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Abstract

We discuss the numerical solution of the Vlasov-Poisson-Fokker-Planck (VPFP) equation in the context
of accelerator physics. Our experiments focus on the single particle type case, which is useful in study-
ing intrabeam scattering. The theory and algorithms, however, are derived for the more general case
with multiple species of particles, so that applications in the simulation of electron cooling, for example,
are also possible.

We first review the derivation of the VPFP equation and the associated stochastic differential equations,
after which we formulate a particle-in-cell algorithm to solve them. Our experiments are carried out
with a one-dimensional restriction of the model, and their results are promissing enough to warrant
implementation and investigation of a three dimensional version. We show that the choice of boundary
conditions is of particular interest.
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Introduction

In this thesis we will discuss the numerical solution of the Vlasov-Poisson-Fokker-Planck (VPFP) equa-
tion in the context of accelerator physics, using stochastic differential equations.

There are approximately 30000 particle accelerators in use around the world today. Most of these
accelerators are used for medical and industrial purposes, for example as radiotherapy accelerators or
as ion implanters, which are used for semiconductor device fabrication. The most famous accelera-
tors however are the high energy accelerators used for high energy physics research, such as the Large
Hadron Collider (LHC) at CERN and the Relativistic Heavy Ion Collider (RHIC) at Brookhaven Na-
tional Laboratory. These high energy accelerators are built to discover more about particle physics, but
in doing so they push back the frontiers of science and technology, leading to advances in various areas.

One of the effects present in accelerators is the so-called intrabeam scattering (IBS), which is the
name for the effects of Coulomb scattering within the beam. Since the beam in an accelerator typically
consists of many charged particles with the same charge there will be a Coulomb repulsion between the
particles. This interaction can be modelled as collisions between the particles, which mostly happen at
large impact parameterﬂ causing only a small deflection per collision. These collisions will however
add up and cause the beam to widen over time, which decreases the intensity of the beam, which is
disadvantageous for the experiments that typically occur at large accelerators.

However, we need not only consider the collisions, but also the mean force field caused by all the
other particles. An equation that describes both of these will be derived in the first chapter, which we
will use to simulate IBS. Coulomb collisions are also important in various other areas of physics, most
notably plasma physics. In this paper we will look at the presented equations relating to accelerator
physics, but it may be interesting to bear in mind that it may be relevant in other fields as well.

We will mostly consider IBS in our simulation, but we will also briefly discuss the application of
the presented work to electron cooling. Electron cooling is a method to decrease velocity deviations in
an ion beam, by sending an electron beam though it. Since it is quite easy to make an electron beam
with low velocity deviations, one can send such a beam though a section of the ion ring, keeping new
electrons coming in and continually extracting the old ones out. The electrons and the ions will then
interact through the Coulomb interaction, and tend towards a near-thermal equilibrium state, in which
the velocity deviations of the ions are lowered. So even though electron cooling and IBS have opposite
effects on the ion beam, the underlying physics is similar, and both can be described by the equations
used in this thesis.

Calculating the behaviour of a charged particle beam is essentially a many-body problem with
Coulomb forces between the particles. This problem is hard to solve exactly, because the number of
forces grows as the square of the number of particles. Hence an approximation or computational ap-
proach is in order for the high particle numbers associated with beam physics.

Some exact approximations for the growth rate of the beam size due to IBS have been developed,
however most of these assume that it is independent of position and that the beam has a certain dis-
tribution. These conditions are often not fulfilled in the actual situation, so that these exact methods
can only provide estimates. To gain a better understanding of IBS, and in the future possibly electron
cooling, it is therefore useful to examine the general case. Due to the computational intensity of this
problem one needs to use a computer to do so.

For a charged particle beam we do not have the full conditions (the exact location and velocity of
each particle) available, but rather an initial distribution for the positions and velocities of the particles.

IThe impact parameter in scattering theory signifies the distance from the scattering target to the line through the incoming
particle spanned by its initial velocity.



Moreover, one is also typically interested in the final distribution of the particles, and not in the exact
position or velocity of any particular particle. Therefore it is natural to make a continuum approxima-
tion of the beam and look at the evolution of this distribution.

In Chapter 1 we will introduce such a description of the beam and show the derivation of the VPFP
equation which describes the evolution of the beam. Since this equation is hard to solve in its original
form we will formulate a system of stochastic differential equations (SDEs) whose solution will lead to
the solution of the original equation. These SDEs describe the evolution of the position and velocity
of a test particle in our beam. By tracking the evolution of many test particles and looking at their
distribution, we will find the distribution we were looking for. The advantage of the SDE description
compared to the original many-body problem is that the number of test particles need not be as big as
the physical number of particles, and that it can be implemented such that the calculation time is linear
in the number of test particles, instead of quadratic in the number of particles.

In Chapter 2 we describe an algorithm, which is a so-called particle-in-cell method, that solves the
system of SDEs. This algorithm keeps track of the positions and velocities of the particles, but also uses a
grid to represent continuous quantities such as the density. Forces at particle positions are extrapolated
from the continuous force fields and using these forces we change the particle coordinates and thus the
particle distribution, after which the continuous quantities are re-calculated.

In Chapter 3 we test a one-dimensional version of the algorithm we described. We notice that the
algorithm converges to a steady state, given the right boundary conditions, and we investigate the
influence of several parameters on the precise final state. These experiments show good convergence
upon increasing the numerical resolution. Finally we suggest a few adaptations to this algorithm for
further research into the numerical simulation of ion beams.



Chapter 1

Theory

When we look at an ion beam, we will make the approximation that all particles (of the same type) are
equivalent and independent. Since particles in an ion beam typically undergo a lot of small angle de-
flections the correlations between particles is small and this approximation is indeed valid. This allows
us to describe the (perceived continuous) density of the ion beam in terms of the single particle proba-
bility density function, and hence to describe the evolution of the beam by calculating the evolution of
the single particle distributions.

In order to describe the evolution of the single particle distribution, we need not only take the ex-
ternal forces into account, but also the forces of the other particles on the particle of interest. This can
be achieved by using the Vlasov-Poisson-Fokker-Planck (VPFP) equation derived in [2]. We will review
the derivation of this equation below, in a slightly more general form than we will use, allowing for
multiple species of particles. Even though we will only describe an algorithm for a single particle type,
the existence of the equations for multiple particle types gives us the option of expanding the algorithm
in the future. Such an extended algorithm would then not only be able to describe an ion beam, but also
electron cooling, for example.

From the single particle type Fokker-Planck equation we proceed to a system of stochastic differen-
tial equations (SDE’s) as in [_3]]. It is this system of SDE’s upon which we will base the algorithm that we
develop in the next chapter.

1.1 Basic equations

Following [2]], we define a phase-space domain D in which particles of several species move and we
assume their motions to be uncorrelated. The particles of species « have mass m, and charge ¢,. Further
we introduce a probability density function f,, normalized such that

Na:/ fa('r,v)d?’rd?"u,
D

where N, is the number of particles of species a in the domain, r is the spatial vector and v is the

velocity vector, so that f, represents the number of particles of type a per unit phase-space volume.
The Boltzmann equation, which describes the statistical behaviour of a thermodynamic system not

in thermodynamic equilibrium, states that the change of the particle distribution functions is given by

Ofa Ofa | F 0fa _ (0fa
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where the force F' = Fe + Fin¢ includes both the external force Fey and the self generated mean field
space charge force Fns = —V ¢ which can be obtained from the Poisson equation

v2o(r) = -20 ) :an/fa(r,v) v,

€0



The quantity (0 f,/0t)n represents the change in the distribution function due to collisions and needs
to be specified further.

The appropriate Fokker-Planck equation for the rate of change of f, due to collisions (in Cartesian
coordinates) is [4]

Ofa 0 1 92 '
( ot )coll B _87’0 . (fa<AU>a) + im ’ (fa<A’UA’UT>a), (12)

where (Av), is the average increment per unit time of the velocity of a particle of type a. This equation
is actually an approximation in which terms of higher order in Av are neglected, but we will justify this
approximation in Section

1.2 Collision kinematics

We will now take a look at the kinematics of an elastic collision between a particle of type a with
velocity v, before the collision and v, after the collision and a particle of type b with velocity v, before
the collision and ¥y, after the collision. Due to conservation of momentum we can express the velocity
V of the center of mass in two ways

MaVq + MpUp o maﬁa + mb'ﬁb

Mg + Mp Mg + Mp

We now introduce the relative velocities u = v, — vp and @ = 9, — U and notice that we may write

V=V 4 —" 4 and B,=V+—"" 4

Mg + My Mg + My
which means that the change in particle a’s velocity Av = ¥4 — v, is related to the change in relative
velocity Au = @ — u by

my

Av = Au. (1.3)

Mg + My

We will make use of this fact in order to calculate (Av), and (AvAvT),.
If we now look at energy conservation in the frame moving with velocity V' we see that

Mal[va = VI* +mpllve = VI[? = mallta — V| +my|d — VI
2 2 2 2
my mq my Mq ~
My || ————u b = Mg||——— my || —————u
Mg + Mp me + My Mg + My Mg + Mp
lul* =[],

Which means that the relative velocity may only be rotated, not rescaled. In order to simplify the
upcomming equations we will now introduce a local Cartesian coordinate system with basis vectors
e, e5, e5 which is related to the fixed system e4, ez, e by

u ez Xu ez Xu ’

= — e,: = e:elxe,, 1.4:
W 2T ey xu] T @r e BT xe (14
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In the local system we see that there must exist angles 6 € [0, 27) and ¢ € [0, 7) such that

ucos(0) u —2usin?(0/2)
Au=a—u= | usin(f)cos(p) = B = | wusin(f)cos(¢)
usin(0) sin(¢) /) 0/, usin(f) sin(¢) / |



This expression can be used to calculate (Av), and (AvAwv),, since they are by definitiorﬂ equal to
(Av), = Z/fb(r, vb)/uAv oap(u, 2) dQ doy

(AvAv Z/fb r vb)/uA'uA'u ap(u, Q) dQ doy,

where o denotes the differential scattering cross section for the Coulomb force

daqb 1
a ) Q) = )
Iar(u, ) (87Teomabu2 > sin®(6/2)

in which mq, = mems/(mge + my) is the reduced mass of the particles. We will perform the calculation
by first calculating

{Au}q, = /uAu oap(u, ) dQ

{AuAuT},, = / u AulAu” o4 (u, Q) dQ,

in the local coordinate system. We can then perform the coordinate change and use Equation (1.3), after
which only the velocity integral remains.

1.3 Calculation of the Fokker-Planck coefficients

We now see that in the local system

2 —25in?(0/2)
{Au}q = (8 Galb ) / / sin(6) cos(¢) sin(6) d¢ d6,
TEQMabU sin’ 0/2 sin(0) sin(g)
SO {AUQL}QZ, = {AugL}ab =0and
o 2 T 2 0/2 .
{Auip}tap = —7 (%) /0 M sin(6) d@. (1.5)

The integral in (1.5) diverges logarithmically at small angles. This divergence is caused by the long-
range nature of the Coulomb force, since small angles correspond to large impact parameters, but it can
be eliminated when we take shieldingﬂ into account. Once we introduce a minimal angle 0in, We get

4Tegmaptt dmegmaptt

{Auip Yy = 47 (qu>2 log (sin(Omin/2)) ~ —47 (”’)2 11(2/fmin )

The natural cutoff on the maximal impact parameter provided by shielding is of the order of a Debye
length

. cokp 1/2
P\ dne/T)
where kp is Boltzmann’s constant and T}, is the temperature of species a. This impact parameter corre-
sponds to an angle such that In(2/6min) = In(A). The quantity In A is called the Coulomb logarithm and

IWe will not go into the details of this definition, but some intuition for what it means can be gained from the following. For
any scattering process [ od{2 is an area, that corresponds to the area of a disk centered at the target particle such that if a particle
with relative velocity u enters this disk it will be scattered. The differential scattering cross section itself also contains information
about which part of the disk will cause which scattering angle. The quantity f,u determines how many particles of type b the
particle of type a will encounter, so that [ f, u 045 dS2 will give the scattering rate.

2The long-range effects of the Coulomb force are suppressed by the flow of the other particles in response to the electric field
of the particle of interest. This reduces the effective interaction at long distances to the mean field interaction, which we had
already taken into account. Hence we get a maximal impact parameter, and thus a minimal scattering angle, for the collisions.



its insensitivity to the precise value of u (it scales as In(u)) allows us to use the common approximation
In(A) ~ 10. Note that since In(A) > 1 and since any term higher than second order in Av will not
contain In(A), the neglect of those terms in the Fokker-Planck Equation was indeed justified.

Now for the second order terms we find that

{Au;rAujrtay =0 fori# j,

’m sin*(0/2) daq ?
9 —4 3 qaqb / / Sll’l =4 aib
H{Beuaz) Yop = du (87T€0mab sin®(0/2) sin(0) dg df = dmu dmegmapu

{(Ausr)®Yap =u3( Qo ) / /% bmsm ‘;‘72(@ sin(6) dg dg

S8megmapu?
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8megMaptt 0 sin*(6/2)
_ qaqb . T
= 7u (47T€omabu> [cos(6) 4 4 log(sin(6/2))];

We make use of the minimal scattering angle once more to find

4TeEgMaptl 4Tegmaptt

{(Ausr)?Yap = —4mu (‘J%)Q log ($in(min/2)) ~ 47u (‘““’)2 In(A).

And similarly we find

2
{(Augr)?}ap ~ dmu <qaqb> In(A).

dmegmeaptt

Since these last two contain a factor In(A), the size of {(Au;1,)?}4s is an order of magnitude smaller,
motivating the approximation of Rosenbluth et al.

{(AulL)2}ab = O

If we now combine these with equations (1.3) and (1.4) we find that
{A’Ui}ab = m zj:ei . ej{AujL}ab

2
:_mabei.uh( qa g )IH(A)
u

Mg Amegmaptt

_ (QaQb)Q ln(A)uL
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2,2
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Obtaining the latter expression requires a long calculation, which can be found in Appendix
If we now introduce the shorthand

_ dq
r, = In(A),
4me3m? n(A)

and we recall that u = (3, (vai — vsi)?)/2, we see that we may write

2 2 2
{Av}y =T, e (qb) 9L favadTy=T, <%) 0
Map
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1.4 Resulting equations

Now it is clear that

(Av), = Z/fb(ra'vb){Av}ab d*vp = Fa%7 (1.6)
b a

and

T d%g
a 1.7
(AvAv'), =T, , (1.7)

where

e = e () e

b

2
=2 (Qb) /fb(?“,f)) lv — o[l .
y \da
Lastly we define

oh,
v’
0 99a
dvdv
which are known as the dynamic friction coefficient and the diffusion coefficient respectively. Now we

can combine equations (L.I) and (L.2) with equations (1.6) and (1.7) to get the complete Fokker-Planck
equation for the evolution of our system

Fda = Fa

D,=T,

0fa Ofs F 0f, 0 1 02
: = —— (f,Fga) + = ——

o T or Tme oo o T T o5,
In this thesis we will only treat the case where there is a single species of particles, with distribution

f, mass m and charge ¢. In this case the equations simplify to the VPFP equation we will use,

: (faDa)'

of of | F 0of 0 1 92 .
a0 o T ae - ow VT 5505, D) (1.8)
where
F(r7'U) = Fext + Fing = Foxt — qV¢7 (19)
Fy(r,v) = F%, (1.10)
82
D(r,v) = 8118'0 (1.11)
in which
__d -
= Imdm 5 In(A), In(A) =~ 10, (1.12)
) =2 [ 1 e —v|| 1
gro)= [ fr )0 - 5] . (1.14)
V26(r) = p(r) (1.15)
= q/f (r,v) (1.16)



Lastly we note that the integrals 4 and g do in fact converge, even though that may not seem obvious
at first glance. The convergence of g becomes clear if we keep in mind that in any situation of physical
relevance f is a bounded function which will either have a bounded support in ¥ or it will decay
exponentially at large values of ©. The convergence of (it looks like there might be a problem around
v = ¥) becomes more clear if we first perform a change of variables to w = v — ¥ and then change to
polar coordinates:

h(r,v) :2/ GNP

o]

f(?",’U—’LU):;
=2 | BTy
2/ fwi ¢

B oo T 2”f(r,v—w) 5 .
72/0 /0 /0 W sin(¢) df d¢ dw

If we take into account the properties for physically relevant functions f, as we did for g, we do
indeed see that h will converge as well.

1.5 Elliptic description

It is interesting to note that i and g can also be described by elliptic equations. Calculating the deriva-
tives of equations (1.13) and (1.14) will show that

2
V2h, = —ag 3 M T <Z”> folr,v),
b

my a

2
V2V2g, = 8rY (Zb) fy(r ).
b a

These equations give us an alternative way to calculate h and g, namely through a Poisson equation.
These equations are also the reason that i and g are often referred to as the Rosenbluth potentials.

In the next chapter we shall formulate two versions of our algorithm, one using this elliptic descrip-
tion and the other using the integro-differential description of the previous section. Note that in the
special case where there is only one type of charged particle the equations simplify somewhat, and the
expressions are related by

2 2 o2
Voh =V,Vig,
so that, with the right boundary conditions, g satisfies the Poisson equation
2
Viog=nh,

which reduces the computational cost of this approach.

1.6 Recasting the problem
Using It6’s Lemma it can be shown that the VPFP equation (1.8) describes the evolution of the proba-

bility density function of the following system of stochastic (multiplicative noise) differential equations
(SDEs)

dr =vdt,
dv = <fn + Fd> dt + Q- dW, (1.17)

where dW (¢) are Gaussian random variables with

(dwi(®)) =0,



(dWi(t) dW;(t')) = dij 6(t —t')

and the matrix @ is such that QQT = D. The system will often be a family of systems, indexed
by a set of matrices @ with the desired property. Theorem proves that such a matrix Q always
exists and that it does not matter which one we choose if we look at weak convergence only. For more
information about SDEs we refer the reader to Appendix[A]

By equivalence we mean here that when we would take an infinite collection of particles with po-
sitions and velocities initialized according to the distribution 3; fo(r, v) and let those particles evolve
according to then the distribution will evolve according to (1.8). It is important to note that, even
though the statistical properties of the particle ensemble would correspond to the statistical properties
of the physical system, the particles themselves are not guaranteed to behave in the same way as the
physical particles.

The fact that we are only interested in the statistical behaviour, and not in the paths themselves,
implies for our numerical experiments that we are only interested in weak convergence, and not strong
convergence. This in turn means that we are indeed free to choose any matrix @ such that QQ” = D.

Lemma 1.6.1 The matrix D defined in Equation (1.11)) is positive semi-definite.

Proof First note that 47;’2%;2)\ is a non-negative scalar, that f is a non-negative scalar function and that
Zm

R e e
Ovdv v -3 vliv )’

where I denotes the 3 x 3 identity matrix. Being a positive scalar multiple of a projection matrix, this
matrix is positive semi-definite. Now we see that

4 2

: T ne : T _ 0 ~\ 13~

min - Dxr =2———A\ min x T, v—v|d’vx
{zeR? | ||z|=1} Are3m?” {ack? | |a||=1} /f( )81:81;” I

4 82

2

— L : ~ T = 3 ~
=2 A min /f('r,'u)a: avav”” Bz d’0

Are3m? " {ack? | |a||=1}

> 2 net ,\/f(r D) i x’ 0 v — 3| = d*o
—s min —

~ Tdmeim? " zeR? | |z|=1} Ovdv

> 0.

So we see that D is indeed positive semi-definite.

X

Theorem 1.6.2 There always exists a matrix Q such that QQ™ = D and if there exists more than one such ma-
trix, any choice will yield the same solution of (1.17), where 'same’ should be interpreted in the weak convergence
sense.

Proof Since D is a real symmetric matrix and thus there exists a decomposition D = U XU with U
unitary and ¥ diagonal. The matrix ¥ will contain the eigenvalues of D, which are non-negative by
Lemma so we can define £2 by taking the square root of the entries. It is easy to see that the
matrix A = UTS3U does indeed satisfy AA” = D, proving the existence of such a matrix.

Now assume that there are Q1, Q2 such that @Q1Q7 = Q2Q% = D. Then there must exist a unitary
matrix U such that Q1U = Q2. So we see that Q2 - dW (t) = Q1U - dW (¢) and since the coordinates
of dW (t) are independent and identically distributed (iid) Gaussian random variables with mean zero,
U - dW (t) has the same probability density function as dW () (as proven in Lemma [B.2.1), which
implies that Q2 - dW (t) has the same probability density function as Q1 - dW (¢). So both Q1 and Q2
yield the same solution of with regard to weak convergence, proving the theorem.

X
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1.7 Nondimensionalization

We will use a technique called nondimensionalization in order to get a better idea of the scales involved
in this problem. More about this technique can be found in [5]. We will introduce dimensional constants
that represent the characteristic scales of the problem, denoted with a subscript ¢, and nondimensional
dynamical quantities which are denoted with a subscript asterisk. We introduce the following quantities

f=fefs
t=t.t.

V = VeVy
T =TTy

W, =t/ W,
Eemt = EcEemt*
Bemt = B(:Bemt*

Which allows us to write the system (1.17) as

Vele

dr. = dt.
Te
2. .2 4
don — qBete qB.t. 00 % Bunps + revg fete Fopu + In(A) ¢* fetc Fa)dt.  (118)
mu, m €m 2m  egm? ’
In(A) ¢/ *t/”
dWe.
47 €om “am @ ¢
where
Vo, =p. = [ f.d",
Oh.,
Fyq. =
d 0V,
= [t
[[vs — U*H
Q.Qf =

81)*
%z/mm—mww

These equations allow us to make calculations using quantities that are scaled such that their rep-
resentation in a computer will be more accurate. In the numerical experiments reported in Chapter
we make no use of this, but we can still use the nondimensionalized equations to our advantage. By
choosing the characteristic values, except for the characteristic timescale, to match the test case for our
numerical experiments we will see that the natural timescales for the different processes in our equation
vary a lot. We will take a closer look at this in Section 3.1}

11



Chapter 2

The algorithm

In order to solve the system of SDEs we use a so-called particle-in-cell (PIC) method, in which
we simulate a collection of particles that indirectly represent the phase-space distribution, but we solve
the equations for the coefficients we need on a grid (the particles are not confined to gridpoints). More
about PIC methods can be found in [6} 7] and its application in plasma physics is treated in [8} 9, (10,11,
12|, [13], while some alternative methods are discussed in [14, (15,16, 17]. An outline of this procedure is
given in Algorithm

Initialize: Set the positions and velocities of the particles according to an appropriate initial
distribution.

fort=1:Tdo
Calculate f(r,v) on the grid, using the coordinates of the particles
Calculate F, Fy and D on the grid
Calculate F, Fy and Q at particle positions, using the values on the grid
Update the positions and velocities of the particles

Algorithm 1: A brief outline of the main program

So to summarize our approach of solving the original problem: We have gone from a particle de-
scription to a continuous one by assuming the particles are independent and identical and then con-
sidering probabilities, resulting in Equation (L.8). We then went back to a single particle equation,
with a Wiener process defined to approximate the collision statistics (Equation (1.17)). This allows us
to now go back to a particle description through discretization by particle-in-cell method, combined
with employing Monte-Carlo sampling of the diffusion process. This chapter will give a more detailed
description of that final step.

Even though nature is three dimensional, and the derivation of the equations in the previous chapter
has made explicit use of this, we will formulate our algorithm in d dimensions. We should note that
this means that the d-dimensional model is not a model of a d-dimensional physical world, but rather
a d-dimensional mathematical extension of a physical 3-dimensional model. We do this so that we can
run our initial experiments in only one dimension, in order to have low computation times.

2.1 Nomenclature

In order to give a clear description of the algorithm we will first introduce some of the notation used in
this thesis.
We take our 2d-dimensional phase-space domain to be

D= [O’Lh] X X [O’er] X [_LvuLvl] X X [_LvdaLvd]y
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with periodic boundary conditions, for ease of computation. Periodicity in the velocity directions would
lead to nonphysical behaviour if a change between —L,, and L,, occurs. If we however take care that
the particle density tends to zero at the edges of the domain, then the particles will not experience such
transitions. In our simulations we will take care that this condition is indeed fulfilled, and since it is a
reasonable condition for physical problems it will not limit the generality of the algorithm by much.

On the domain we use a Cartesian phase-space grid, on which there are Hle N, - N,, gridpoints.
The grid spacing is

Ly,

: L, :
Ari:NTi7 Avi:NU:7 fOl‘lE{l,u-’d}a

and the gridpoints are at coordinates
(n1Ary,...,n3Arg,miAvy — Ly, , ..., m3Avs — L,,),

forn; € {0,1,...,N,, — 1} and m; € {0,1,...,N,, — 1} for each i € {1,...,d}. In cases where all
of the gridpoint-indices appear together we will use vector notation to avoid highly space-consuming
notation, so

C’n,m = Cnl,...,ng,ml ..... ms -
We will use a similar notation in sums, so for example

Ny—=1  Npy=1N, -1 Ny, —

ZZZZZ

n1=0 nqg=0 mi;=0 mqg=0
In cases where we only need a spatial grid we use the natural choice of gridpoints
(nlAThngATg,ngA?“g) fornl- e {0717"’7NT7‘, —1},

and we make a similar choice in the case where only a velocity grid is needed.
Lastly, we denote the phase-space coordinates of our Nsim simulated particles by

( k) r;k), ,vgk),vék),vgk)) €D forallk € {1,2,..., Nsm}-

2.2 Translating between quantities on the grid and at particle posi-
tions

As can be seen in Algorithm [I|we need to convert information about the particles to the grid and back
again several times. We will do so using linear splines which, given the grid-spacing Az are defined as

1| E| ifla] <Az
B(x) = { 0 otherwise

in one dimension and as a product of these in multiple dimensions.
This function has the convenient property that it can be used to form a partition of unity of our
(periodic) domain, namely the set

{H B(r; — n;Ar;)B(v; — m;Avy)

nl-E{0,...,Nm—1},mi6{07...,Nvi—1}}.

This allows us to approximate any function ¢(r, v) as

C(r,v) = Z (CanB —n;Ar;)B(v; — mq;Avi)> ,

n,m
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with {(n.m} some appropriate set of coefficients. Note that in this case, with linear splines, this is
equivalent to linear interpolation between the values {(n,m }-

If we have such a function defined on our grid we can evaluate it at the particle positions by sum-
ming the spline values at the particle positions with the right coefficients from the grid. Note that due
to the fact that B(z) has a small support we only need to sum over the 22¢ gridpoints surrounding
our particle, instead of all H?Il N, Ny,. This results in Algorithm [2|for the evaluation of functions on
the grid at particle positions. The algorithm is given for 2d-dimensional phase-space functions, but it
extends naturally to one on a d-dimensional (spatial or velocity) grid. In both cases the execution time
of this algorithm is O(4%d Ngim).

Function: GridToPart_2dD
Input: The particle positions {(r®), v(*))} and grid coefficients {C,, m }-
Initialize: Set the function values at particle positions {{(r*), v(*))} to zero.

for k=0: Ngm — 1 do
Find the set G of 22¢ gridpoints surrounding (r*), v(®)).
for (m,n) € G do
Cr®, v®)+ = G TTL B = nidr) Bo*) — m;Avy)

7

Algorithm 2: Algorithm for evaluating a function defined by coefficients of linear splines on the 2d-
dimensional grid at particle positions.

Going the other way around we can use the splines as well, provided there is some quantity Cé?rt
(i €0,..., Nsm — 1) that we know each of the particles to contribute to {(r, v). Examples for which such
a quantity can be found are the number density (for which we can use the number of physical particles
represented, divided by the volume of a grid cell) and the charge density (for which we can use the
amount of charge represented, divided by the volume of a grid cell). The calculation of the coefficients
on the grid is then as follows

Nym—1 d
Cnym = Z Cr(,gt HB(TEIC) — niAri)B(vgk) — m;Av;).
k=0 i=1

We have one function, p(r), which is defined on a d-dimensional grid instead of the 2d-dimensional
one. However, an exact integration of the splines will yield the same coefficients as a direct calculation
of the coefficients on the d dimensional grid, at a lower computational cost. The verification of this
equivalence can be found in Appendix

We can once again make use of the fact that the splines have a small support to construct an efficient
algorithm, like Algorithm 3} which again extends naturally to the d-dimensional case. The reason that
we still look at the surrounding gridpoints per particle, just as in Algorithm [2} instead of finding the
surrounding particles for each gridpoint, is that the former can be implemented much more efficiently.
The execution time is again O(49d Ngjny).

This way of translating between grid and particles is similar to the method used in [18] to solve
the rotating shallow water equations, which was proven lead to a convergent PIC algorithm (under
appropriate assumptions, which are slightly more strict than the conditions we are using in this thesis)
in [[19].

2.3 Calculations on the grid
The quantities Fy, D and Fp¢, which are defined by equations through (L.16), will be calculated

directly on the grid before evaluating them at the particle positions. We will describe two different
methods for these calculations.
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Function: PartToGrid_2dD
Input: The particle positions {(r*), v(*))} and particle contributions {c;’;r)t}.
Initialize: Set the grid coefficients {(p m } to zero.

fork=0: Ngm —1do
Find the set G of 22? gridpoints surrounding (r*), v(*)).

for (m,n) € G do
G = Guan [iy BT —niri) B — midswy)

Algorithm 3: Algorithm for calculating the coefficients of linear splines on the 2d-dimensional grid from
the particle positions.

2.3.1 Using Fourier transformations

The first method relies on the definition of F4 and D as a derivative of a convolution integral, which
can be written as a convolution integral itself

rv—ZI‘/f al\v || e

/f aH'U || d3~

This formulation shows that we can use FF"[F_]-based convolution in velocity-space to compute them,
which means we will compute them as

{(Fyi)nm} =2 F ! (f({fn,m})f({(;wi")m})) i€{1,2,3} VYn

a;j v )m})> i,je€{1,2,3} vn

(Psnmt =07 (F((famb -7 ({ (52

(Note that D;; needs only be calculated for i > j, because of symmetry.) However, the functions
9/0v;(1/||v||) and 92 /0v;0v;(||v]|) are ill-behaved around v = 0. Therefore they may not be well repre-
sented by the splines, which is important for accuracy.

We will take a closer look at these functions. For any open neighborhood around v = 0 the function

01w
ool ~ Tl

takes all values between positive and negative infinity, and the function

ViUj

82
:61”_
A

takes values in [—1, 1] for i # j and values in [0,1] for i = j. Therefore both functions cannot be

assigned a value at v = 0 such that they are continuous, and especially the former function will be hard
to describe using our splines. In the code we will define the function values at v = 0 to be equal to their
average over a sphere centered at that point, which is zero for the former functions and 0 or 2 for the
latter, for i # j and ¢ = j respectively.

For the calculation of the (inverse) Fourier transforms, we suggest using the FFTW library. We will
not elaborate on the theory behind those calculations here, but more information can be found in [20]
and via the FFTW homepage. Using this library we can carry out a Fourier transform on a grid with N
points in O(N log(N)) flops, regardless of the number of dimensions.

1Fast Fourier Transform.
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The calculation of Fin¢ = —q¢V ¢ is somewhat simpler. As can be seen from the definitions, we need to
solve a Poisson equation for ¢. This can efficiently be done using a Fourier transform in position-space

) =25 ({7l

€0 n? +n3 +n3

After that Fi¢ can be calculated using central finite differences on the grid.

2.3.2 Using the numerical elliptic description

The second method relies on the elliptic description of » and ¢ given in Section This description
uses Poisson equations instead of elliptic integrals. Hence we can calculate discretized versions of &
and g by solving the discretized Poisson equations. This amounts to constructing a discrete Laplace
operator, e.g. using finite differences, (using appropriate boundary conditions) and then solving the re-
sulting matrix-vector equations for h and g. After that F;; and D can simply be calculated by numerical
differentiation. Using this formalism it would be more consistent to also calculate F¢ using a discrete
Laplacian, instead of the Fourier method used in the previous subsection.

The boundary conditions for the spatial calculations are obvious: since we have a periodic domain,
the boundary conditions should be periodic. Finding good boundary conditions for the Laplacian in
velocity space is however much more complicated. In our numerical experiment we shall test two
different boundary conditions, and, as we shall see, the choice of a boundary condition has a significant
impact on the results. We will leave the question of what the ideal boundary conditions for this problem
would be unanswered, with the remark that it may be an interesting topic for further research.

The discretized Laplace operator in velocity space is a sparse Hle N,, by Hle N,, matrix with
2d + 1 nonzero entries in each row/column, so solving a discretized Poisson equation in velocity space

will take O(d [, N,,) flops. Similarly solving a spatial Poisson equation will take O(d ], N,,) flops.

24 The Cholesky decomposition

Once we know the diffusion coefficient D at the particle positions we still need to find a matrix Q such
that QQT = D. As we have seen in Section (1.6l we can make any choice for such a matrix. Here we
will choose @ such that it is lower triangular. This is called the Cholesky decomposition of D and it
can be calculated efficiently. There are several algorithms available, which can be found in [21] amongst
others. We have chosen a version that exploits the positive semi-definiteness of D, which will take O(d)
flops per matrix.

2.5 SPDE solution scheme

The simplest approach to solving (1.17) would be to use the Euler-Maruyama method. However, we
will use a slightly more sophisticated method. We use a splitting method similar to those in [22], which
consists of three types of steps, of which two are repeated to form the following ABCBA structure

A) Updater < r + vt

B) Calculate F(r), then update v < v + £ 4t

m 2"
C) Calculate Fy(r,v) and Q(r,v), then update v <— v + Fq At + Q - AW,.

B) Calculate F(r), then update v < v + £ 4t

m 2"
A) Updater «+ r + vt
Where AW, is a vector of iid Gaussians with mean zero and variance At.
Apart from the fact that it will allow us to adapt to the varying timescales later on, this scheme has

the advantage that without the C step it would be a symmetric and symplectic scheme. This means that
without the C step the scheme would be guaranteed to preserve the Hamiltonian of the system and that
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it would be time-reversible, which makes it more true to nature and guarantees that the accuracy is at
least O(At?). The C step itself is a Euler-Maruyama type step and makes the resulting scheme O(At)
nevertheless. Substituting step C' for a symmetric variant would increase the order of accuracy of the
scheme, but it would require a step that is implicit. This would require more computation time and is
not feasible with the computing power available for this thesis.

As mentioned in Section [1.7] the time scales for the different parts will differ a lot in our test case,
we will see in Section [3.1| that steps A and B involve a much quicker timescale than step C. We could
decrease the numerical time step such that it is small enough to accurately simulate the processes in
steps A and B. However, since step C' is quite expensive, this would not be very efficient. Instead we
choose to resolve the C steps with a bigger time step than the A and B steps, by increasing the number
of A and B steps per C step. Since the update in step A concerns an update of positions based only on
velocity, and vice versa for step B, it would not help to make multiple steps of type A or B consecutively.
Thus we come to a scheme of the form (AB)N«rC(BA)N«, where Nrep is an integer greater than one,
which determines how much smaller the A and B time steps are compared to the C time step. More
information on such multiple time-stepping methods can be found in [23].

2.6 The complete algorithm

This chapter has shown us the details to be implemented in each of the steps of Algorithm |1} so that
we can now extend it to a full pseudocode, which can be found as Algorithm[d] In this algorithm we
incorporate both options for the calculations on the grid, with the Fourier formalism displayed in cyan
and the discrete elliptic formalism in

We see that the type A steps take O(Nypn) flops. Type B steps take O(44dNgm + d[[°_, N,,) us-
ing the elliptical description or O(4%dNgm + (d + log(]_[gl:1 N..)) Hle N,,) flops using Fourier trans-
forms. The type C steps take O(4%d3 Ngm +d2 [[_, N, ) using the elliptical description or O(4%d3 Ny +
d? log(]_[fl:1 Ny,) H?Il N,,) flops using Fourier transforms. Overall that means that the algorithm takes
O(44dT Niep Neim + 43T N + dT Nep [To—y Ny, + d*T T, N.,) flops using the elliptical description
or O(4%dT Nyep Nsim + 4%dPT Neim + (d + log([Ty Ne))T Neep [T, Nyy + d?log(TT, No)T T, Nov)
using Fourier transforms.
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Initialize: Set the positions and velocities of the particles according to some initial distribution

and calculate F ({ <(;f ﬁ)mb fori e {1,2,3} and F ({ ((,’,,1,3,,“] m>m}> for

i,j € {1,2,3} or initialize the discretized Laplacians V2 and V2.

fort=1:Tdo
forr=1: Np do
{rt)}  {r®) 4 U(k)%}

PartToGrid_dD(p)
Calculate ¢ on the grid as:

(on} = =57 ({zmigmm } - FUonD)) or

solve V2¢(r) = */7:';)
Calculate { F,,} using central finite differences on {¢n}
fori=1:3do

GridToPart_dD(F;)

(oW}  {u®) 4 EX ALY

PartToGrid_2dD(f)
Solve V2h = —8r f(r,v) for h
Solve V2g = h for g
fori=1:ddo

Calculate Fy; on the grid as:

{(Fainan} = PF (F{fnm}) - F ({ () })) or
Fyi(r,v) = T'§ (use finite differences)
GridToPart_2dD(Fy;)
forj=1:ddo
Calculate D;; as:

{(Dinm} =TF (FUfamh) - F ({ (555 101)_1}))

q o (')‘(/ } o« e e L
Fai(r,v) =1 5005 (use finite differences)

GridToPart_2dD(D;;)
{Qij(r®, v®W)}=cholesky({Dy;(r™), v¥)})

{v®) — o®) + FP AL+ QF) - AW}

forr=1: Npp do
PartToGrid_dD(p)
Calculate ¢ on the grid as:

)= et} ) o

solve V2¢(r) = —”f:)
Calculate { F,,} using central finite differences on {¢n}
fori=1:3do

GridToPart_dD(F;)

{v®)}  {p®) 4 EZ ALy

{r(k)} < {r(k) + /U(k)%}

Algorithm 4: A more detailed pseudocode for solving our system of SDEs.
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Chapter 3

Results

In this chapter we will examine the performance of our algorithm for a simple test case. Since the
hardwareﬂ for this project is quite limited compared to the supercomputers that are usually employed
for these kinds of simulations we will simplify the problem and the algorithm slightly, and examine
whether the performance of the simple algorithm is good enough to warrant investigation of the full
algorithm with more powerful hardware.

In these experiments we will use a restriction of the equations to one dimension, without external
force, so the equation we will solve is

dr =vdt
dv = (£ + Fy) dt + QdW;

where dWW; are Gaussian random variables with (dW;) = 0 and (dW; dW/) = §(t — t') and

0
F(r,v) = Fnf = 450,

Fd(T, U) = F%,
0%g
Q(T7 U) = FWa
in which
¢
= Ircm? In(A), In(A) =~ 10,
82
wh(ra U) = _87Tf(r7v)7
84
() = ~8mf(r,v),
ok p(r)
2 olr) =27,

o1 f sy

Note that we are using the elliptic description of h and g, since a one dimensional restriction of
Equation does not converge.

We use a Matlab script to perform the calculations for this test, in which we solve the Poisson equa-
tions by solving a sparse matrix vector equation using a discretized Laplacian. This allows for a very
efficient algorithm whose cost, as we saw in the previous section, is linear in all parameters (except for
the dimension d, which we have fixed to 1 in this chapter).

1 An ASUS X7BS series laptop, with an Core i7-2630QM at 2.0 GHz and 6 GB RAM, using the Ubuntu operating system.
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Figure 3.1: The forces working on the particles, at the particle positions, in the initial time step of the
experiment of Section 3.2 using Neumann boundary conditions.

3.1 Experimental setup

We will test the algorithm using realistic parameters, based on those of LEIREI However since we are
only using a one-dimensional reduction of the equations we do not expect the results to be precisely
as in the physically relevant case. As it turns out, the dynamic friction and the diffusion coefficient are
larger than in the three dimensional case, removing the need for our parameter Niep.

The spatial domain will be one meter long and we choose a velocity domain with L, = 2.5-10° meter
per second. The initial conditions are random, with a uniform distribution along the spatial direction
and a Gaussian distribution of the velocity, with mean 0 and standard deviation 5- 10% meter per second.
The mass and charge of the particles are set to correspond to Pb>** jons and we set the physical particle
number to 1-107.

In the experiments below we expect the velocity distribution to remain Gaussian, since the solution
of the VPFP equation is proven to converge to a Gaussian velocity distribution in [24].

3.2 Influence of the numerical boundary condition

In this first experiment we use 10 gridpoints in both position and velocity space, and thus 100 points in
phase space. We use 10* numerical particles and simulate for a time of 10~° seconds using 1000 time
steps. This simulation takes approximately 1.2 minute on our test system.

The only freedom left for our algorithm now is the choice of boundary conditions in solving the
Laplace equations and carrying out finite difference differentiation. In the spatial direction we will
choose periodic boundary condition, since this is the logical choice for a (circular) one-dimensional
accelerator or storage ring. But the choice for the boundary conditions in the velocity direction is not as
straightforward. We will test two different boundary conditions, the first being a Neumann boundary
condition, which assumes the velocity derivative of functions to be zero on the edges of the velocity
domain and the second is a Dirichlet boundary condition, which assumes the function value itself to be
zero on the edges of the velocity domain.

Figures[3.T)and 3.2 show the forces that act on the particles in the initial time step for Neumann and
Dirichlet conditions respectively, these are similar to those at later time steps and thus give a good idea
of the forces throughout the simulation. The magnitudes of these forces tell us that the velocity updates
due to the mean field are approximately 106- % = 5-107% meter per second for both cases, while those
due to dynamic friction and diffusion are approximately 2-101°-10=% = 2-10% and 5-107-v/10~8 = 5-103
meter per second in the Neumann case and 5 - 10!° - 107® = 5. 10? and 1.25 - 108 - /108 = 1.24 - 10*
meter per second in the Dirichlet case. If we compare these to each other and to the standard deviation
of the velocity distribution (5 - 10° meter per second), we notice that the effects of the mean field force
are negligible, and that at this time step size the other two velocity updates are large enough to perform
accurately and probably small enough to capture the dynamics of the system. Recall that the fact that
the mean field force is negligible is by design, since we initialize with a uniform spatial density.

The results of these simulations are shown in figures [3.3| and by means of plots of the phase-
space locations of all particles and histograms of position and velocity separately, for the initial and
final configurations. The final phase-space distribution in figure seems to be a stationary state,

2The Low Energy Ion Ring (LEIR) is currently in use at CERN, as part of the Large Hadron Collider (LHC) acceleration chain.
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Figure 3.2: The forces working on the particles, at the particle positions, in the initial time step of the
experiment of Section using Dirichlet boundary conditions.
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Figure 3.3: Comparision of initial (top row) and final (bottom row) phase space locations for the exper-
iment of Section [3.2 with Neumann boundary conditions, using (from left to right) a plot of the phase
space coordinates of all particles, a histogram of the spatial positions with bin width equal to the grid
resolution, a similar histogram for velocity and a histogram of the velocities with bin with equal to a
tenth of a grid cell.

for the algorithm with Neumann boundary conditions, whereas the algorithm with Dirichlet boundary
conditions seems to have no stable state, and the velocity distribution continually widens.

Both algorithms seem to maintain the uniform spatial distribution, but the velocity distribution is
not as expected in both cases. The reason we do not obtain a stable Gaussian velocity profile lies mainly
with the diffusion coefficients, which are shown in figure We see that for the case with Neumann
boundary conditions, the diffusion coefficient is negative for large velocities. Since the dynamic friction
is a mean-reverting force which increases with increasing deviation from the mean velocity, the absence
of diffusion means that particles will not stay in the large speed areas of our phase-space domain. In the
case of Dirichlet boundary conditions though, the diffusion coefficient does not go to zero fast enough,
and the diffusion coefficient is quite large on the entire domain, which leads to too much diffusion of
the velocities.

We have seen that the problem in these algorithms is too little diffusion in one case and too much
diffusion in the other case. So even though neither choice of boundary conditoins gives the desired
result, we believe that a correct boundary condition will lead to a version of this algorithm that does
correctly maintain a Gaussian velocity profile.

In the rest of this chapter we will look at one experiment examining the distribution widening for
the Dirichlet boundary conditions and then examine the convergence behaviour of the algorithm with
Neumann boundary conditions in more detail. As we have seen, the choice of Neumann boundary
conditions for the Rosenbluth potentials leads to an evolution with steady state. We use this test case to
examine the convergence of our algorithm as a function of numerical discretization parameters.
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Figure 3.4: Comparision of initial (top row) and final (bottom row) phase space locations for the exper-
iment of Section [3.2| with Dirichlet boundary conditions, using (from left to right) a plot of the phase
space coordinates of all particles, a histogram of the spatial positions with bin width equal to the grid
resolution, a similar histogram for velocity and a histogram of the velocities with bin with equal to a
tenth of a grid cell.
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Figure 3.5: Diffusion coefficient on the grid for the experiment of Section with Neumann boundary
conditions (left) and Dirichlet boundary conditions (right). (Note the different scales.)
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Figure 3.6: The velocity distributions at various times (left) for the experiment of Section |3.3[and nor-
malized versions of those same distributions (right). The distributions are given at t = 2" - 10~% for
n=1,2,...,13 and their colors ordered from low times to high times are black, grey, pink, red, orange,
yellow, green, blue, cyan, magenta, purple, brown and light grey.

3.3 Distribution widening for Dirichlet boundary conditions

We will now investigate the widening of the distribution for the case of Dirichlet boundary conditions.
For this experiment we use a domain that is larger in the spatial and temporal directions, while keeping
the resolution the same. We choose a velocity domain with L, = 3 - 10® meters per second, still using
gridcells of 5- 10 meters per second wide and the temporal domain runs until 7’ = 2'3.107% ~ 8.2-107°
seconds, still using steps of 10~8 seconds. In order to make sure we can accurately draw the velocity
distributions we use Ngm = 10°. The results of this experiment can be seen in figure

We see that the distribution expands very rapidly at first (note that the initial distribution with a
standard deviation of 5 - 10* meters per second would hardly be noticeable in this figure), but but the
spreading rate decreases continually as time progresses. It is also interesting to note that even though
the distribution widens, it is self-similar. This implies that the Maxwellian distribution is structurally
stable but does not appear to be attracting for any finite variance under this boundary condition.

3.4 Convergence with respect to numerical particles for fixed grid

One of the parameters that most significantly influences convergence is the number of numerical par-
ticles. In the following experiment we will use the same settings as in the previous experiment, except
for the varying number of numerical particles. We then calculate the average and standard deviation of
the position and velocity distributions for ten runs of the algorithm for each of the numerical particle
numbers. The results of this experiment can be seen in figure

First of all we see that, next to the accuracy in the calculation, the particle number also influences
the accuracy of the initial condition. This is a concept one usually does not encounter, since initial
conditions are fixed. In our case however we have a fixed initial distribution, but the initial particle
coordinates are drawn randomly from this distribution, which means that the initial distribution of
the particles may not represent the initial distribution well. It is clear that increasing the number of
numerical particles greatly improves this.

We see that for small particle numbers we have large errors, especially the standard deviation of the
velocity grows too large. For somewhat larger particle numbers the errors in the standard deviation
are less pronounced and we mostly see a shift of the mean velocity. This second type of error is to be
expected, since there is no mechanism to bring back the average velocity once an error has occurredﬂ
However this effect also decreases with increased particle number.

Overall we conclude that with increasing the numerical particle number we see a clear convergence
of the mean and average of the phase-space distribution.

3To be more precise, the equation we are solving is invariant under a shift of the mean, hence when a numerical error induces
a shifted mean it will not be brought back to the original mean.
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Figure 3.7: Initial (left) and final (right) values for the mean and standard deviation of the position (top)
and velocity (bottom) for the experiment of Section[3.4} showing ten instances of the algorithm for each
of the choices of numerical particle number: 80 (red), 400 (orange), 2000 (yellow), 10000 (green), 50000
(blue), 250000 (purple).

3.5 Convergence with respect to grid resolution for fixed number of
particles

Next we will be looking at the influence of the velocity grid size on convergence. In this experiment we
once again use the same settings as in the first experiment, but now with a varying number of gridpoints
along the velocity direction. The results can be seen in figure

As expected this setting does not influence the initial distributions and does not have a significant
influence on the final spatial distribution. The impact on the final velocity distribution however is clear.
Even though the drift of the mean does not seem to be influenced, there is a clear convergence of the
standard deviation.

The reason the convergence effect is not as strong as one may hope is that while this parameter does
decrease one type of error, it increases another. The increase of the number of velocity grid points allows
for a more accurate representation of all velocity dependent quantities. However by increasing the
number of gridpoints while keeping the number of numerical particles stable we decrease the number
of particles per gridpoint, which will increase the errors due to sampling. Therefore it is important to
pay attention to the combination of velocity gridpoints and numerical particle number, if one desires to
produce a very accurate result.

We have run a similar experiment varying the number of spatial gridpoints. Results of that sim-
ulation are not displayed, since no significant difference between the different numbers of gridpoints
were observed. This is likely due to the fact that, for the scenario we are looking at, the most significant
influence on the error of the final spatial distribution is the error of the initial condition, which does not
change with the number of gridpoints.

3.6 Convergence with respect to time step size

We will now examine the the influence of the number of time steps on convergence. The results of an
experiment using the same settings as before, but with varying numbers of time steps, can be found in
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Figure 3.8: Initial (left) and final (right) values for the mean and standard deviation of the position (top)
and velocity (bottom) for the experiment of Section[3.5] showing ten instances of the algorithm for each
of the choices of the number of velocity gridpoints: 5 (red), 10 (orange), 20 (yellow), 40 (green), 80 (blue),
160 (purple).

figure It seems as though the number of time steps does not make a difference, however that just
means that the errors from different sources are more significant than those due to the number of time
steps. We have therefore repeated the experiment using N, = 160 and Npart = 320000, the results of
which can be found in figure

We see that in the latter experiment there is a clear convergence of the velocity deviations. In compar-
ing the scales between figures 8.9 and .10 we see that the changes in the number of velocity gridpoints
and the number of simulated particles have indeed reduced the differences between runs, as we would
expect from the results of previous experiments.

3.7 Discussion

In the previous paragraphs we have seen that the algorithm does indeed converge to a final state. The
results of the experiments were encouraging and warrant a more detailed analysis of the boundary
conditions on the elliptic equations for the Rosenbluth potentials. It is quite likely that this would allow
us to produce a more realistic final state, at which point a full three dimensional version of the algorithm
would be very interesting to look at.

There are also a few other adaptations that are interesting to investigate, most notably different ini-
tializations and nonuniform grids. We have seen that, depending on the number of numerical particles,
the initial distribution of the numerical particles may differ from the initial distribution we want to
use. This particular effect could be almost entirely eliminated by a non-random initialization that is
constructed to represent the distribution as well as possible. However, the resulting higher accuracy of
such a highly structured initial condition would be misleading, and may be lost over time. Furthermore
the induced symmetries of such an initial condition can lead to nongeneric behaviour. So it would be
interesting use a compromise between representing the initial distribution well and making sure the nu-
merical particles are not too correlated. Generating an initial condition using pseudorandom sampling
would lead to more efficient sampling and a more uniform temporal error growth. A brief discussion
of this topic can be found in [25].
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Figure 3.9: Initial (left) and final (right) values for the mean and standard deviation of the position (top)
and velocity (bottom) for the experiment of Section 3.6, showing ten instances of the algorithm for each
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Using nonuniform grids may help with better accuracy in representing nonuniform distributions,
effectively allowing for the use of fewer gridpoints for the same accuracy. This may be very beneficial
for the running time required, especially in a three dimensional version. Hence further research into
both of these adaptations could prove most useful.

A final adaptation that will prove to be important for a three-dimensional version of the algorithm
is parallelization. It will be of importance in keeping the computation time low enough while using
parameters that grant high enough precision. The method of parallelizing described in [3] will work
for the algorithm described in this paper and it has been shown to work well.

In summary we have seen that the PIC algorithm we have designed using the SDE description of
a plasma works well, and with some adaptation may provide useful results for the simulation of ion
beams.
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Appendix A

Stochastic differential equations

In order to rigorously define stochastic differential equations (SDEs) and their accompanying theory,
one needs concepts from advanced probability that go beyond the scope of this thesis. However one
can get a basic understanding of SDEs using little more than the basic concepts of probability and
deterministic differential equations. Simply put an SDE is a differential equation in which at least one
of the terms is a stochastic process, making the solution a stochastic process as well. We will give a short
introduction below, but for readers who want to know more a good introduction to the numerical side
of SDEs is given by Higham in [26] and an extensive treatment of the theory can be found in [27].

A.1 The standard Wiener process

Most SDEs (including the one used in this thesis) make use of what is often called the ‘derivative” of
the standard Wiener process (also known as Brownian motion). The standard Wiener process itself is
defined as a stochastic process {W,; | 0 < ¢ < T'} such that

i) Wo =0,

ii) for any 0 < s < ¢t < T the increment W; — Wj is a Gaussian random variable with mean 0 and
variance t — s,

iif) forany 0 < s <t <wu < v < T the increments W, — W, and W,, — W, are independent,
iv) W, is continuous with respect to ¢, with probability one.

It can be shown that W, is non-differentiable almost everywhere, but (somewhat informally) one does
often denote the quantity dW; in differential equations, since integration with respect to W; is in fact
well defined. For all practical purposes we can regard dW; as

th = Wt-‘rdt — Wt = é-t dt, where <£t> =0and <§t€t’> = (5(t — t/)

A.2 Stochastic integration

Just as with regular integration, a stochastic integral can be seen as the limit of Riemann sums. However,
in the stochastic case one needs to be a bit more careful. The It6 integral (which we will use) defines the

stochastic integral fOT f(t) dW; as the limit as At — 0 of
N-1

> h(t;)(Wi,,, = Wy,), wheret; = jAt.

J
=0

The different choice of Riemann sum

Ny
Z h (32]+1) (Wi, o, —Ws,), wheret; = jAL,
=0

28



which for deterministic integrals would yield the same result, gives us the Stratonovich integral, which
is generally different from the Ito integral.

Note however that the freedom to ‘choose” a specific Riemann sum does not mean that stochastic
integrals cannot give meaningful, well defined results. The different choices lead to different versions
of stochastic calculus, and given an application these will lead to different differential equations, which
are solved using different definitions of integration, but they will ultimately give the same result.

A.3 Numerical solution

Suppose we would like to numerically solve the SDE

dX(t) = f(X(1)dt + g(X (1) dW;, X(0)=Xo, 0<t<T. (A.1)

If we look at its integral form

X(t) = Xo + / F(X(s)) ds + / o(X(s)dW,, 0<t<T,

then the definition of the integrals as the limiting case of Riemann integrals suggest the following nu-
merical approximation

Xj = Xj—l + f(Xj—l)At + g(Xj_l)(Wtj - Wt]‘_1)7 J=12,..., N

where At = T/N for some positive integer N, t; = jAt and X; is our numerical approximation to
X(t;). This method is called the Euler-Maruyama (EM) method, and is similar to the Euler forward
method for deterministic differential equations.

A.3.1 Convergence

In order to tell at which rate the EM method converges we must be precise about what we mean by
convergence. A method is said to have strong order of convergence + if there exists a constant C such
that

E|X,, — X(7)|| < CAt” for any fixed 7 = nAt € [0,T) and At small enough.

And the method is said to have a weak order of convergence v if there exists a constant C' such that for
all polynomials p(x)

|IEp(X,,) — Ep(X(7))|| < CAt” for any fixed 7 = nAt € [0,T) and At small enough.

The difference between these two is that for strong convergence we require convergence for all paths
(different realizations of the Brownian motion), while for weak convergence we only require the mo-
ments of the probability distribution to converge.

It can be shown that the EM method for Equation (A.T), for appropriate f and g, has weak order of
convergence 1 and strong order of convergence %. Note that that differs from what we would see in the
deterministic case. If we were to make the equation deterministic by setting g = 0 we would have both
weak and strong order of convergence 1.
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Appendix B

Various techniques

B.1 u-v-transformation

Obtaining the final expression for {Av;Av;}q in Section [1.3| using the previous results of that section
requires a long calculation, which we show here.

my

{AvaiAva]’}ab = <

Mg + My

2
) ZZ(ei -e.)(ej - e)) {Aupr Augr Yap
k1

- (mab)2 (ei- €5)(e; - eh) + (e - eh)(e; - €f)) dmu (””) In(4)

Mg, dmegmeptt
_p () L u(eixes)u (e xes) - (u ues—(u es)u)  (u ules—(u es)u)
VA uf 3 V)T (el )i

2
(%13 1 1 (5i35j3u4 — 5i3u2u3uj - jquU3ui + U%U,‘Uj
=Ts|—) ——5— E g €ki3ULEj3UL + 3
qa uuy + uy =3 U

2
dp 1 1 2
=TI, <qa> Em <5i25j2U% - 51253'111111«2 - 57:15j2U1U2 + 5i15j1U2

2 2
uy + u
+(5i35j3(uf + u% + Ug) - (5i3U3Uj — 6]‘3U3ui + (1 -t 2 2) 11,in)

2 2 2
_ w\ 1 1 2 2 2, .2 92y Ul tup
= Fa <qa> Em <5i15j1U2 + 57;25j2U1 + 5i36j3(u1 + Uy — U3) — u2 U Uj

+uiu; (1 — 01052 — 052051 — diz — 53 + 252‘353‘3))

2 2 2
w1 1 uy t+up
=TI, (qa> Eiu% n u% (51‘1(5]‘1U§ + (51'2(5]'2’[1% + (Si3(5j3(U% + U% - ’U,g) + 6ijuiuj - o2 Ui Uj

2 Ui U
— 1““ (%) _ (6U _ 121)
o) u u

Where

¢
I, = 2 In(A
4medm?2 n(d)

and ¢;;, is the Levi-Civita symbol.
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B.2 Lemma about unitary transformations

The lemma used in Theorem [1.6.2] can be found below.

Lemma B.2.1 Unitary transformations do not change the probability density function of a vector of independent
and identically distributed (iid) Gaussian random variables with mean zero.

Proof A vector of iid Gaussian random variables with mean zero and standard deviation ¢ has pdf

k 1
f(@) = (270)~% exp(— 5 5aTa)

so we see that for any unitary matrix U we have
JUa) = (2r0) exp (s (Ua) (U))
= (27r0)_g exp —ZBTUTU:B>
= (2#0)75 exp —1mT:c>
= f(=)

which concludes this proof.

B.3 Spatial density

Below we show the equivalence of calculating the d-dimensional spatial density p by integration of the
phase-space density f on the 2d-dimensional grid to direct calculation on a d-dimensional grid.

p(r) =q/f(r v)d?v
- q/ Z (fanB TLZA’I“Z (’UZ' —miAvi)> dd'u
d
=4q Z <,fn,m HB(H - niAT‘i)/B(’Ui — miAUi)dUi>

=1

Z\/vsim_1 d
=q ( Z fé’;r)tHB(rfk) — n,-Ari)B(vflC — m;Av;) ) HB — n;Ary) Aw)

n, k=0 z:l

Nsimfl

(& Tl —manonci) [l navian)
k=0 i=1

I\/vsim_1 d

Z qfé:r)tAvl . -A’UdHB(rEk) — nyAry) ) HB — n;Ar;) >
k=0 =1

A’\/vsim_1

k=0 =1

d
Prnm H B(r; — niAri)>

d
Z PéﬁZtHB(ﬁ(k) - niATi)> HB(T’,; - niAm)>
1=1
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