 € Z, =1 <A{Upa}tiz12 <1;

: Compute the anti-diffusive corrections {Ci,}it1/2 and {Co,}is1/e using (3.41)

and (3.42), and add those to the ballistic displacement;

C}Ci = {Crartiv12 + {Cintitr2 + {Contiz1e = (mlffz + U}lfz)
Cfi = {Cbal}iJrl/Z + {Cln}i+1/2 + {OQn}i+1/2 = (mlgz + Ulfz)

where m’]‘ii, mf, €Z and —1< U]’fi, Ul <1,

Depending on m/; and my;, there are three situations 1) mf§; = my;, 2) mf; > my,
k k

3) m§; = my; — 1.

o mfj, = my;, using (3.45) and (3.46) to find the fractions, density remap accord-

ing to the fractions. Cell (i) remaps only into cells (i +my;) and (i +my; + 1)

k+1 _ kg
AN = 13 i .
)

k+1  __ k

Ank is the contribution to the density in cell ¢ at time k, due to a single
initial cell (the contribution from a cell to itself will be zero, if C}; and Cy;

are outside the cell).

e my; > my;, using (3.45) and (3.46) to find the fractions, density remap accord-
ing to the fractions. Cell (i) remaps into cells from (i + my,;) to (i +my + 1)

k+1 _kyp
Anwmﬁﬂ =n; ffi
Ank+l _ nk; .
i+mpi+1li+mye; 1 i Cf . Cb' )
K3 7
k+1 _ k
Anglo =1 fui

® my; = my; — 1, both faces are in the same cell, and the entire density is put

in that cell:

k+1 ok
AnHmﬁH =n;.
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3.4 Advection Tests

The purpose of this section is to assess the ‘global error’ of the scheme, i.e. the difference
between the exact solution and the numerical solution at a certain final time 7', and
show that it converges as expected with respect to Ax and At.

Tables 3.1-3.5 show the convergence of different versions of the scheme (MM and
MF) for different orders of accuracy of the CS. Runs are performed at fixed Cj and at
fixed At. In all cases the convergence is as expected. Tests for a flow field which varies

with time have been done, but are not reported here, which also perform as expected.

3.4.1 Stationary Wave

In our first numerical test, we solve the 1D continuity equation in the presence of a
spatially varying, but stationary, flow field u(z). The ‘stationary compression wave’

problem [58] is defined by

on  O(un)
E + o 0, (x,t) € 10,27 x [0,T7, (3.47)
u(z) = ¢+ sin(z), n(z,0) =1,

where T' > 0 is the final time, and ¢ € R is a constant satisfying |c| > 1. Since u(x) and
n(x,0) are periodic with period 27, so will be the solution n(z,t). Further, because
u(x) does not change sign in the domain, the solution will remain strictly positive for
all times, i.e. n(x,t) > 0 V(x,1).

An analytical solution to Eq. (3.47) can be obtained through the method of charac-

teristics, after a suitable change of variable [58]. The analytic solution for the original
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quantity n(x,t) can be written as

¢ + cos[bt + a(z,t)] — bsin[bt + a(x, )]

n@,t) = nleo(e,1),0] ¢ 4 cosla(z,t)] — bsin|a(z,t)] ’ (3.48)
where

b:=+vc2 — 17 (3.49&)

a(w,t) := 2arctan { L+ ctan [ZO($’ 0/2] } ; (3.49D)

xo(x,t) := 2arctan {g tan [arctan (1 i ctzzn(x/2)) — %} — %} . (3.49¢)

For this test case we use ¢ = 2, which yields b = v/3, and a final time T' = 7 /b.
The final solution obtained with the first and third order MM scheme is compared
with the exact solution in Fig. 3.3 for different numbers N of subdivisions in space
(Az =27 /N).

Now, we examine the convergence of the simulations with respect to the mesh size
Ax and time step size At. For this purpose, we progressively reduce both quantities

(refinement study) and calculate the relative L?-norm of the error at the final time T,

defined as

22 ()]

where n(z;) is the exact solution evaluated at the grid point z = x;, and n; ~ n(x;) is
our numerical solution. Within each refinement study we keep a constant ‘grid velocity’
ug = Ax/At; accordingly, all simulations therein employ the same Courant parameter
Co(x) :=u(z)At/Ax = u(z)/ug.

Assuming an algebraic order of convergence p, meaning that the error norm de-

creases with increasing number of cells N as L2 (N) oc N7P, we estimate p from two
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successive error norms as

o In [Lgrr(N1>/Lgrr(N2>]
PN, Np) o= In (N, /N,)

(3.51)

In our refinement analysis we progressively double the number of cells, and the formula
above reduces to p(N/2, N) = log, [L2(N/2)/L2 (N)].

Table 3.1 reports the convergence results for the moving-midpoint (MM) version of
the CS, for a grid velocity ug = Az /At = 10; this corresponds to a Courant number
well below 1 throughout the domain, Cy(z) = 0.2 + 0.1sin(x). All three variations
MM2/3/4 exhibit the expected order of convergence, i.e. the order of the truncation

error minus one.

MM2 MM3 MM4

N L? error Order L? error Order L? error Order

25 1.42 x 107! — 2.55 x 1072 — 2.40 x 102 -
50 8.73 x 1072 0.70 6.10 x 1073 2.06 4.33 x 1073 2.53
100 5.01 x 1072 0.80 1.43 x 1073 2.09 5.98 x 10~* 2.86
200 2.72 x 1072 0.88 3.51 x 107* 2.02 7.64 x 107° 2.97
400 1.43 x 1072 0.93 8.79 x 107° 2.00 9.59 x 1076 2.99
800 7.33 x 1073 0.96 2.21 x 107° 2.00 1.20 x 1076 3.00
1600 3.72 x 1073 0.98 5.53 x 1076 2.00 1.50 x 107 3.00
3200 1.87 x 1073 0.99 1.39 x 1076 2.00 1.84 x 1078 3.00

Table 3.1: Continuity equation, stationary wave: refinement analysis for the moving-
midpoint (MM) version of the Convected Scheme (CS). We compare the ‘standard’
low-order implementation MM2 with its high-order variants MM3 and MM4. The
table reports the L?*norm of the error (difference of analytic and numerical solutions)
at the final time, for progressively larger numbers of cells N. The algebraic order of
convergence (‘Order’ column) is calculated as the base-2 logarithm of two successive
error norms. All simulations employ the same Courant parameter Cy(z) = 0.2 +
0.1sin(x), which corresponds to a constant grid velocity ug = 10.

Table 3.2 shows a refinement study identical to Table 3.1, but for the new moving-
face (MF) version of the CS. Again, the order of convergence is as expected. We notice

that the MF2 and MF3 schemes are performing slightly worse than their MM2(3)
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counterparts, while the higher-order version MF4 performs consistently better than

MMA4.
MFEF2 MF3 MF4
N L? error Order L? error Order L? error Order
25 1.82 x 107! — 2.89 x 1072 — 1.13 x 1072 —
50 1.04 x 107! 0.81 7.35 x 1073 1.97 1.42 x 1073 3.00
100 5.72 x 1072 0.86 1.81 x 1073 2.02 1.70 x 1074 3.06
200 3.04 x 1072 0.91 448 x 1074 2.01 2.11 x 107° 3.01
400 1.57x 1072 0.95 1.12x 107 2.01 2.65x 107  2.99
800 8.01 x 1073 0.97 2.78 x 107° 2.00 3.33 x 1077 2.99
1600 4.05 x 1073 0.99 6.96 x 1076 2.00 4.17 x 1078 3.00
3200 2.03 x 1073 0.99 1.74 x 1076 2.00 5.22 x 1079 3.00

Table 3.2: Continuity equation, stationary wave: refinement analysis for the moving-
face (MF) version of the Convected Scheme (CS). We compare the ‘standard’ low-order
implementation MF2 with its high-order variants MF3 and MF4. As in Table 3.1, we
report the number of cells N, the L2-norm of the error, and the order of convergence.
All simulations employ the same Courant parameter Cy(z) = 0.2 + 0.1sin(z), which
corresponds to a constant grid velocity ug = 10.

When the Courant parameter exceeds the value of 1 in the domain, the performance
of the high-order MM-CS deteriorates sensibly, and the order of convergence cannot
reach 2. This is shown in Table 3.3, where a constant grid velocity ug = 2.5 is employed,
corresponding to a Courant parameter Cy(z) = 0.8+ 0.4sin(x). In the same conditions
the new MF-CS significantly outperforms the MM version, and reaches the expected
order of convergence (see Table 3.4).

It is interesting to assess the behavior of the new MF-CS at higher values of the
Courant number. For this purpose, we repeat our refinement study for a smaller grid
velocity ug = 0.625, which corresponds to Cy(z) = 3.2 + 1.6sin(x). The results are
reported in Table 3.5 and they are discussed below.

In this section we examined convergence of the CS at fixed Courant number Cy(x),
which requires variation of Az and At. In all cases the convergence of our best scheme,

the MF4-CS, has an order of three over the range examined, as expected.
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MM2 MM3 MM4

N L? error Order L? error Order L? error Order

25 9.28 x 1072 — 1.84 x 1072 — 2.20 x 1072 -
50 5.25 x 1072 0.82 2.88 x 1073 2.67 3.24 x 1073 2.76
100 2.81 x 1072 0.90 7.40 x 107 1.96 851 x10™*  1.93
200 1.46 x 1072 0.95 2.55 x 1074 1.54 2.94 x 1074 1.53
400 7.43 x 1073 0.97 9.45 x 107° 1.43 9.69 x 107° 1.60
800 3.76 x 1073 0.99 3.13 x 107° 1.60 3.24 x 107° 1.58
1600 1.89 x 1073 0.99 1.12 x 107° 1.48 1.13 x 107° 1.52
3200 9.48 x 10~ 0.99 3.71 x 1076 1.60 3.75 x 1076 1.59

Table 3.3: Same as Table 3.1, but for a larger Courant parameter Cyo(z) = 0.8 +
0.4sin(z), corresponding to a constant grid velocity ug = 2.5. We notice that the
MM3 and MM4 schemes cannot reach their nominal order of convergence (2 and 3
respectively) in this situation where max |Cy(z)| > 1.

ME2 ME3 MF4

N L? error Order L? error Order L? error Order

25 1.11 x 107! — 1.73 x 1072 — 9.58 x 1073 —
50 5.77 x 1072 0.94 3.62 x 1073 2.26 1.47 x 1073 2.70
100 299 x 1072 0.95 818 x10™*  2.14 1.94x 107 2.92
200 1.53 x 1072 0.97 1.96 x 1074 2.06 2.45 x 107° 2.98
400 7.73 x 1073 0.98 4.83 x 1073 2.02 3.07 x 1076 2.99
800 3.89 x 1073 0.99 1.20 x 107 2.01 3.84 x 1077 3.00
1600 1.95 x 1073 1.00 3.00 x 1076 2.00 4.81 x 1078 3.00
3200 9.78 x 1074 1.00 7.48 x 1077 2.00 6.01 x 107 3.00

Table 3.4: Same as Table 3.2, but for a larger Courant parameter Cyo(z) = 0.8 +
0.4sin(z), corresponding to a constant grid velocity ug = 2.5. Contrarily to the MM
results in Table 3.3, all MF schemes exhibit the expected orders of convergence.
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MFEF2 MF3 MF4

N L? error Order L? error Order L? error Order

25 3.07 x 1071 — 7.88 x 1072 — 3.11 x 1072 —
50 1.52 x 107! 1.01 1.75 x 1072 2.17 3.34 x 1073 3.22
100 7.58 x 1072 1.00 4.19 x 1073 2.07 3.88 x 1074 3.10
200 3.78 x 1072 1.00 1.03 x 1073 2.02 473 x 107° 3.04
400 1.89 x 1072 1.00 255 x 107 2.01 5.84 x 107¢  3.02
800 9.44 x 1073 1.00 6.35 x 107° 2.01 7.26 x 1077 3.01
1600 4.72 x 1073 1.00 1.58 x 107 2.00 9.05 x 1078 3.00
3200 2.36 x 1073 1.00 3.96 x 1076 2.00 1.13 x 1078 3.00

Table 3.5: Same as Tables 3.2 and 3.4, but for a larger Courant parameter Cy(z) =
3.2 + 1.6sin(z), corresponding to a constant grid velocity ug = 0.625. Again, all MF
schemes exhibit the expected orders of convergence.

3.4.2 Pulsating solution

As a second numerical test, we now solve the 1D continuity equation in the presence of a
time varying and inhomogeneous flow field u(z, t). The ‘pulsating solution’ problem [55]

is defined by

on  O(un)
% o = 0, (x,t) € 10,27 x [0,T7, 3.5)
u(z,t) = Bcos(wt) sin(z), n(z,0) =1,

where B is the amplitude and w is the angular frequency of oscillating velocity field.

Equation (3.52) has analytical solution

1+ 7(x, t)/o?(t)
1+ 5(z,t)

n(z,t) = no|zo(x,t),0] - o(t) : (3.53)
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where

o(t) := exp|[—Bsin(wt) /w], (3.54a)
v(x,t) = tan®[xzo(z, 1) /2], (3.54b)
zo(z, t) := 2arctan[tan(z/2)o()]. (3.54c¢)

In our numerical tests we choose B = 1 and w = 1 and we integrate until the
final time T = 37, corresponding to 1.5 cycles of the periodic solution. Table 3.6
reports convergence results for the MF2/3/4 schemes, obtained using a constant grid
velocity ug := Az /At = 0.4; this corresponds to a Courant number Cy(z, t) ranging in

the interval [—2.5,2.5]. We observe the expected order of convergence for all schemes.

ME2 MEFE3 MF4

N L? error Order L? error Order L? error Order

25 6.20 x 1071 — 6.63 x 1072 — 3.29 x 1072 —
50 3.87 x 1071 0.68 1.88 x 1072 1.81 4.33 x 1073 2.93
100 2.10 x 1071 0.88 4.75 x 1073 1.99 5.64 x 1074 2.94
200 1.08 x 107! 0.96 1.18 x 1073 2.01 7.11 x 107° 2.99
400 5.44 x 1072 0.99 2.94 x 1074 2.01 8.91 x 1076 3.00
800 2.73 x 1072 1.00 7.34 x 107° 2.00 1.12 x 1076 3.00
1600 1.37 x 1072 1.00 1.83 x 107 2.00 1.39 x 1077 3.00
3200 6.84 x 1073 1.00 4.58 x 1076 2.00 1.74 x 1078 3.00

Table 3.6: 1D continuity equation, pulsating solution. Convergence analysis at a con-
stant grid velocity ug := Ax/At = 0.4.
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Figure 3.3: (MM version) The solution for different order versions of the CS for in-
creasing number N of spatial subdivisions.
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3.5 Numerical Experiments for 1D Breakdown

In this section we present results for the 1D gas breakdown problem, which is the
subject of this paper. We solve the breakdown equations discussed in Section 3.1,
using the same parameters as in the analytic theory of Section 3.1.2. According to the
operator splitting strategy described in Section 3.2, we employ the Convected Scheme
(CS) to describe the plasma flow, combined with the ionization process by means of a
second or fourth order splitting.

All breakdown simulations make use of the moving-face (MF) version of the CS,
which was described in Section 3.3. The MF scheme is seen to allow accurate simu-
lations of breakdown with only moderately large numbers of spatial cells and of time
steps. A uniform mesh is employed in all cases, and so the scheme appears to hold
promise for a relatively simple approach to breakdown simulation in 2D and 3D.

In Section 3.5.1 we concisely report the common setup of our simulations, which
includes the model equations, the domain size and time length, the free parameters,
and the initial conditions employed. In Section 3.5.2 we show detailed convergence
studies, carried out both at fixed Cj and at fixed At, for the MF2/3/4 versions of the

CS, coupled to 2nd- or 4th-order splitting.

3.5.1 Breakdown Test-Case: Problem Setup

The model equations were discussed in Section 3.1, and we report them here for com-

pleteness. The electron density n.(z,t) and ion density n;(z,t) [m™3] satisfy the equa-
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tions

= Viy Ne, (x,t) €0, L] x [0,T],
ot 3(5;”‘ (3.55)
8152 = Uiy N, ne(r,0) = ny(z,0) = ng(x),

which are non-linearly coupled through the drift velocity u(E) [m/s] and the ionization
rate vy, (E) [s7!]. The local electric field E(x,t) [V/m] satisfies a 1D Gauss law with

E(0,t) = Enax as boundary condition, which yields

E(,1) = By — g—o / [n(m t) — no(a',t)|da’. (3.56)
0

In order to compare with the analytic solution derived in Section 3.1.2, we employ the
same parameters used there:

E
U(E) = ,uEmax (E—) s

E? El\?
Viz(E) :amaxqu max< | | ) .

iz E max

(3.57)

The constants that appear in (3.55), (3.56) and (3.57) are defined in Table 3.7 below.

Symbol Value SI unit Description

L 2.4 %1073 m Domain size

T 1.6 x 1078 s Simulation length

Eax 4.999 x 108 V/m Maximum electric field

q —1.602176565 x 1071  C Electron charge

£0 8.854187817 x 1072  F/m Vacuum permittivity

p —0.01 m?/(Vs) Electron mobility

O'max 0.1 — Maximum ionization efficiency
€iz 3.204353130 x 107'®  J Ionization energy (= 20 eV)

Table 3.7: Constants employed in all breakdown simulations, as they appear in (3.55),
(3.56) and (3.57).

The initial conditions for the electron and ion densities in (3.55) are given by a



95

narrow Gaussian profile with low amplitude:

no(z) = A [(5 + o (59) ] ’
A=6875x10%m™3 §=1x10" ¢=2x10"m, ¢=0.5x10""m,

(3.58)

where A(1 4+ ) is the peak density, Ad is the minimum density, ¢ is the = position of

the peak and o is the Gaussian width.

3.5.2 Breakdown Test-Case: Refinement Analysis

The aim of this section is to assess the accuracy and efficiency of the various numerical
schemes discussed in this paper, when applied to the 1D breakdown problem described
in Section 3.5.1.

The evolution of electron density, ion density, electric field and charge density are
shown in Fig. 3.4. From Fig. 3.4, we can know the numerical solution is going to
approach the analytic solution when time is infinite.

When the numerical error is calculated over the whole domain, two regions where
the electron density has very large slopes dominate the errors. These are at the extreme
front and extreme rear of the plasma. The front of the plasma is the focus of this paper
and of previous papers, and while the behavior of the rear may be of some interest,
from a physical point of view it is not clear why one would wish to study it. Further,
it would require a separate analytic development to understand the processes taking
place there which has not been done. We suspect the behavior at the rear will be
dominated by the initial conditions, which again makes the behavior of less interest.
We thus exclude the far rear of the plasma from our error calculations.

For the convergence test we use successively increased numbers N of spatial subdi-
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Figure 3.4: Breakdown simulation: spatial profiles of the electron density (upper left),
ion density (lower left), electric field intensity (upper right) and charge density (lower
right) at different times ¢t € [T7/3,2/3T,T] with T = 2.4 x 107®s. These profiles are
very similar to those obtained analytically (Fig. 3.1), although the analytic results
apply to the steady state at very long times.

visions; the cell size is Az = L/N, while the time-step size At is either kept constant,
or is reduced at the same rate of Az (constant grid velocity ug := Az/At). We then
compare the numerical results for a given value of N with a ‘reference solution, n,.’
computed with N = 64000. Each of the convergence tables presents results with the

three different versions MF2/3/4. The L?*norm of the error is computed as follows:

9 _ V. (Error(z)?) x Az
\/Zx(nrs<$>2) x Az

Error(x) = |n.(xz) — n.s(z)|, L
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In Tables 3.8 and 3.9 we perform runs at fixed grid velocity ug = 9375; this choice
leads to roughly the same Courant parameter profile Cy(z,t) used in all simulations,
which approximately ranges between 0 and 2.67. Table 3.8 uses 2nd-order Strang’s
splitting. Here MF4 performs only marginally better than MF3, and both schemes
show an order of convergence around 2. Therefore, we think that the splitting error
is dominant in those simulations. Table 3.9 uses 4th-order McLachlan’s splitting [57].
Here the very diffusive MF2 scheme performs more poorly than before, because of
the higher number of stages. MF2 and MF3 perform significantly better than before,
but not quite enough to compensate the additional work. MF3 shows an order of
convergence that decreases toward 2, suggesting that the error is dominated by the
4th-order time splitting error for large values of At, and by the 2nd-order advection
error when At gets smaller. MF4 shows an order of convergence consistently around
3, suggesting that the 3rd-order advection error is dominating in this case.

In Tables 3.10 and 3.11 we perform runs at fixed time-step size At = 4x 1072 s. As
before, 2nd-order Strang’s splitting is used in Table 3.10, and 4th-order McLachlan’s
splitting in Table 3.11. The amplitude of the Courant number profile grows linearly
with N, with a peak value that grows from approximately. We expect that only the
advection error should effect the convergence rate, so that the order of convergence
should match the order of the local truncation error: in fact, in both tables we observe
2nd-order convergence for MF2, 3rd-order for MF3 and 4th-order for MF4. We also
notice that McLachlan’s splitting enhances the accumulation of advection errors, since

the sum of the absolute values of the sub-steps is larger than At.
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MFEF2 MFE3 MF4
N L? error Order L? error Order L? error Order
2000 494 x 1072 9.06 x 1074 — 7.59 x 1074 -
4000 2.45x 1072 1.01 221 x 107 2.03 1.1.83 x 107*  2.05
8000 1.15x 1072 1.08 541 x 107°  2.03 4.48 x 107° 2.03
16000 498 x 1073 1.21 1.28 x 107°  2.08 1.06 x 1075 2.08
32000 1.66 x 10=*  1.58 2.56 x 1076 2.33 2.12 x 1076 2.32

Table 3.8: Breakdown simulation: refinement analysis at fixed Az/At ratio. The
moving-face (MF) version of the Convected Scheme (CS) is combined with 2nd-order
Strang’s splitting. The table reports the relative L? norm of the error in the electron
density at the final time, with respect to a reference solution. All simulations employ
a constant grid velocity ug = Axz/At = 9375, and therefore have the same nominal
profile of the Courant parameter Cy(z,t), which approximately ranges between 0 and
2.67.

MF2 MF3 MF4
N L? error Order L? error Order L? error Order
2000 1.33 x 107" — 537 x 107* -~ 342 x 107* -~
4000 7.06 x 1072 0.92 1.04 x 107* 2.37 433 x107° 2.98
8000 3.42 x 1072 1.04 2.21 x 107° 2.22 5.42 x 1076 3.00
16000 1.49 x 1072 1.19 4.89 x 1076 2.18 6.71 x 1077 3.02
32000 5.02 x 1073 1.57 942 x 1077 2.37 746 x 1078 3.17

Table 3.9: Breakdown simulation: refinement analysis at fixed Az /At ratio. Same as
Table 3.8, but using 4th-order McLachlan’s splitting [57].

ME2 MF3 MF4
N L? error Order L? error Order L? error Order
2000 427 x 107 — 1.57 x 1072 — 1.74 x 1073 —
4000 1.90 x 10~'  0.70 2.80 x 1072 2.48 1.63 x 107*  3.42
8000 8.92x 1072 1.09 2.81 x 107*  3.32 1.31 x 107°  3.63
16000 2.30 x 1072 1.96 3.40 x 107°  3.04 7.86 x 1077 4.06
32000 4.60 x 1073 2.32 523 x107¢  2.70 4.78 x 1078 4.04

Table 3.10: Breakdown simulation: refinement analysis at fixed At. The moving-
face (MF) version of the Convected Scheme (CS) is combined with 2nd-order Strang’s
splitting. The table reports the relative L? norm of the error in the electron density at
the final time, with respect to a reference solution. All simulations employ a constant
time-step size At =4 x 10712 s,
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ME2 MF3 MF4
N L? error Order L? error Order L? error Order
2000 3.60 x 1071 1.55 x 1072 — 2.40 x 1073 —
4000 2.39 x 107 0.58 2.74 x 1072 2.50 242 x 107 3.31
8000 1.26 x 107'  0.93 2.59 x 107*  3.40 2.21 x 10™® 345
16000 421 x 1072 1.58 3.79 x 107°  2.77 1.71 x 107 3.67
32000 1.17x 1072 1.85 483 x 107 2097 1.32 x 1077 3.71

Table 3.11: Breakdown simulation: refinement analysis at fixed At. Same as Table 3.10,
but using 4th-order McLachlan’s splitting [57].

3.6 Summary

The physical problem of breakdown and its simulation was studied in this chapter. A
method is presented which naturally achieves exact local density conservation and pos-
itivity preservation, essential for almost any plasma simulation, which allows Courant
numbers across the range called for by the physical scales present (C' 2 1) and gives
third order accuracy in the breakdown simulations, using relatively simple analytic
expressions to update the density. The scheme used here is based on an accurate semi-
Lagrangian numerical description of fluid advection, and was combined by means of
Strang or higher-order splitting with solution of Poisson’s equation, as well as the rate
equation for ionization.

This example is of great practical importance, but it is also a very challenging
simulation task, because analytic results show that over time the electron density grows
ever steeper at the front of the advancing plasma. In practical examples the discharge
is of finite duration, so it should always be possible to define a mesh which resolves the
electron density at the front. In our simulation results, the most severe errors were in
fact at the back of the plasma, where another very steep region arose. This region is of
less interest and so we have not analyzed it but excluded it from the error calculation in

some of the cases presented. (If we were to extend the model to include other physical
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processes, there is reason to believe the very sharp jump would also be mitigated. The
most obvious examples of this are diffusion of density and photoionization, which would
likely be handled effectively as part of the splitting scheme.)

We find second or third order convergence, with respect to the mesh size Ax and
the time step At. High order splitting and the high order CS were required for third
order convergence. Strang splitting gave a lower order of convergence, but unless
the mesh was very highly refined, Strang splitting actually required less work for a
given accuracy. Most importantly, At can be chosen based on physical considerations
rather than stability requirements. The new scheme, and in particular its ‘moving face’
version, shows promise for very efficient simulations.

It is likely that for long enough times, the convergence would become less good
because the shape of the breakdown front gets closer to the analytic result, which
is singular. This can be partially mitigated with a finer mesh, if necessary. This
singularity does complicate the issue of what is the optimal order of the scheme, since
the advantage of high order in space is in part the ability to use a coarser mesh. As
a result, it is not clear if schemes which are nominally of higher order than the one

presented here would achieve significant advantage in practice.
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Chapter 4

Arbitrarily High Order Convected

Scheme and Its Application

In this chapter, we will introduce an arbitrarily high order Convected Scheme (AHOCS)
developed by Giiglii et al. [51]. In [51], the author first showed that an AHOCS can
successfully solve the constant advection equation. Because this scheme is a very high
order scheme, machine precision is reached very soon. Moreover, there is no limitation
due to the CFL for the AHOCS. Hence, the result is accurate and found efficiently
by using the arbitrarily high order Convected Scheme. Further, the author employed
this scheme to solve equations such as the Vlasov equation by combining with Strang
splitting or other high order splitting methods. Here, we expand and employ this
arbitrarily high order Convected Scheme in other cases, such as the Wigner equation
and the Vlasov equation with a discontinuous potential.

In section 4.1, we review the derivation of the AHOCS. We then describe how we
solve the Wigner equation by using the AHOCS and FFT/IFFT in section 4.2. Then,
we choose the two stream instability problem to verify the convergence. We introduce

the solution of Schrdodinger equation due to [59] in the semiclassical region and its
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numerical discretization in section 4.3.1. In this section, we use our scheme to solve
the Wigner equation and compare the numerical solution with the numerical solution
of the Schrodinger equation to demonstrate its higher efficiency. In section 4.4, where
we consider a potential which is discontinuous, the interface condition is introduced.
The combination of the AHOCS and the first order MF scheme can be used and leads

to a higher convergence order.

4.1 Arbitrarily High Order Convected Scheme for
The Constant Advection Equation

In section 3.3, we introduced the CS and use it to solve the advection equation. The
CS is used to solve by envisaging a moving-cell (MC) C(¢). At the end of the time step,
the particles in the moving cell are remapped back onto the Eulerian mesh. In [13],
the moving cell has a uniform density in physical space and

1) one can move the midpoint of the cell (Moving Midpoint, MM): each face has
the same velocity, or

2) one can move the faces of the cell (Moving Face, MF): the two spatial faces of a
cell are moved independently.

The accuracy of the simplest version of the scheme is only second order in space,
so the leading error will generate a strong numerical diffusion. Therefore, a high-order
remapping procedure is necessary, and we also developed the higher order MF scheme
for the advection equation in Chapter 3.

When the advection equation has constant velocity such as Eq. (4.1), the new

AHOCS has been developed [51].

on  on _
ot uax_
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where n(xz,t) is the density and u(z,t) is the velocity. In that paper, the author starts
by Taylor expanding the exact solution as a series of spatial derivatives and equates
this series to the expanded form of CS. If the expanded exact solution has (N — 1)
smooth spatial derivatives, then the scheme will match the exact solution up to a local
truncation error O(Az").

Before we show the derivation of the AHOCS, we review some parameters and
equations from Chapter 3.

The starting point is the 1D constant advection equation:

The CS scheme is not limited by the CFL criterion: the normalized displacement of

the moving cell coincides with the Courant number

uAt
Cy:=|— 4.2
The displacement of the moving cell can be written as
Co=S5+a, S ez, —l<ac<l, (4.3)

where S is the integer part and « is the remainder, or noninteger part, of the Courant
number. The 1D CS scheme can be rewritten as
Uk ok +Q—=UFRE ifU >0,

nf—tsl‘ = (4.4)
(1+ Uﬁ)”f - Uikjlrlné:,l otherwise,

Here, i denotes space, k means time and U is the fractional normalized displacement.

If there is no correction, then U(z,t) = «. In order to get the high order CS, a
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small correction to the final position of the moving cell is employed. Hence, U =
[u+ @& — S = a+d where @ is an ‘anti-diffusive correction’ [19, 50].

The exact solution of Eq. (4.1) is n(z,t + At) = n(x — uAt, t) which means that at
time t + At, the solution is equal to the solution at time ¢, but shifted by a distance

uAt in space. By combining with Eq. (4.3), the exact solution can be reformulated as:
n(z + SAz,t + At) = n(x — aAx,t) (4.5)

By Taylor expanding the right hand side of the analytic solution in Eq. (4.5), about

the point (z,t) for N — 1 terms, Eq. (4.5) can be rewritten as:

N-1 p o
n(x + SAz, t+ At) = ( ' > n(z,t) + O(Az™).  (4.6)
p— p! OxP

For the sake of clarity, in the present derivation we will only consider the case o > 0

and hence Eq (4.4) becomes:
n(z + SAz) = n(z,t) — (U(z, t)n(z,t) — Uz — Az, t)n(z — Az, t)) (4.7)

Similarly, Taylor expanding apply on Eq. (4.7) about the point (z,t) for (N — 1) terms

as well:

nes(x + SAz, t + At) =

— o (Az)P P
p! oxP

> Uz, t)n(z,t) + O(Az"Y).
(4.8)

p=1

As we mentioned before, we want to find the anti-diffusive Courant parameter &
to correct the position and achieve the high order scheme. When we add a small

correction, the solution of the CS can achieve only a local truncation error (LTE) of



65

the order of (Ax)V, i.e
e(z,t) :=n(x + SAx, t + Az) — nes(z + SAz, t + Ax) = (Az)Y

After comparing with Eq. (4.6) and Eq. (4.8), the LTE can be rewritten as:

N-1 N-1
(Azx)P oP P Gp B N
(Z (—a)pT% n 1> (= o Uz, t)n(zx,t) = O(AzM).
p=1 p=1
(4.9)
Now, we choose a polynomial ansatz to express the product Un:
N-2
,9'n(z, 1)
)4 — 4.10
U ; ﬁ(] ) axq ) ( )

where the (N — 1) coefficients 3,(«) are unknown functions and need to be determined

from Eq. (4.9). Substituting Eq. (4.10) into the second term of Eq. (4.9), we obtain:

j;ll(—l)p(if)papgin)::<—1 p!pgp ng 1)98,(a)(Az)? %)
NEUTERe
- [Z )

After replacing the index r with the original p and substituting this expression into

Eq. (4.9), we get (N — 1) linear equations:

p—1 )
b @ 19 (N—1) (4.11)
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Finally, we obtain the (N — 1) coefficients ,(«a) for any given o:

50(06) = Q,

O{p+1 p—1 <412)

Byl
Bp(a) p+1_ , forp>1

q=0

Eq. (4.12) can also be expressed explicitly as follows (here shown for N = 6):

_ - -
£ 0 0 0 0| 1 &
5 I
1 1 0 a?
% 5 0.0 0 <
I 5 I
1
11 1 9 of- — |a?
3 2! 1! 5 3!
1111 2 ot
4! 3! 2! 1! 5 4!
11 o1 o1 1| WP e
L5 4 31 21 11 | 5!
which can be inverted to give:
—Bo i _al_
S o 00 0 T
Bo BB g o ol |
B 1! 0! 2!
1
— | B2 Bi Bog o
p o oo 000G (4.13)
2
By B B By ot
B 3! 2! 1! 0! 4!
L) e B B B Bu| |o®
L 4! 3! ! 1! o! | L 5! |
where B is a Bernoulli number and By = 1, B; = —%, By = %, Bs =0, By —%.

After simplifying Eq. (4.13), we obtain a general form expressing (,(«) in terms of

Bernoulli numbers:

d aPt1i-a
Byla) =3 2o (4.14)

—~ g (p+1—q)

According to the derivation by Jacob Bernoulli in 1713[60], Bernoulli numbers are
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defined as polynomials in terms of sums of the powers of consecutive integers,

3
L

| — - %n—!mwrlfk _ By y1(m) — By(0)
: “—~ Kkl (n+1-k) nt1

: (4.15)

>
Il

Finally, the coefficient 3,(c) can be expressed in terms of Bernoulli polynomials:

B

Bq(a) _ p+1(a) — Bp+1(0>

(p+1)!

(4.16)

The case a < 0 can be derived similarly. The final general form for the coefficient

Bq(a), for any value of «, is

/30(04) = Q,

Byla) = 22

(< a>)— B,1(0) (4.17)

(p+ 1)!

(p>1)

Here < a >:= mod (a, 1), which means that < a >=afor 0 < a <1 and < a >=
l+afor -1 <a<0.

When the computational region is periodic, we can use the discrete Fourier trans-
form to deal with the derivatives in Eq. (4.10). Here, the fast Fourier transform (FFT)
and inverse fast Fourier transform (IFFT) can be applied for a large order of accuracy

N to speed up the simulation. The function (Un) can be solved for as follows:

st -5 Cormgonann 2]
(4.18)

The following algorithm is the detailed implementation of the arbitrarily high order CS

in Algorithm 2. In Algorithm 2, we employ a limiter for ensuring positivity preservation
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and a filter (Appendix A) for obtaining a stable numerical scheme. The positivity
preservation can be obtained by limiting the normalized displacement UF. For a > 0,
UF >0 and (1 — UF) > 0 are necessary to keep positivity preservation. On the other
hand, for a < 0, UF < 0 and (1+ UF) > 0 are necessary. Hence, we can combine these

two conditions, for either positive or negative «, along with the general form to obtain:

ifa>0: 0<UF<1or0<[nUF <nt

77

(4.19)
ifa<0: —1<UF<00or —nf <UF <o,

Here, (Un) is ‘upwind fluxes’. Finally, the high-order flux I'; is obtained from adding
the high-order correction in Eq. (4.10), the low order flux (an), and the limiter as
follows:

if @« >0: [nU]F = min(max(0,T;),nk),

)

(4.20)
if « <0: [nU]F = min(max(—n’,T}),0),

In Algorithm 2, both the spatial index ¢ and frequency index r range from 0 to

(N, — 1), where N, is the number of mesh subdivisions. Moreover, the scalar quantity

w := exp(2mj/N,) represents the N, th primitive root of unity.

4.1.1 Numerical Test
The purpose of this section is to verify mass conservation, positivity preservation, and
the expected order of the higher order CS for the constant advection equation.

Example 4.1.1. The aforementioned schemes are applied to the solution of the 1D

constant advection equation:

on On
ATl —0.5,0. T
5+ oy = 0w €1-05,05), t€(0,7],

with the periodic boundary condition n(—0.5,t) = n(0.5,1).
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Algorithm 2 High order Convected Scheme with filtered trigonometric
interpolation.[51]

1:

10:

11:

Compute the normalized wave-number &, Ax € [—m, 7] supported by the mesh, and

sample the filter K(-) at those locations.

2711 [Ny; forr < N, . .
&Ar = K, = K(¢Ax), Vr;
27(r — N.)/N,; otherwise.

Given the Courant parameter C' := uAt/Az, decompose it into integer and frac-
tional parts as :
C=S+a, Se€Z,ac0,1)CR
Given «, compute the correction polynomials f5,(a) according to Eq. (4.17) to
achieve a nominal order of accuracy N:

g =(—1)1p,(a), g€ 1,2,...;, N —2;
Compute the discrete Fourier transform of the solution n¥ at time #;,, using an FFT
algorithm

ﬁrZZfViol fw,
Reduce roundoff noise by suppressing the modes below a threshold ¢ (in double
precision we choose € = 2 x 10719):
A = max|n,|, if |n,| < Ae set n, =0,
Compute the Fourier coefficients of the filtered high-order flux corrections:

A, = (X057 e (j&A2)7) Koy, Vs
Compute the inverse discrete Fourier transform of H, using an IFFT algorithm,
and compute the high—order fluxes, I'; while enforcing positivity of the fractions:

Hy =+ " o', Ty = anf + H,
Obtain the solution nkH at time ;1 = tp + At, according to the fractions, U. Cell
(i) remaps into cells (i + S+ 1) and (i +.5) for C > 0 and into cells (i + S — 1)
and (i + 5) for C < 0:

Ank—‘rsl L= nk
:r 1+ . for a > 0;
Anlts =nl — [Un].
k+1 k
Anz—l—s 1 — _[Un]z
for a < 0;

Anfjg nk + [Unlk.
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The initial condition n(x,t = 0) = ne(x) is given by the symmetric superposition

of three Gaussian bells:

z+0.2 x—0.2

no(x) = 0.5 (%03 ) 4 e (66)” 4 ¢~ (%5037)” (4.21)

In this simulation, we choose a constant CFL parameter C' = uAt/Ax = At/Ax =
0.32, u = 1. Therefore, the number of subdivisions in the spatial domain is a multiple
of 32 (i.e. N, = 32k with k € N) and the number of subdivisions in the time domain

is a multiple of 100 (i.e. N; = 32k with k € N).

’ N, H L?-norm ‘ Order ‘ Min value H

32 556 x10 2] —
64 | 6.01x 10" | 6.53
128 [ 245 x 10-10 | 22.22
256 || 1.46 x 10 | 17.35
512 || 1.60 x 10 | (m.p.)
1024 [ 117 x 1077 | (m.p.)
2048 || 817 x 10 | (m.p.)

(sl vl Hen) Nenl Nen] Hev] Nan)

Table 4.1: Constant Advection equation: refinement analysis for the f55 version of
the Convected Scheme (CS) for the Example 4.1.1. The table reports the L*-norm
of the error (difference of analytic and numerical solutions) at the final time (7" =
1), for progressively larger numbers of cells N,. The algebraic order of convergence
(‘Order’ column) is calculated as the base-2 logarithm of two successive error norms.
All simulations employ the same Courant parameter Cy = 0.32.

Table 4.1 shows the normalized L?>-norm of the error, Eq. (4.22) and the minimum
value of the solution. The fy9 scheme can reach the machine precision quickly, and
the order of convergence is as we expected. Because the positivity limiter Eq. (4.20)
is employed, we can see that the solutions are positive or equal to zero everywhere.
The final solution obtained with the fo scheme is shown in Fig. 4.1, for different
numbers N, of subdivisions in space (Az = 1/N,). Here, the analytic solution is

n(z,t+ At) = n(z — At,t).
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L%, = \/Zi In: - n<x§)]2, (4.22)
> [n(@i)]
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(a)

——Exact Solution
. NX=32

0.8

0.6

n(x)

0.4

0.2

0.5

——Exact Solution
. NX=256

o
o

o
o

©
~

o
(S
T

-0.5 0 0.5

Figure 4.1: The solution from the fy9 scheme of the CS for increasing number N, of
spatial subdivisions for the Example 4.1.1. (a) N, = 32, (b) N, = 256
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4.2 Wigner-Poisson equation for 1D Landau damp-
ing

In Chapter 3, we employed different splitting schemes to allow the overall model to be
made second or higher order. In this section, we employ the splitting scheme again
to split the Wigner equation into two separate systems and solve the Wigner equation
step by step. Here, we mainly focus on the Strang splitting method. An operator
splitting method for the Wigner-Poisson problem was first introduced by Arnold and
Ringho [61]. After splitting the Wigner equation, it consists of a transport term and a
non-linear pseudo-differential operator. With the Poisson equation, the Wigner-Poisson
equation is used to describe electrons in a self-consistent electrostatic field. Then, we
use the Wigner-Poisson system with an operator splitting scheme to study the Landau
damping phenomenon (nonlinear Landau damping and two stream instability problem)
of a quantum system and other quantum devices [62-01]. In section 2.2, the Wigner
equation is described by Eq. (2.18). Here, in order to describe the Wigner equation

compactly, Eq. (2.18) can be rewritten as

Of(z,v,t) N 0f(z,v,t)

5 V=g +0O[V]f=0 (4.23)

where
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We then split the system, Eq. (4.23), into two separate systems ( Eq.(4.24) and

Eq.(4.25)) and use Strang splitting to update the solution from time ¢ to time ¢ + At:

of . df
and
af B
5 Temlr=o (4.25)

1. At/2 step on Eq. (4.24);

2. Compute n. = [ fdv, solving V2V = L (ne — no);
3. At step on Eq. (4.25);

4. At/2 step on Eq. (4.24);

Steps 1 and 4 use the transport equation. Because the advection velocity v does not
depend on the independent variables x and ¢, g—{ + v% = 0 is a constant advection
equation. Step 2 is the Poisson equation. Here, n. is the electron density and ng is the
background ion density. ¢, is the electron charge, g. = —1.6 x 107(C). The Poisson
solver is described in Appendix B. After step 1, we need to solve the Poisson equation
to obtain the instantaneous V' (z) for step 3. Step 3 is to solve the pseudo-differential
equation. Because the Wigner potentials, V(z — %/) and V(z + %), are nonlocal, they
are constructed using cubic splines. Here, we will use the FFT/IFFT to deal with the
pseudo-differential equation. The detailed derivation is shown below.

As mentioned before, step 1 and step 4 solve the constant advection equation. In
Section 4.1, we showed that the fo5 scheme shows excellent performance in solving the

constant advection equation. In that section, we found that the fys scheme reaches

machine precision very soon and its convergence order is very high. Hence, in this
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section, we use this scheme again to solve the transport equation in the Wigner equation
and we expect that the result will have good performance as well.

Here, we need to note one thing about the use of the limiter for solving the
Eq. (4.24). In Section 4.1, we employed the limiter to preserve positivity. However, the
Wigner distribution can and normally does go negative (n¥ < 0) because of the nonlo-
cal potential. Hence, we need to add two more conditions for the limiters. Eq. (4.19)

and Eq. (4.20) are corrected as follows:

ifa>0andnf>0: 0<UF<1or0<[nU)F <nk,

ifa<Oandnf >0: —1<Uf <0or —nf <[nU]f <0,

(4.26)
ifa>0andnf <0: 0<UF<1lor —nf <[nU)F <0,
ifa<O0andnf <0: —1<UF<0o0r0< [nUJf <nf,

if @ >0and n® > 0: [pU]F = min(max(0,T;), nt),
if « < 0andnf >0: [nU]F = min(max(—nF, T}),0),
(4.27)

if « >0and nf < 0: [pU]F = min(max(nf,T;),0),
if  <0and nf <0: [pUJF = min(max(0,T;), —n}),
When the v-space is periodic, Eq. (4.25) will be discretized in space by the spectral

method and integrated in time exactly [62, 65].

y{w =o[V]f} = W =O[Vlf (4.28)

where,

F(z,\t) = F{f(z,v,t)} = /f(z,v,t) exp(—iAv)dv

VIS = F{OV]f} = / V1f exp(—iv)dv
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Putting Eq. (2.17) into Eq. (4.28),

2271'712 ///dz/dv’dvexp( ) _ (V(z - %) —V(z+ %)) Fz,0")

(4.29)

Here, we introduce an expression for the d-function: d(z — «) = % ffooo e?P@=)dp and

Eq. (4.29) can be rewritten as

~ g | [ et ) (W -3 Ve %)) {%5(”? - A>] f(=0)
) (V(z - %/) —V(z+ %)) {5( h/ _ )\)] F(z,0)

= //dz’dv exp(—
(4.30)

In order to simplify Eq. (4.30), we substitute % by X, so that 2/ = %X and dz' =
Lax.

m

- —/dv exp(—iv'A (V(z - %A) —V(z+ %A)) fz,0',1)
= (V( - iA) Vi(z+ %)\)) /dv'exp(—iv’)\)f(z,v’,t)

- %//dde’ exp(—iv' X) <V(z - %X) ~V(z+ ;X)) [0(X = N)] f(2,0,1)

2m
1 h h
== (V(z — %)\) —V(z+ %)\)) F(z,\t),
(4.31)
Eq. (4.28) can be written as
OF(z,\t) 1 h h
5 7 <V(z — %)\) V(z+ 2—>\)> F(z,\t) o
e h h '
= 2 (61 = oh) = 6e+ 30 PN
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Some physical parameters are introduced here. V is the potential energy and ¢ is the

electric potential, V' = ¢.¢. Eq. (4.32) can solved analytically:

h

Fz,\t) = F(z, ), 0)e (GazN—o(+g:0) At (4.33)

Finally, f(z,v,t) can be found by taking an inverse Fourier transform of F(z, \,t),

f(z,v,t) = F HF(z,\1)}.

4.2.1 Numerical Test

In this section, we solve the Wigner-Poisson equation for two stream instability prob-
lems with quantum effects. The two stream instability is a very common instability in
plasma physics. Here, we use the same example in [62] to verify our method in solving

the Wigner equation.

Example 4.2.1. The initial condition for the two stream instability is

1
f(z,v,0) = W(l + 5v%) exp(—v?/2) (1 + acos(koz)), © € [-L, L], v € [-V,V],
™
(4.34)
with a =1 x 1073, kg = /L, L = 15.39 and V = 6. The quantum dispersion relation

is given by [62]

- (i )2 {5 )
st a2 ) e

where w, is the plasma frequency and Z is defined as

(4.35)

exp(—zx

_ L= ") 4
Z(g)_ﬁ/_oo 2
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Once k and h are given, the growth rate of the two stream instability can be obtained
from Eq. (4.35). In this section, we choose i = 0, 8 and 15 to be the test values.
For h = 8 and h = 15, the theoretical values of growth rate () are v = 000757 and
~v = —0.0029, respectively.

According to the theoretical values of the growth rate, we find the instability gradu-
ally fades out for larger A, and then the plasma oscillates with a fixed frequency. Hence,
in Fig. 4.2, for h = 0, the starting point for the instability is around ¢ = 20. Comparing
this result to the one for A = 8, where the starting point for the instability is around
at t = 40, we see that it occurs at a later time than for A = 0. When A = 15, there is
no instability, even when we run the simulation until ¢ = 200. Finally, the growth rate
of our numerical solutions show good agreement with the theoretical results.

We can see the evolution of the distribution in Figs. 4.3- 4.5. From these three
figures, h = 0 shows instability earlier than h = 8. For larger A, such as h = 15, there
is no instability. These results correspond to Fig. 4.2.

Now, we calculate the L?-norm error of the distribution, f(z,v,t), by Eq. (4.36),
and check the convergence for the classical and quantum cases in Tables 4.2— 4.4. For
each h, we computed the numerical solution with a fine mesh, N, = N, = 512, and
a small time step, At = 3.90625 x 1073, and refer to this as the “exact” solution,
fee(x,v)". First, we can see in these tables, for fixed N, and N, and varying At, the
order of two that we expect because we are using the Strang splitting which is 2nd
order in time. Moreover, for fixed At and varying N, and N,, we see that the error
does not decrease for different numbers of subdivisions N, and N,. These results verify

that our fss scheme converges quickly, as mentioned in Section 4.1, and also show its
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high efficiency.
ETT‘OT(@',U) = |fh(177v) - fe$(.13,’[})h|,

\/Zm {Error? x Az x Av} (4.36)

L =
normalization ~— 2
Ve {eal 0)? x A x Av)
R=0
0 T T I I T
5 -
-10 —
15 H -
20 ! ! ! ! !
0 20 40 60 80 100 120
AR=8

e Numerical solution
m— Theoretical growth rate

20 1 1 1 1 1
0 20 40 60 80 100 120

e

Log (Electrostatic Energy)

e Numerical solution
— Theoretical growth rate

| | |
0 50 100 150 200 250

Time (s)

Figure 4.2: The figures for the two stream instability with the different A. Here A is
0, 8 and 15, respectively. When the quantum parameter & becomes larger, the plasma
oscillation shows a linear damping behavior because the quantum effect overcomes the
instability. [02]

4.2.2 Summary

In this section, we employed the fs scheme and FFT/IFEFT to solve the Wigner equa-

tion in x and v space for two stream instability problems. If the quantum parameter
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N, =N, =064 N, =N, =128 N, = N, = 256
At L? error Order L? error Order L? error Order
0.5 3.17x107° -~ 3.18x107° - 3.18 x 107°  —
0.25 7.46 x 107 2.09 7.48 x 1075 2.09 749 x 1075 2.09
0.125 1.84 x 1079 2.02 1.84 x 1079 2.02 1.84 x 107%  2.02
0.0625 4.56 x 1077 2.01 4.57 x 1077 2.01 4.58 x 1077 2.01
0.03125 1.12 x 107%  2.02 1.13 x 107 2.02 1.13 x 107%  2.02

Table 4.2: Two stream instability simulation: The error in the L?-norm at T = 2.5
with i = 0. The fa version of the Convected Scheme (CS) is combined with 2nd-order
Strang splitting. The table reports the relative L? norm of the error in the electron
distribution at the final time, with respect to a reference solution.

N, =N, =064 N, =N, =128 N, =N, = 256
At L? error Order L? error Order L? error Order
0.5 248 x 107°  — 248 x 107°  — 249 x 107°  —
0.25 5.87x 1076  2.08 5.88 x 1076 2.08 5.80 x 1076 2.08
0.125 1.45 x 107  2.02 1.45 x 107 2.02 1.45 x 107  2.02
0.0625 3.59 x 1077 2.01 3.60 x 1077 2.01 3.61 x 1077  2.01
0.03125 8.80 x 1078 2.06 8.87x 1078 2.02 8.90 x 1078  2.02

Table 4.3: Two stream instability simulation: The error in the L?-norm at T = 2.5
with i = 8. The fao version of the Convected Scheme (CS) is combined with 2nd-order
Strang splitting. The table reports the relative L? norm of the error in the electron
distribution at the final time, with respect to a reference solution.

N, =N, =064 N, =N, =128 N, =N, = 256
At L? error Order L? error Order L? error Order
0.5 1.85 x 107° — 1.85 x 107%  — 1.86 x 107° —
0.25 441 x 107%  2.07 443 x 1076 2.07 443 x 1076 2.07
0.125 1.09 x 1075 2.02 1.09 x 1075 2.02 1.09 x 1075 2.02
0.0625 2.69 x 1077 2.02 2.71 x 1077 2.01 2.72 x 1077 2.01
0.03125 6.69 x 1078 2.01 6.66 x 1078 2.02 6.70 x 1078 2.02

Table 4.4: Two stream instability simulation: The error in the L?-norm at 7' = 2.5 with
h = 15. The foo version of the Convected Scheme (CS) is combined with 2nd-order
Strang splitting. The table reports the relative L? norm of the error in the electron
distribution at the final time, with respect to a reference solution.
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f(t,x,v) at t=0 f(t,x,v) at t=20
6
0.25 0.25
4
0.2 0.2
2
0.15 0.15
> 0
- 0.1 0.1
0.05 0.05
-10 0 10
X
f(t,x,v) at t=60
0.25
0.25
0.2 0.2
0.15 0.15
0.1 0.1
0.05 0.05
-6 0

10

-10 0
X

Figure 4.3: (Two stream instability simulation) Classical phase space distribution evo-
lution for A = 0. When instability appears, a hole structure forms in the distribution.
The starting point for the instability is around ¢ = 40. [62]

h becomes larger, the plasma oscillation shows a linear damping behavior because the
quantum effect overcomes the instability. We can determine whether there is insta-
bility or not from the appearance of the density distribution. If instability exists, we
find a set of connected vortices, or holes. Our results have good agreement with the
theoretical values.

Finally, we calculate the L2-norm of the error. The errors stop decreasing at certain
values of N, or N,. This means that we can use a bigger mesh to obtain the same

error as the smaller mesh, and achieve higher efficiency.
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f(t,x,v) at t=0 f(t,x,v) at t=20

6
0.25 0.25
4
0.2 0.2
2
0.15 - : 0.15
> 0 :
i 0.1 0.1
4 0.05 0.05
-6 -6 0
-10 0 10
X

-10 0 10
X

f(t,x,v) at t=60 f(t,x,v) at t=100

10 -10 0 10
X

-10 0
X

Figure 4.4: (Two stream instability simulation) Quantum phase space distribution evo-
lution for A = 8. When instability appears, a hole structure forms in the distribution.
The starting point for the instability is around ¢ = 60 which is longer than A = 0. [62]



f(t,x,v) at t=0

0.25
0.2
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0.1
4 0.05
-6 -10 0 10
X

f(t,x,v) at t=100

6
0.25
0.2
0.15
0.1
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X
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I

f(t,x,v) at t=20
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f(t,x,v) at t=200
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0.05

0.25
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Figure 4.5: (Two stream instability simulation) Quantum phase space distribution
evolution for A = 15. For h = 15, there is no formation of hole structure.
instability is overcome by the quantum effect. [(2]

The
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4.3 Wigner equation and Schrodinger Equation in
The Semi-classical Regime

The Schrédinger equation can also be applied to many other problems in solid physics |

, 67]. In this section, we compare our Wigner approach to the linear Schrodinger
equation in the semi-classical regime, where the Planck constant (¢) is small. The
solution of the Schrédinger equation oscillates with a wavelength of O(g). In order
to obtain the correct physical observables for small e, the spatial mesh size Az and
the time step At must be on the order of O(g). This means that Az and At should
be of the same order of the magnitude of ¢ and then the numerical solution is going
to converge. Because of this, we use the phrase “mesh strategy” to represent setting
Az = O(e) and At = O(e).

In Section 2.9, we derived the Wigner equation from the Schrodinger equation, and
we successfully developed the high efficiency scheme for solving the Wigner equation in
Section 4.2. In this section, we first verify the mesh strategy for the Schrodinger equa-
tion in the semi-classical region, then we want to duplicate this good performance to
solve the Wigner equation to overcome the mesh strategy for the Schrédinger equation

in the semi-classical region.

4.3.1 Schrodinger Equation in The Semi-classical Regime

In this section, we introduce the method [59] to solve the Schrédinger equation in the

semi-classical regime and discuss the “mesh strategy” for the solution of the Schrodinger
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equation. The Schrodinger equation can be written as:

ou e0%u i
E_ZQ@—'_EV@)U_Q te R,x €R

u(z,t =0) =up(x), x € R

(4.37)

where € € (0, 1] denotes a small semi-classical parameter (the scaled Planck’s constant).

In the absence of V(z), a solution of the Schrédinger equation can be shown as

gl
utt.) =exp (L€ - G ).

where ¢ is the wave vector. We see that u oscillates with a frequency 1/¢ in time and
space. With a small scale Planck constant, € — 0, the convergence of the wave function
is hard to achieve.

In order to overcome this problem, it is necessary to use a tiny time and space
discretization (At and Az) for small £ [68, 69]. In [59], Bao et al. used a high-order

scheme. Nevertheless, convergence analysis still confirms the mesh strategy, Eq. (4.38).
At = O(e), Az = O(e) (4.38)

Here, the author first uses Strang splitting to decompose the Schrodinger equation

into two parts:

ou 0%

and
du | V(=0 (4.40)
ot ¢ N '

Eq. (4.39) will be solved using the following steps. First, taking the Fourier trans-
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form of Eq. (4.39), we obtain:

ou(z,t) e d*u(x,t)
Z% — 7 — g
A ot "2 0 0t =

da(X, 1)
ot

- ig(if)Qﬁ(X, ) =0 (4.41)
where ¢ is the conjugate of z and

AX,1) = F{ulz,t)} = / (@, ) exp(—iXz)dx

Eq. (4.41) can be integrated in time exactly:

du(X, t)

S SGEPXH =0 = a(X,AL) = 6(X, 0)e N

Finally, u(z,t) can be found from the inverse Fourier transform of @ (X, ?):
ulw,t) = FHAX, 1)

On the other hand, the ODE, Eq. (4.40) can be rewritten as below and will be then

solved exactly:

8_5 + éV(m)at =0 = u(At) = u(0)e V@AYE

Let UF be the approximation of u(z;, ;) which is the solution at time t = t;, = nk.

From time t = t; to time t = t;.1, Eq. (4.37) can be split according to the Strang
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method:

Sk —1 €T ,k‘ .
U]E —e V( )At/2EU; , j 2071’277(M—1)
1 M/2—-1
*% —1 2 ex i (z—a -
U™ = 7 > eEAmPystemma = 0,12, (M —1), (4.42)
I=—M/2

UJkJrl — e*iV(z)At/QsU}s,**’ j= 0, 1’ 2, " (M o 1>,

where Az = (b—a)/M, M is the number of mesh subdivisions, = € [a, b] and U;E’* are

the Fourier coefficients of U®*.

4.3.2 Numerical test

In this section, we will describe the numerical solution of the Schrodinger equation
with this Strang splitting, and verify the mesh strategy, Eq. (4.38). Then, the Wigner
equation will be decomposed into two parts, also by Strang splitting. We employ the
fa2 scheme and FET/IFFT to solve the Wigner equation and we show that an improved

result can be achieved, compared to the numerical solution of the Schrodinger equation.

Example 4.3.1. The initial condition is taken as

u(z,t =0) =ui(x) = (e_25(x_0‘5)2> giletl)/e (4.43)

Let V(z) = %2 and the problem be on the interval [—2,2] with periodic boundary.

Here, we choose two different € to check the convergence rate. For each ¢, Bao et

al. [59] compute the numerical solution with a very fine mesh, Ax = and a very

_1
32768
small time step ,At = 0.00001, and refer to this as the “exact” solution, uZ,.

As shown in Tables 4.5 and 4.6, it is obvious that the error of the L?-norm converges

for the mesh strategy, At = O(e) and Az = O(g). Taking ¢ = 0.04 for example, in

Table 4.5, it is obvious that the numerical solution starts to converge at At = 0.01
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| | Ae=3 | Ax=qg | Aa=g | Ao=gp | Ao=qp
At =0.16 1.52x10° [ 1.14 x 1072 [ 114 x 1072 [ 1.14 x 1072 [ 1.14 x 1072
At = 0.04 153 x10° [ 7.14 x 107* [ 7.08 x 10~* | 7.08 x 10~* [ 7.08 x 10~*
At =0.01 1.53x10° [ 1.12x 107* [ 423 x 107° [ 423 x 107° [ 4.23 x 10~°
At = 0.0025 1.53 x 10° [ 1.04 x 107* | 2.76 x 107% | 2.76 x 1076 | 2.76 x 1076
At = 0.000625 || 1.53 x 10° | 1.04 x 107* | 1.73 x 1077 | 1.73 x 107" | 1.73 x 10~ "

Table 4.5: The Schrodinger equation simulation in the semi-classical regime.

The

table reports the relative L? norm of the error in the position density at the final time

(t = 0.64) and £ = 0.04, with respect to a reference solution. |

’ A;U:6i4 Am:% \szﬁlﬂ\Aazzwl%
At =0.16 141 x10° [ 1.99 x 1072 [ 1.99 x 1072 | 1.99 x 102
At = 0.04 141 x10° [ 1.28 x 1073 [ 1.28 x 1073 | 1.28 x 1073
At =0.01 141 x10° [ 7.73x107° [ 7.73 x 10°° | 7.73 x 10~°
At = 0.0025 1.41 x 10° [ 4.83 x 1076 [ 4.83 x 1076 | 4.83 x 1076
At = 0.000625 || 1.41 x 10° | 3.02 x 1077 | 3.02 x 1077 | 3.02 x 10~

Table 4.6: The Schrodinger equation simulation in the semi-classical regime. The
table reports the relative L? norm of the error in the position density at the final time
(t =0.64) and ¢ = 0.0025, with respect to a reference solution. [59]

and Az = 1/64 and they are of the same order of magnitude of ¢ = 0.04. Here, the

L?-norm is defined as:

sV 2o(Error(z)?) x Az

Error(xz) = |n(x) — ne(x)°], L* = 4.44
() = () — o), 12 = VIR Pl
where n(x,t) can be defined by the wave function as follows [59, 70]:

n(x,t) = |u€(x,t)]2 (4.45)

In Section 4.2.1, the results show excellent performance when solving the Wigner
equation, because we can get the same error using coarser meshes. This means the
f22 scheme can achieve convergence rapidly, and then the error does not decrease

when the number of mesh divisions increases. Because the Wigner equation can be
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derived from the Schrédinger equation using the Wigner transform [70], we want to
use this advantage to solve the Wigner equation by using the same initial condition as
Example 4.3.2 without a converging mesh strategy, At = O(g) and Az = O(e).
Before solving the Wigner equation, it is necessary to get the initial condition for
the Wigner equation from the Fourier transform of the density matrix, Eq. (2.9). The

initial condition for the Wigner equation is as follows:

o112
flz,v,t=0) = L 16750(170'5)267(50;2)

507 h

For the Schrédinger equation, u(x,t)® only has one space variable, x. But, for the
Wigner equation, f(z,v,t) has two space variables, = and v. Therefore, when we solve
the Wigner equation, we need to decide the region and mesh size of v-space first. In
order to decide the mesh size, we can plot the initial condition for the position density,
n(x,t) from the wave function and the Wigner function to compare them. We let
Ny (z,t) be n(x,t) from the wave function and n,;(z,t) be n(z,t) from the Wigner

function.

n(z,t) = |u(z,t)]> = /f(x,v,t)dv

For an acceptable region and mesh size, their initial conditions, n,(z,t) and n.;(z,t),
must be identical. The mesh size is important for solving the Wigner equation. If the
mesh size is too big, the initial conditions for two functions may be quite different and
will cause different final results. Therefore, we need to decide the biggest mesh size
according to the initial conditions. From Fig. 4.6, it is obvious that for a smaller ¢,
the initial condition f(x,v,0) is less smooth in v-space. This is because f(z,v,0) is a
d-function in v-space when ¢ — 0, so f(z,v,0) is sharper in v-space when ¢ becomes
smaller.

Because f(z,v,0) is sharper in v-space for smaller €, we need to use a smaller Av
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Figure 4.6: The initial condition of the Wigner function. The distribution density,
f(z,v,t = 0) for different €. (a) e = 0.04, (b) e = 0.0025

for a smaller € to get the same initial solution of the position density. Comparing
Fig. 4.7 with Fig. 4.8, we can find that we can use a larger Av to get the same initial

solution of the position density for a larger €.

(a) (b)
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Figure 4.7: The initial condition of the Wigner function. The position density, n(z,t =
0), for different mesh size Az = 1/16 (¢ = 0.04). (a) Av=1/4, (b) Av=1/16

As for the region, because we use the Fourier transform and fss scheme to solve
the Wigner equation, it is necessary to make sure that the distribution, f(z,v,t), is

periodic in z and v-space. We need to choose a large enough region for v-space and
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Figure 4.8: The initial condition of the Wigner function. The position density, n(x,t =
0), for different mesh size Az = 1/128 (¢ = 0.0025). (a) Av =1/32, (b) Av = 1/256

f(z,v,t) must be almost zero at the boundary at any time.

| | Av=g [ Bo=g [ Ao=g [ Av= g |
At =016 788 % 103 | 788 x 10 % | 788 x 10 % | 7.88 x 10 °
At = 0.0 191 x 107 | 491 x 107 | 491 x 101 | 491 x 10~
At = 0.01 3.07x 1075 | 3.07x 105 | 3.07 x 105 | 3.07 x 107
Al=00025 | 2.04x10° | 2.06 x 107 | 2.06 x 107 | 2.06 x 10°°
Al =0.000625 | 6.75 x 107 | 6.79 x 107 | 6.79 x 107 | 6.78 x 10~

Table 4.7: The Wigner equation simulation in the semi-classical regime. The table
reports the relative L? norm of the error in the position density at the final time
(t =0.64) and € = 0.04, with respect to a reference solution.

| | Ao=g | Ax=g [ Az=gp | Az=gp |
At =0.16 125 x 1072138 x 1072 [ 1.38 x 1072 [ 1.38 x 1072
At = 0.04 3.92 x 1073 | 8.61 x 107* | 8.61 x 10~* | 8.61 x 10~*
At = 0.01 478 x 1072 | 5.36 x 107° | 5.38 x 107" | 5.38 x 10~°
At = 0.0025 3.89 x 1073 [ 3.76 x 1076 [ 3.36 x 10°° | 3.36 x 10~
At = 0.000625 || 3.67 x 1072 [ 1.69 x 107° | 2.10 x 107 | 2.10 x 1077

Table 4.8: The Wigner equation simulation in the semi-classical regime. The table
reports the relative L? norm of the error in the position density at the final time
(t =0.64) and € = 0.0025, with respect to a reference solution.

From Table 4.7, the result shows good performance because the error can be con-
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trolled at bigger Az. For the present scheme, when Az and Av are smaller than 1/16,
the error is not going to decrease and achieves convergence. Comparing with the result,
in Table 4.5 [59], we can use a bigger Az and the error is of the same order as their
result. Here, the L2-norm is also calculated using Eq. (4.44), but n(z,t) is calculated

as follows:

n(:t:,t):/f(x,v,t)dv (4.46)

Again, in Table 4.8, when Ax and Awv are smaller than 1/128, the error is not going
to decrease and achieves convergence. It is an improvement over than the result in

Table 4.6, as we can use bigger Az and the error is of the same order.

4.4 Vlasov equation with discontinuous potentials

In this section, we use our AHOCS method to study the Vlasov equation with a dis-
continuous potential. This problem arises in the phase space description of geometrical
optics [71-75]. Due to the discontinuous potential, where the L'norm convergence rate
for the finite difference method applied to the linear advection problem is at most order
one half. Hence, we want to solve the Vlasov equation with a discontinuous potential
to achieve a higher order of convergence than the estimated theory, where the L!'-norm
is at most halfth order by using the finite difference method.

In section 4.1, we discussed the AHOCS for the constant advection equation. The

AHOCS also can be applied to the Vlasov equation, Eq. (4.47) [51].

of af dvof

where f(t,z,v) is the density distribution of a classical particle at position x, time ¢
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and velocity v. V(x) is the potential. The Vlasov equation is a different formulation

of Newton’s second law [70]:

dx dv dV
oy — = 4.4
it~ dt  de (4.48)
which is a Hamiltonian system with the Hamiltonian:
Lo
H = —jv|* 4+ V(z). (4.49)

2

When V (z) is smooth, the initial value problem of Eq. (4.48) is well-posed. However,
when the potential V' is discontinuous, its derivative, dV//dz, will be infinite at the point
of discontinuity. Therefore, it is impossible to solve the differential equation, or Eq.
(4.47), at that point.

In order to solve the Vlasov equation with discontinuous potentials, it is necessary to
introduce an interface condition. The discontinuities in the potential correspond to po-
tential barriers, at which incoming waves can be partially transmitted and reflected [77].
Then, the interface condition, which includes both reflection and transmission, lets us
solve the differential equation with an infinite discontinuity point.

To describe the reflection/transmission at the potential barrier, we introduce two
possible cases (total reflection and total transmission) and then derive the interface
condition [78, 79]. Let a particle have momentum, p > 0, and meet a potential barrier

at r = X, as shown in Fig. 4.9:

e Total reflection:
If the particle does not have enough energy to overcome the potential barrier,
then the particle is going to reflect at * = X; with a momentum —p. Hence,

the density distribution f, f(X;,—p), after reflecting having entered with an
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Transmitted wave

>

~€
Reflected wave

Figure 4.9: The particle is incident on the potential barrier. One condition leads to
reflection and another condition to transmission.

incident momentum p is Eq. (4.50).

f(Xg,—p) = f(Xg,p) (4.50)

where ‘—' means the left limit of the potential barrier.

e Total transmission:
If the particle has enough energy to overcome the potential barrier, then the
particle is going to transmit through z = X, and reach z = X;. For this

case, a particle is shown leaving of the interface r = X; with a momentum p*,

where p* = /p?+ 2V~ —2V+. Hence, the density distribution f, f(X],p*),
after transmitting having entered with an incident momentum p is f(X;,p*) =

f(X,,p), where ‘+' means the right limit of the potential barrier.
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In order to obtain the general form of the interface condition including the partial
reflection and partial transmission, we try to impose that the density distribution
after transmission has the same form as the reflection, f(X,, —p), in Fig. 4.10 (a).

This means we need to find an incident momentum —p* and transmitted momen-

tum —p, according to Hamiltonian preservation, p* = —y/(—p)2 + 2V~ — 2V,
in Fig. 4.10 (b). Hence, the density distribution f after transmitting having

entered with an incident momentum —p* is Eq. (4.51).

f(Xy,—p) = f(X],—p") (4.51)

Finally, we combine the results above and write the interface condition in the following

general way:

f(Xg,—p) = Rp)f(Xg,p) +Tp) (XS, —p") (4.52)

It is obvious that Eq. (4.52) becomes Eq. (4.50) and Eq. (4.51) under total reflection
(R =1) and total transmission (7" = 1), respectively.
Now, the general form for the interface condition including p > 0 and p < 0 is

written as follows [78, 79]:

f(z1,p) = R(=p) f(21, —p) + T(=p) f(x2, pzy(p)), p <O

f(z2,p) = R(=p) f(w2, —p) + T(=p) f(x1,pz,(p)), p >0

(4.53)

where p,(p) = —/p* +2Vi — 2V3 and pq, (p) = /p? — 2V1 + 2V5.

4.4.1 First Order in Classical Mechanics

Here, we first provide the details for the classical situation. In classical mechanics, a
particle will either be reflected (R = 1) or cross the potential barrier (R = 0). In

this section, we first introduce the method which looks back from a final cell to an
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Figure 4.10: (a) Reflection: the particle with incident momentum p is reflected with
momentum —p, (b) Transmission: the particle with incident momentum —p* is trans-
mitted with momentum —p.

interpolated initial cell in [76]. Then, in order to employ the AHOCS on the equation
to achieve the higher order, we introduce how the CS can look forward from an initial
cell to several final cells.

If a particle has enough energy to overcome the height of the potential barrier, then
this particle is going to cross the potential barrier with a changed momentum. During
this process, the Hamiltonian H = %pz + V should be preserved across the potential

barrier:

%(W)Z V= %(w)? s (4.54)

where the superscripts + indicate the right and left limits of the quantity at the po-
tential barrier, and m = 1.
The quantum case, including partial reflection and transmission, is very similar

and will be introduced later. In [76], Jin et al. first introduce the formula of classical
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mechanics for evaluating numerical fluxes of first order. In the following description, @
is the space index , j is the velocity index and k is the time index.

The semidiscrete scheme for the Vlasov equation is:

- + - +
ka f i U'fi+1/2,j - fifl/Q,j B ‘/;+1/2,g ‘/;71/2,3' fij+12 — fij—1/2
At J Ax Ax Av

=0 (4.55)

!/

The superscripts ‘+' and ‘—' mean the right and left limit, respectively. Assume the

potential barrier is at z;_1/ for v; > 0 and 2,44/, for v; <O0.
In [76], the main goal is to obtain fiv1y0; for v; < 0 and It "y forv; > 0in
Eq. (4.55). Once f,,; and fir "1, are known, we can put them into Eq. (4.55)

fk+1

to get the updated density Here, we take two types of potential and v; > 0

for example. The case for v; can be treated similarly and the detailed algorithm is

described in Algorithm 3: .
e Continuous potential in Fig. 4.11 (a):

\/VJr =V" for v; > 0:

—1/2,j —1/2,j

f;rl 125 = fi,; using the upwind scheme.

L. ‘/itl/Q,j =V 125 = f —1/2,5 — fi_—1/2,j

2. fi_—1/2j = fi—1,; using the upwind scheme.
3. Finally, f* 125 = = fi—1

4. Eq. (4.55) can be rewritten:

k+1 _ k k
f +U‘fz‘,j_ i-Li _ g
At J Ax
or
v; At vjAt

fzkjl = ffj(l - f —-1j =

A:E)



98

- +
Vi+1/2,j_vi—1/2,j

= = 0 if the discontinuous barrier is only at = =

where

Ti—1/2-
e Discontinuous potential:

v V+ > V= for v; > 0:

-1/2,5 —-1/2,5

fix12; = fi using the upwind scheme.
* Reflection, Fig. 4.11 (b):

1. Compute f;", Ja,; according to the interface condition, Eq. (4.53):

+ _ ot — .
Jil10y = Jis1jom Where vy, = —v;.
+ o . .
2. filijom = fi.m using the upwind scheme.

3. Finally, f© 12 = = fim

4. Eq. (4.55) can be rewritten:

k+1 k
N

J _
NN
or
v; At v; At
fk+1—f (1_ ij) ] fzm:o

« Transmission, Fig. 4.11 (c):

1. Compute the transmitted velocity, v

= \/ v;)2 +2(V, 1/2 ‘/;:1/2), where v, < v~ < v, for some

2. Compute f;", J,; according to the interface condition, Eq. (4.53):

_ Um41—U"

+ - _—Um -
fi—1/2,j = 7 Av fi—1/2,m + % A: fi—1/2,m+1

3. f¢:1/2 = fi—1,m and f¢i1/2 ma1 = Ji—1,mt1 using the upwind scheme.

4. Finally, f;* 125 = e fi tm + R fiotm
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5. Eq. (4.55) can be rewritten:

ka k:] +U‘fm’ vmﬂ—vfz 1m + * Avmfl Lm+l _ o
At J Ax
or
At v At (v VT — v
k+1 _ 1_UJ J m+1 — . m o —0
f ,]( Azx )+ Azx ( Av fz 1,m Av fz—l,m-i—l)

In order to combine the present higher order scheme and achieve mass conservation,
it is necessary to update the density or distribution function by following the initial
cells. We used the MC to denote the moving cell as mentioned in Section 3.3. As a
result, we are tracking the MC to see where it is going. At the end of the time step,
the particles in the MC are remapped back onto the overlapped fixed cells according
to the remapping rule [18]. The remapping rule for a continuous potential barrier is

shown in Fig. 4.12 and Eq. (4.56).

An; = j{ nyc(x)dr = nMc(x)}{ dx = nycVe,nme = NucF; (4.56)
c,NnMC C;NMC

Here, we are assuming that n;¢ is constant in the MC and the symbol V' is used to
denote the volumes, and F; is called the overlapping fraction. Therefore, in Fig. 4.12,
Uy is the fraction, Uy = Z—A;, and v is the velocity of the MC. At the end of the time step
(tr+1 = tp + At), the particles in the MC (f; ;) are remapped back onto the overlapped
fixed cells according to the remapping rule for v > 0 or v < 0.

Next, we introduce the two cases for a discontinuous potential barrier from classical
mechanics. The first case has V* > V= in Fig. 4.13 (a), while the second case has
V* <V~ in Fig. 4.13 (b). Here, we only consider v; > 0. The case of v; < 0 is treated

similarly. It should be noted that v; is the center velocity of the initial cell.
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Algorithm 3 The detailed algorithm to generate the numerical flux is given below.
The superscripts ‘+" and ‘—" mean the right and left limit, respectively. [70]

1: v; > 0 and potential barrier is at x;_/2: f;_ 12 = = fi—1

oV ip= V+1/2
fitl/Q,j = fi—1/2,j = fi-1-
o Viiip < Vi —1/2°

— Compute the incident velocity, v

= \/ vj) 1/2 V;leﬂ), where v,, < v~ < v, for some integer

— Use the interface condition to compute f 1/2,5°
+ __ v +1 v Um
i—1/2,5 = fz 1,m + fl 1,m+1

* Vz’:1/2 > ‘/it1/2:

— Compute the incident velocity, v

v = \/(vj)2 —2(ViZy ) — V:l/z), where v, < v7 < Uy,41 for some integer

1. v < \/2 Vi — V.fl/2): Reflection
— Use the interface condition to compute f 1/2,5°
fit1/2,j = fim where v,, = —v;.

2. 05> \/2 Vil — V.fl/z): Transmission

— Use the interface condition to compute f 1/2,5°

fit1/2,j = vm+1 L fz 1m+ Av .fz 1,m+1
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2: v; < 0 and and potential barrier is at ;41 /s: fi++1/2,j = fit1

o V.. . =V"

it1/2 = Vit1/et
frivms = I
i+1/2, i+1/2,5°
- + .
¢ Vi+1/2 < Vi+1/2'
— Compute the incident velocity, v*:

vt = _\/(”j)z - Q(Vzil/z — V1), where vy, < v < vy for some

integer m.

1. v; < \/Q(Viil/2 — V1)t Reflection

— Use the interface condition to compute f

i+1/2,j°
fi:rl/zj = fit1,m Where v,, = —v;.

2. v > \/2(v;1 1o — Vi71»): Transmission

7

— Use the interface condition to compute [, PYE
_ —_oT +
_ Um+41—v VT —Um
fitrpe; = " ae fivvm + =5 fivtmtn

- + .
o Vi > Vil

— Compute the incident velocity, v*:

vt = _\/(Uj)2 - 2(‘/;11/2 = Vii1y2)s where vy, <o < wp,qq for some m.

— Use the interface condition to compute f;_, Jaj

_ ot +
_ Um41—0 v —v
fi+1/27j = Ty Jivim + S fiimen
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When the MC crosses the discontinuous potential, we track the two faces (top
and bottom) of the MC in velocity space, v, and vy, to find the fraction accurately
according to the Hamiltonian preserving scheme in Eq. (4.54). After crossing the
discontinuous potential, these two faces of the MC are going to new positions, vj,,
and v} ,, respectively. Again, at the end of the time step, the particles in the MC are
remapped back onto the overlapped fixed cells according to the remapping rule [18].

As shown in Fig. 4.14, we classify the final position of the MC faces into the following

two situations:

e v, and vy, are in the same cell, as shown in Fig. 4.14 (a):
The fraction Uy of particles in the MC crossing the potential barrier go to that

cell.

e v;,, and v, are not in the same cell, as shown in Fig. 4.14 (b). There are two

methods to remap the particles as below:

— Method 1: We divide the velocity between v;,, and vy, into N uniform
divisions. Then, the new position of these divisions after crossing the barrier
can be found from Eq. (4.54). Again, the density in each division can be
remapped onto the overlapped fixed cell using the usual remapping rule, in
Fig. 4.15 (a).

— Method 2: We choose the values of v; and vy so that their transmitted
velocities, v and vy, are at velocity grid points between vj,, and vj,,. Then,

the density in each division can be remapped onto the overlapped fixed cell

using the usual remapping rule.
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The detailed algorithm 4 is described as follows. Here, we focus on the initial
position of f; ; and v; > 0. As for the case where v;,, and v}, are not in the same cell,
we only show the algorithm and results for method 1 because method 1 and method
2 give similar results. The case of v; < 0 is treated similarly. There are two types of

potential which a particle encounters:
e Continuous potential in Fig. 4.16(a):

v v; > 0: f;; goes to (i +1,7) and (1, 7).

v v; < 0: f;; goes to (i —1,7) and (7, 7).
e Discontinuous potential:

— Reflection in Fig. 4.16 (b):
fij is going to (i, —j).

— Transmission in Fig. 4.16 (c):
v v, >0: fi; goes to (i +1,m).
v v; < 0: f;; goes to (i —1,m).

Uy, may not be a grid point, v, < v, < v,41 for some p and m.

When we use the initial cells and track their final position, we can apply the
higher order CS on the discontinuous potential with quantum effects. In the next
Section 4.4.1.1, the numerical results are shown for these two schemes first. Later, we

will show the algorithm and results that include quantum effects and are higher order.

4.4.1.1 Numerical test

In this section, we present a numerical example which was already used in [76]. The

scheme is described in Algorithm 3. As mentioned before, the scheme described in [76]
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Algorithm 4 The detailed algorithm of CS on the discontinuous potential (classical
mechanics), vj(v; > 0) is the initial velocity, vipp = v; + Av/2, Vpor = v; — Av/2 and

’Uéop = \/Utop + 2(‘/111/2 %11/2)7 Ubot = \/Ubot + 2(‘/;11/2 ‘/'Lil/Q)

1: Compute the Courant parameter: Uy = v;At/Ax.

2 Vi = Vi

e Density remap according to the fractions. Cell (i,j) remaps into cells from
(1,7) to (i—i—l j) :

AfER = Uo fF; and AfET = (1 - Uy) fE;.
3 ‘/;1/2 < VzL/z'

e Density remap according to the fractions. Cell (4,j) remaps into cells (i, j)

and (7 + 1,m) (transmission) or (7, —j) (reﬂection):

AfERL = UofE; (transmission) or AfF71 = Uy f¥; (reflection).
and
Afk+1 (1 . UO)f
L viop < v+1/2 and vper < V+1/2 Reflection
A kJrl U
2. Viop > V+1/2 and vyor > Vi1, Jo¢ Transmission

(a) vi,, and vy, are at the same cell (i + 1, m):
k+1
Af ++1 m =Uo i]fj
(b) v}, and vy, are not at same cell:

i. Divide the space between vy, and vy, into N divisions:

Vtop —Ubot
N

Vy = Vpot - > Utop

ii. Find the final position of v,:

v = \/Ub +2(V, i+1/2 V;+1/2)
iii. Remap according to remapping rule:

vy are at the cell (i +1,mq),..., cell (i + 1, my)

Afk-i-l Uof Afk‘-‘rl Uofikyj

+1, ml — +1my — N

3. Vgop > v i+1/2 and vy, < VT i1/2° partial reflection and partial transmission.

(a) Compute the rate of the particles to reflect (v < V., ) and transmit(v >

ir1/2
Vz‘+1/2)5
. V;r ~Ubot
Reflection rate: %
. . Vto: V
Transmission rate: — AU“/ 2
V'i+ —Ubot
(b) Reflection: Aka e T
v

(¢) Transmission: similar to (a) and (b), but v;,, =0
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4 Vi > Vi

e Density remap according to the fractions. Cell (4,j) remaps into cells (i, 7)

and (i + 1,m) (transmission):

AfERL = Uo fE; (transmission)

and
AfH = (1= Uo) fF,

2,J 2]

e Repeat step 2(a) (b)

focuses on the final position of the cell. Therefore, in Algorithm 3, the distribution

functions, f, are the final ones and we need to know which cells are going to that final

position. On the contrary, in Algorithm 4, the distribution functions, f, are the initial

ones and we need to know the final position the initial ones are going to.

Here, we calculate the numerical solution using these two different schemes and

verify that they give very similar results.

Example 4.4.1. A 1D problem with an exact L*-solution. Consider the 1D Vlasov

equation

fi+vfe —Vofo =0, (x,v) € [-1.5,1.5] x [~1.5,1.5]

with a discontinuous potential barrier given by

The initial data is given by

f(z,v,0) =

0.2, <0

V() =

0, >0

(
1, <0,v>0,Va2+v?2 <1
1, 2>0v<0,Va2+v?2 <1

0, otherwises;
\

(4.57)

(4.58)
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as shown in Fig. 4.18 (a). The exact solution at t = 1 is given by [70]

1, >0, v<v04, v>uz
r—V2—a?
2 )
\/0.6—1)2)
V2 +0.4
T+ V2 - 2%
2 Y

1, 220, v<0, <1, v<

L <0, v<a, v>— O.6,:L‘<(1—
flz,v,t=1)=
L, <0, v>0,z>—-1, v <

V1.4 —v?
1, >0, v> 0.4,U>1’,U<\/1.4,ZL’>(1— v)v;

V2 —-04

0, otherwises;
(4.59)

as shown in Fig. 4.18 (b).

The numerical solutions computed with a different mesh using Algorithm 3 and
Algorithm 4 are shown in Figure 4.19. They show good agreement with the exact
solution shown in Fig. 4.18. Table 4.9 compares the L!-norm of the numerical solutions
by using scheme I (Algorithm 3) and scheme II (Algorithm 4) with different meshes.
In the table, the error is the difference between the analytic and numerical solutions.

From the table, the convergence order of the numerical solutions appears to be
around 0.5 for both schemes. These results agree with well-established theory [$0].
In [76, 80, 81], the L'-norm for a finite difference scheme for a discontinuous solution
of a linear equation is at most half-order. We have found that scheme I and scheme II

have very similar results. In the next section, we will expand scheme II to include

quantum effects and to a higher order.

4.4.2 High Order Scheme in Quantum Mechanics

In this section we apply the AHOCS to the region with the continuous potential in

quantum mechanics. Then, we compare the solution which be obtained by first order
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Ny X N,y H Scheme 1 ‘ Order H Scheme 11 ‘ Order ‘

50 x 50 || 5.66 x 102 — 5.64 x 1072 —
100 x 100 || 3.99 x 1072 | 0.50 || 3.99 x 1072 | 0.50
200 x 200 || 2.86 x 1072 | 0.48 2.86 x 1073 0.48

Table 4.9: Vlasov equation with discontinuous potential (classical mechanics). The
table reports the L'-norm of the error (difference of analytic and numerical solutions)
at the final time (7" = 1), for progressively larger numbers of cells N, and N,. The
algebraic order of convergence (‘Order’ column) is calculated as the base-2 logarithm
of two successive error norms. Scheme I is using Algorithm 3 and scheme II is using
Algorithm 4.

CS to the solution gotten by AHOCS.

In classical mechanics, a particle will either be reflected (R = 1) or cross the po-
tential barrier (R = 0). If a particle has enough energy to overcome the potential
barrier, then this particle is going to cross the potential barrier with changed momen-
tum. During this process, the Hamiltonian H = %pQ + V should be preserved across
the potential barrier. On the contrary, if a particle does not have enough energy to
overcome the height of the potential barrier, then this particle is going to reflect with
the same magnitude of momentum, but changed direction.

However, in quantum mechanics, a particle actually behaving as a matter wave
has a finite probability that it will penetrate the barrier and continue its travel as a
wave on the other side. Therefore, unlike in classical mechanics where the particles are
either reflected or transmitted, in quantum mechanics the particles could be partially
transmitted and partially reflected. Because of this, the algorithm of the CS for the
discontinuous potential needs to consider the reflection and transmission at the same
time. The detailed algorithm for the first order scheme is described in Algorithm 5.

In Section 4.1, we mentioned that we can correct the position of the final cell,
so the scheme can achieve arbitrarily high order. We call this high order scheme

an foo scheme. Now, we want to use an fyo scheme on the case with discontinuous
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Algorithm 5 The detailed algorithm of CS (first order) on the discontinuous potential
(quantum mechanics). v; > 0 is the initial velocity, vigppor) = v; = Av/2 and v,

\/ top(bot) + 2(‘/14:1/2 ‘/;11/2)

1: Compute the Courant number: Uy = v;At/Ax

top(bot) —

2 Vi = Vz‘L/Q:
e Density remap according to the fractions. Cell (i,j) remaps into cells from
(1) to (i +1.5) :
AfER = Uo fF; and AfET = (1 - Uy) fE;.
3 Vigy < Vzil/z

e Density remap according to the fractions. Cell (4,j) remaps into cells (i, j)
and (i + 1,m) (transmission) or (i, —j) (reﬁection):

A iR, = UofF; (transmission) or A ka UofF; (reflection).
and
fk‘-i—l (1 _ Uo)f
L viop < V;+1/2 and vper < V+1/2 Reflection
Afk?-i—l U f
2. Viop > V;H/z and vy > VT i+1/2° Partial reflection and partial transmission

Afk—i—l ( _ UO) e

(a) vg,, and vy, are at the same cell (i + 1, m):
A Z’fjllm = T(vj)Uo fF; koand A k“ (UJ)Uof”
(b) v},, and vy, are not at same Cell.

i. Divide the space between vy, and vy, into N divisions:
_ . Utop—Ubot .
Ub = Ubot : OpN = Vtop

ii. Find the final position of v,:

vp = \/“b +2(Viiie — Viliye)

iii. Remap according to remapping rule:
vy are at the cell (i 4+ 1,mq),..., cell (i + 1, my)

A Fht _ T(w)Uoff; AfEHL T(v;)Uoff;
i+1ml N [ i+1my N
k
k+1 vy)Uof” k+1 _ RB@)Uof;
f — 5, e AfiT =
3. Viop > V+1/2 and Vpot < V;+1/2

(a) Compute the rate of the particles to reflect (v < V.1, /o) and transmit(v >

Vi)

. vt —Upot
Reflection rate: %

. . Vto V
Transmission rate: — AU“/ 2

(b) Reflection:
VT —v
k+1 k Vit1/2” Ybot

Af 7‘»] A’U

(c) Transmlsswn: similar to 2(a) and 2(b), but v;,, =0
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4: V.. . >VT

i+1/2 i+1/2 AfE = (1~ ilfj

(2

1. Density remap according to the fractions. Cell (i,7) remaps into cells (i, 7)
and (i + 1,m) (transmission) or (i, —j) (reflection):
AfERL = Uof¥; (transmission) or AfF71 = Uy f¥; (reflection).

J
2. Repeat 2(a) and 2(b)

potential. However, the fss scheme can only be used on the continuous part. For the
discontinuous boundary, we still use first order MF scheme. We hope that we can use
the higher order part in the large region to partially compensate for the low order part
in the small region.

In order to use a higher order scheme, it is necessary to use [U f};] from Eq. (4.20)
to replace the [Upff,] in Algorithm 5. The detailed algorithm for the CS (high order)

with a discontinuous potential is described in Algorithm 6.

4.4.2.1 Reflection and Transmission

As mentioned before, it is necessary to calculate of the reflection coefficient and trans-
mission coefficient.
For a time-independent potential, the wavefunction can be factorized as ¥(z,t) =
e~ "Bt/M) where Y (z) is obtained from the Schrédinger equation,
h? d?
—5- o3 T V()| v(x) = Ev(z), (4.60)

2m dx?

and where F/ denotes the energy of the particles. Consider the influence of a potential
step on the propagation of a beam of particles. A beam of particles with kinetic
energy, £ = p?/2m, moving from left to right is incident on a potential step of height

Vo at position z = 0. If the beam has unit amplitude, the reflected and transmitted
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Algorithm 6 The detailed algorithm of CS (High order) on the discontinuous potential
(quantum mechanics). v;(v; > 0) is the initial velocity, vioppory = v; £ Av/2 and

Ugop(bot) = \/ top(bot) + 2(%11/2 ‘/;11/2)

1: Given a higher order correction, [U f]}; = min(max(0,T;),n}), from Eq. (4.20)
2 V.o ,=V"

i+1/2 = Vigi/ot

e Density remap according to the fractions. Cell (i,j) remaps into cells from
(i.d) to (i+1,j) :
AfERy = [UfIE; and AfFT = £ = U1
3: Vit < Vit

e Density remap according to the fractions. Cell (7, ;) remaps into cells (i, j)
and (i 4+ 1, m) (transmission) or (i, —j) (reflection):

Af]fllm = [U f]}; (transmission) or Afffjl = [Uf]}; (reflection).
and
A5 = 75 - UA1E.

1. Vtop < V+1/2 and Vot < V
A= (U7,

2. Vyop > V+1/2 and vpy > VT
Sl = 1 - A
(a) vi,, and vy, are at the same cell (i + 1, m):

Afi, = T)UfIE; and AfF*F = R(v))[Uf]E;

(b) v}, and vy, are not at same cell:

12" Reflection

12" Partial reflection and partial transmission

i. Divide the space between vy, and vy, into N divisions:

Vtop —Vpot .
N

Vy = Vpot - - Utop

ii. Find the final position of vj:
vh = \/Ul? +2(Vip — VzL/z)

iii. Remap according to remappmg rule:
vy are at the cell (i +1,mq),..., cell (i 4+ 1, my)

Aka _ TUSE, Afkﬂ ACHIske

+1,ml = N +lmy — N
k+1 _ R)WUSIE, k+1 _ R@)WUSIE,

AA-——] ]...AA-——’N 4

3. Viop > V+1/2 and vpy < Vzﬂ/2
(a) Compute the rate of the particles to reflect (v < V*

i+1/2
+
‘/z+1/2)

) and transmit(v >

+
Vili/2 Voot
Av
Utop V

Av

Reflection rate:

Transmission rate: it+1/2

(b) Reflection:
z —Ubot
AfL = U

(¢) Transmission: snnilar to 2(a) and 2(b), but v;,, =0
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4 Vi > Vit

5 Afit = fl - UL,
1. Density remap according to the fractions. Cell (7, j) remaps into cells (i, 7)
and (i 4+ 1, m) (transmission) or (i, —j) (reflection):
AfERL = [UfE; (transmission) or AffTT = [Uf], (reflection).

i+1,m 2,=J

2. Repeat 2(a) and 2(b)

amplitudes are set by R and T. The corresponding wavefunction is given by

w(x) _ emlw/h_f_,re—inl;t/h’ <0

Y(x) = te™ M 2 >0

where k1 = \/p? and ko = \/p? — 2mVj.

Assuming E > Vj and applying the continuity conditions ¢ and di/dx at the step
(z = 0), one obtains the relations 1 + R = T and iki(1 — R) = i,T leading to the

reflection and transmission amplitudes

. — . 2
R i (4.61)
K1 + Ko K1+ Ko
The reflection, R, and transmission, 7', are defined as
R = |R?| (,@1—%2)2 T = (o )| 7] = 2 (4.62)
e = s = K K = —F. .
K1+ Ko 2 (k1 + /42)2

For B < Vi, ky = \/p? — 2mVjy = iks becomes pure imaginary. The wavefunction,
Y(x) = te2/h = tef22/h decays evanescently. Because kg is pure imaginary, the

reflection (R) is described by Eq. (4.63) and the beam is completely reflected from the

R=| = (Kl _ZkQ) ("1“]{2) —1, T=0. (4.63)

K1+ Zk?g K1 — ZI{TQ

barrier.
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Similarly, the reflection and transmission of a beam of particles moving from left

to right can be described by the symmetric model, and we obtain

2
Ko — K1 41'411'%2
R:r2:<—> T = (ko /K|t = —————. 4.64
= (2 (o)) = 02 (4.64)

where k1 = /p? and ko = \/p? — 2mVj.

Here, the reflection and transmission by the step potential were described in terms
of velocity. From classical mechanics, the Hamiltonian remains constant across the
potential barrier. Therefore, if a beam is moving from right to left or from left to
right, and the potential is like that in Fig. 4.20, then the relationship between the
incident velocity v; and the transmitted velocity v; can be obtained according to the

Hamiltonian-preserving schemes as follows:

v +0 = v + 2mVjp; a beam move from right to left

(4.65)
v? +2mVy = v? + 0; a beam move from left to right

As mentioned above, k1 = \/F and ko = \/m. Now, if a beam is moving
from right to left, then p in k; and ko are incident momenta. As for a beam which
is moving from left to right, p in k; and ks are transmitted momenta. Finally, the
reflection and transmission coefficients of a beam can be expressed in terms of these

momenta (or velocities):

2

i 4v;

R:(v ) L= o (4.66)
U + vy (v; + vy)

4.4.2.2 Numerical tests

The purpose of this section is to verify the AHOCS for solving the Vlasov equation

with a discontinuous potential in quantum mechanics.
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Example 4.4.1. Vlasov equation with step function:

fi+vfe —=Vofyo =0, (z,v) € [-1,1] x [-3, 3] (4.67)

with a discontinuous potential barrier given by

0, z<0
Vi(z) =
0.5, >0
The initial data is given by
(2 — x0)? (p — po)?
0) — > Y 7 4.68
f(@,p,0) 2ﬁazapexp( 207 ) exp( 207 ) (4.68)
with o, = 0, = 0.05, zg = —0.5, and py = 1. The exact solution is given as follows

letting Q(t) = {(z,p)|z < 0 and x — pt <0, orz > 0 and x — pt > 0} [70].

f(x —pt,p,0); (z,p) € Q1)
flz,p,t) = q (4.69)
T(p) - f(}‘f —qt,q,0) + R(p) - f(—x + pt, —p,0); otherwise

Here p is the transmitted velocity and ¢ is the incident velocity. In Section 4.4.2.1,
we derived the reflection and transmission coefficients from [70] in terms of incident
velocity and transmitted velocity in Eq. (4.66) and Fig. 4.21.

As we mentioned in Section 4.4.1, Jin et al. [70] focuses on the final position of the
cell. Therefore, T" and R in Eq. (4.69) are both functions of the transmitted velocity,

p. Therefore, we need to write ¢ as a function of p [70].
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From Eq. (4.66) and Eq. (4.70), the reflection coefficient is given by

qg=+/p*>+1, for p >0,

(4.70)
qg=—vp*—1, for p <O0.
From Eq. (4.66) and Eq. (4.70), the reflection coefficient is given by
2 1 2
(=) oo
p p
Rip) = (71)

[ \ =P =T+
Note that when p € [—1,0], ¢ is imaginary and R = 1. Finally, we can get T according
to the equation "= 1 — R from Eq. (4.71).

Once we get R(p) and T'(p), we can put them into Eq. (4.69) to obtain the exact
solution, in Fig. 4.22.

However, in Algorithm 5 and in 6, we need to track the initial cells and see where
they are. Therefore, 7" and R need to be functions of the incident velocity, q. Conse-

quently, we also need to write p as a function of g.

p=+/q¢*>—1, for ¢ >0,
p=—V¢+1, for g <O0.

(4.72)

Again, from Eq. (4.66) and Eq. (4.72), the reflection coefficient is given by

( q—vV¢—1 i -0
grveE-1) T

R(p) = ) (4.73)
(ﬁ_ vq+1> i<,
| \e—Ve+1) 7
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Note that when ¢ € [0,1], p is imaginary and R = 1. R(q) and T(q) are shown in
Fig. 4.23.

The final solutions obtained with the low and high order CS scheme are compared
with the exact solution in Fig. 4.24. From the Figure, it is obvious that the high order
scheme provides better agreement with the exact solution than the low order scheme.
Table 4.10 shows the L'-norm. We find that if we did not do any modification of the
CS, it is a first order scheme. Therefore, the result of the low order scheme is limited by
the discontinuous potential and the order is less than one. On the other hand, when we
apply the high order CS to the continuous potential region, although the discontinuous
barrier is still only handled to first order, the other high order part can compensate
for the first order part to improve the overall order. Therefore, the order can surpass
the estimated theory which applies to the finite difference method. In addition, we see
that the error for the high order scheme is also more than 10 times less than the error

for the low order scheme.

’ N, X N, H Low order ‘ Order H High order ‘ Order ‘

200 x 200 || 4.11 x 1071 — 6.56 x 1072 —
400 x 400 || 2.67 x 1071 | 0.62 2.04 x 1072 1.68
800 x 800 || 1.52 x 1071 | 0.81 9.95 x 1073 1.04
1600 x 1600 | 8.55 x 1072 | 0.83 3.83 x 1072 1.38

Table 4.10: Vlasov equation with discontinuous potential (quantum mechanics) for the
Example 4.4.1. The table reports the L'-norm of the error (difference of analytic and
numerical solutions) at the final time (7" = 1), for progressively larger numbers of cells
N, and N,. The algebraic order of convergence (‘Order’ column) is calculated as the
base-2 logarithm of two successive error norms. The low order scheme uses Algorithm
5 and the high order scheme uses Algorithm 6.
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Figure 4.11: Tllustration of how the method of characteristics (MOC) is applied at
the boundary; In [76], the MOC looks back to several initial cells.(a) For continuous
potential, velocity does not change during the advection step. The distribution function
fijatt =to+Atis from f; j and f;_q ; or from f; ; and fi11; at ¢ = ¢y. For discontinuous
potential, a boundary condition is used to change velocity at the boundary, = = z,.
(b)Reflection: the distribution function f;; at t = t, + At is from f_;; at t = to, (c)
Transmission: the final distribution function f; ; at t = ¢ty + At is from f;_; ,,, or from
Jivim at t = to.
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Figure 4.12: Ballistic operator of the moving cell for both v > 0 and v < 0. The
left frame shows the initial positions of two MCs. The right frame shows the densities
reallocated to cells, according to the remapping rule.

v>0 v>0

A 4
Y

v<0 v<0

(@) (b)

Figure 4.13: Discontinuous potential barrier. (a) V= < V*, (b) V= > V. Here, the
superscripts ‘4’ and ‘-’ mean the right and left limit of the barrier, z,.
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Figure 4.14: Ballistic operator of the moving cell across the discontinuous potential
barrier (V= < V). (a) both the velocity faces of the initial cell go to the same cell,
(b) the velocity faces of the initial cell go to different cells. The superscripts ‘4’ and
‘> mean the right and left limit of the barrier, x,.

top top

<
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bot bot

A 4

Y

(a) (b)

Figure 4.15: vgop and v}, are the transmitted velocities corresponding to vy, and vpe. If
Vyop and vy, are not in the same cell, there are two methods to deal with the remapping
rule: (a) Method 1, the initial cell is divided into many smaller cells which are remapped
separately;(b) Method 2, velocities (such as v; and vs) are found within the initial cell
which map onto velocity cell boundaries at the final location. The initial cell is split,
at vy and vy, into new cells which are remapped separately. The superscripts ‘+’ and
‘> mean the right and left limit of the barrier, x4.
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Figure 4.16: Illustration of how the method of characteristics (MOC) is applied at the
boundary; a MOC such as the CS looks forward from an initial cell to several final
cells.(a) For the continuous potential, the initial distribution function f; ; goes to (7, j)
and (i + 1,7) or to (7,7) and (i — 1, 7). For the discontinuous potential the boundary
is at © = x4, (b) Reflection: the initial distribution function f;; goes to (i, —j), (c)
Transmission: the initial distribution function f;; goes to (i + 1,m) or to (i — 1,m).
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Figure 4.17: Illustration of how the method of characteristics (MOC) is applied at the
boundary; a MOC such as the CS looks forward from an initial cell to several final cells.
(a) some particles can transmit across the barrier, while some particles are reflected,
(b) particles do not have enough energy to cross the barrier, they are reflected, (c)
particles have enough energy to cross the barrier, they are transmitted.
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(a) Initial solution (b) Exact solution

1 1
1 0.8 1 0.8
0.6 0.6

>

04 0.4
0.2 0.2

-1 -05 0 0.5 1 0 -1 -05 0 0.5 1 0

X X

Figure 4.18: Vlasov equation with discontinuous potential (classical mechanics). The
figure shows the (a) initial condition, and (b) exact solution of the density distribution
for N, = N, = 200

(a) Numerical Solution (b) Numerical Solution-CS

-1 -05 0 05 1 -1 -05 0 05 1
X X

Figure 4.19: Vlasov equation with discontinuous potential (classical mechanics). The

numerical solution for two algorithms for the Example 4.4.1. (a) Algorithm 3, and (b)

Algorithm 4, for the numerical example in section 4.4.1.1. N, = N, = 200
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Figure 4.20: A schematic representation of a potential step, particles are moving from
right to left and from left to right.
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Figure 4.21: The reflection coefficient (R) and transmission coefficient (7") for the
Example 4.4.1. R and T are functions of transmitted velocity, p.
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Figure 4.22: Vlasov equation with discontinuous potential (quantum mechanics). The
figure shows the (a) initial condition, and (b) exact solution of the position density.
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Figure 4.23: The reflection coefficient (R) and transmission coefficient (7") for the
Example 4.4.1. R and T are functions of incident velocity, ¢
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Figure 4.24: Vlasov equation with discontinuous potential (quantum mechanics). The
final solutions obtained with the low and high order CS scheme are compared with the
exact solution.
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4.5 Summary

In this chapter, we mainly discussed the arbitrarily high order CS (fy2 scheme) as
developed for the constant advection equation and its applications. The fy9 scheme
has many desirable properties: it is efficient and conservative, it preserves positivity
and has low phase-error. When we use the fo5 scheme to solve the constant advection
equation, machine precision can be reached very quickly.

We used this scheme on the Wigner equation and the Vlasov equation with a dis-
continuous potential, where we also got good performance. For the Wigner equation,
the results show better efficiency because the method did not require the “mesh strat-
egy”, At = O(e) and Az = O(e). This means that we can use a bigger mesh to get
the same results as the reference paper.

As for the Vlasov equation with discontinuous potential, we used the fos scheme
for updating the density for the region with continuous potential and used the first
order MF scheme to deal with the discontinuous potential region. Although it is only
first order at the boundary, the high order can compensate to some extent for this low
order. Accordingly, we can get higher order, compared to the theoretical limit and

smaller error for the same number of subdivisions.



125

Chapter 5

Conclusion

In the past the Convected scheme had been mainly employed to solve the continu-
ity equation and the Boltzmann equation and further applied in many fields, such
as plasma and semiconductors. The CS provides exact automatic conservation and
positivity preservation, and it is not restricted by the CFL limit. In this work, we im-
proved the CS to obtain higher order accuracy, in the case where the advection velocity
is variable. We then applied the CS to solve the plasma breakdown problem which is
an important and difficult engineering task. Further, the CS had been extended to
solve other equations, such as the Wigner equation, which has widely been used in
modeling semiconductor nano-structures, and the Vlasov equation with a discontinu-
ous potential which can be applied in geometrical optics. The new versions of the CS
allow us to solve the appropriate equations and obtain good results.

The CS is used to solve by envisaging a moving-cell (MC) and the moving cell is of
two different types:

1) one can move the midpoint of the cell (Moving Midpoint, MM), with each face
having the same velocity, or

2) one can move the faces of the cell (Moving Face, MF), the two spatial faces of a
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cell being moved independently.

Here, our first contribution was to develop an efficient MF scheme with high order
accuracy. For this newly developed MF scheme, there is no CFL limit. This means
that we can simulate with a bigger Courant number (C' 2 1) to increase efficiency.
Moreover, when we use the high order MF scheme, it gives third order accuracy in the
advection equation. Further, when the high order MF scheme with high order splitting
is used, third or higher order accuracy can be obtained in breakdown simulations.

Next, an arbitrarily high order fs;-scheme was employed for solving the constant
advection equation. The Wigner equation can be split into a constant advection equa-
tion and a pseudo-differential operator. In this thesis, we take advantage of this high
order scheme to solve the Wigner equation with FFT/IFFT. Because the fys-scheme
can reach machine precision rapidly, when we employ this scheme to solve the Wigner
equation for quantum plasma and in a semi-classical region (with a scale for which
Planck’s constant ¢ is small), we can also get good performance. We were able to use
a bigger mesh to obtain the same error scale as the smaller mesh, and thereby achieve
high efficiency.

Later, the fys-scheme was used on the Vlasov equation with a discontinuous po-
tential. In the past, the convergence rate, using the finite difference method to solve
with a discontinuous potential was limited to 0.5. Here, we used the fss-scheme on the
continuous part and the MF scheme for the discontinuous part to solve the discontin-
uous potential case. The convergence rate is higher than the theoretical limit of 0.5
applicable to solving the advection equation with the finite difference method, and the
error for the high order scheme is also more than 10 times less than the error for the

low order finite difference method.
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Appendix A

Fourier Filter for the spectral-CS

In Section4.1, the spectral CS is used to find the high order corrections by using
FFT/IFFT to find the high order derivatives. In order to obtain a stable numerical
scheme, we multiply the Fourier spectrum of the high-order corrections by the Fourier
spectrum of the regularized Shannon kernel (RSK) described in [51, 82]:

_ sin(7X) X?

K(ZE) = Texp(—@), XeR (Al)

The filter has nothing to do with the dimension of the domain, because it is based on
a regularization of the Shannon kernel, which is for an infinite domain. We can just
imagine a function of an arbitrary variable X on an infinite domain.

Now, because of the exponential, this function will decrease very fast toward plus
and minus infinity, and therefore we can consider a small interval. Here, the interval
is symmetric interval [—-W, W] where W = 90 and o = 4.

Further, since K(X) is band-limited, with a Fourier spectrum contained between
—m and 7, we can recover its spectrum using a sampling interval of 1. But, K(X) is
zero at all integer values of X, therefore we sample it at half-integer values instead,

suchain:i—i-%WithiEN.
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After computing the discrete Fourier transform of 2IW sample by K(X), we can
obtain the K, € R of the 2 Fourier modes. Finally, for a given &, and K,, we can

find the K (€Az) by using a cubic spline over the whole internal [—7, 7).
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Appendix B

Poisson solver 1

Section 4.1, the spectral CS is to find the high order corrections by using FFT/IFFT
when the space domain is periodic. Since the domain is periodic and the mesh is
uniform, this is also called pseudo-spectral Fourier method[33]. Here, we can use the

same method to solve the Poisson equation, Eq. (B.1)

OF _ 4 ), 2 €la], (B.1)

% n €0
For the sake of brevity, we refer the right hand side of Eq. (B.1) as the net charge

density p(z), Eq. (B.3).
OE

P p(x), z € [a,b], (B.2)

In the following description, both the spatial index ¢ and frequency index r range from

0 to (N,—1), where NN, is the number of mesh subdivisions. E(x)(or E;) and p(z)(or p;)
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are approximated by the trigonometric polynomials Er(z) and pr(x).

| Nl (Nad N
Erp(x) = N Z { Z Eiw_w}wwv

T r=0 r=0
1 Ng—1 , No—1 (B'B)
prta) = 3 - { X o fur,

Since the mesh is uniform, the coefficients of the trigonometric polynomials can be
obtained by the discrete Fourier transform (DFT) of the grid values. Moreover, the
scalar quantity w := exp(27j/N,) represents the N,-th primitive root of unity. The

detailed algorithm is as follows:

1. Take the Fourier transform on Eq. (B.3)
oF .
F— = = A r E’I‘ - Ar
{ e p(ﬂf)} (J&) p
Here, &, is the Fourier conjugate of z, E, = F{E;} and p, = F{p;}.

2nr/L; for r < N, /2,
& = ;L= (b—a),
27(r — N,)/L; otherwise.

2. Computer the discrete Fourier transform of {p;} using an FFT algorithm
Ny—1

pr = Z piwiir
=0

3. Computer the Fourier coefficients of the electric field according to the following

equation:
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4. Computer the inverse discrete Fourier transform of { £, } using an IFFT algorithm

1 Nz—1 . '
E; = A ZO E,w™
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Appendix C

Poisson solver 2

In this section, we describe how to accurately solve the Poisson equation in Sec-
tion 3.2.1:
OE ¢

% - ;(ne - ni): (Cl)

In order to have a compact expression, we define ¢; = %(ne — n;). The first spatial
derivative of the electric field is computed by taking with a fourth-order accuracy

backward finite difference [31]:

(%i) = B(i) +aE(i — 1) + a3 E(i = 2) + aaB(i = 3) + as B(i — 4), (C.2)

__ 25 _ —4 _ 3 _ -4 _ 1 —
where a; = m,ag— Az az = Az Ay = 3AL’ a5 = 1Az and a)+ag+as+ a4+ as = 1.

Therefore, the Poisson equation can be rewritten this form:

a1 E(i) + ayB(i — 1) + asE(i — 2) + asE(i — 3) + as E(i — 4) = q,(i) (C.3)
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Eq. (C.3) can be written in discrete form:

a1 E(5) + a2 E(4) + a3E(3) + a4 E(2) + as E(1) = q:(5)

a1 E(6) + a2 E(5) + asE(4) + a4 E(3) + asE(2) = ¢,(6)

B —1)+aE(i—2)+aE(i—3)+aE(l—4)+asE(i —5) =q(i — 1)

a1 E() +aE(i — 1)+ asE (i —2) + a4 E(i — 3) + as E(i — 4) = ¢(4)

Adding the right hand side and left hand side of Eq. (C.4) respectively and using

a1+ as +az + a4 + a5 = 1, we can get

- (llE(4> - (CLl + GQ)E(3) + (CL4 + (15)E(2> + CL5E(1) + alE(z) + (CLl + CLQ)E(Z — 1)

— (a4 +a5)E(i — 2) —as E(i — 3) = Q(i),
(C.5)

where Q(7) = ¢:(5) + q:(6) + ... + ¢:(i — 1) + ¢ (7). Here, we assume E(1), E(2), E(3)
and E(4) are constant and Q(1), Q(2), @Q(3) and Q(4) are zero. We thus have an
alternative form of the equation, in terms of the total charge Q(7).

For the corrections to the velocity, n,/n and n,,/n which will be approximated
using the finite difference expressions and are discretized as:

(), -2 co

n/ 20 ny

and

<nm> 4 g — 2040
n /ux; N Az? i1 + 2711 + N1
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Appendix D

Poisson solver 3

Here, we are introducing a Poisson solver based on the Simpson’s rule. The backward
differentiation formula (BDF) is a family of implicit methods for the numerical inte-
gration of ordinary differential equations. Now, we are applying the 4th-order BDF,

which is a multi-step method used for integrating in time stiff ODEs of this form:

dy

In our case we are simply doing a quadrature, because our equation is in the form

P — L) — o) D.1)

Again, in order to have a compact expression, we define ¢;(z) = £ (n.(x) —n;(z)). and

Eq. (D.1) can be rewritten as a definite integral:
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In order to compute the integral of ¢;(x) on a uniform domain one can use the so-called
Newton-Cotes formulas, the most famous of which are the trapezoidal rule (2-nd order)
and the Simpson’s rule (4-th order). Here, E(0) = E,,,. and we apply the trapezoidal

rule for F(Ax) and the Simpson’s rule for the rest points:

E(A2) = BO) + 5 (0 = 0) + g.(A0));

and

E(x+ Azx) = E(z) + %{qt(x + Azx) + 4qt(%) + qt(x)}, x> Ax.

where qt(%) can be obtained according to cubic interpolation:

Ax

5 ) = (—qi(x + 2A7) + 9q;(x + Azx) + 9gqi(x) — ¢ (x — Az))/16;

@
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