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Abstract

Novel compact X-ray sources using coherent ICS have the potential to positively impact
a wide range of sectors by making hard x-ray techniques more accessible. However, the
analysis of such novel sources requires improvements to existing simulation routines to
incorporate Coulomb forces among particles and effects related to the phase of emitted ra-
diation. This thesis develops a numerical routine for calculating the radiation scattered by
electrons counter-propagating with a linearly-polarized, Gaussian laser pulse. The routine
takes into account electron-electron repulsion and the constructive and destructive interfer-
ence between the radiation emitted by each electron, making it suitable for characterizing
the properties of inverse Compton scattering (ICS) sources where the electron density varies
on the order of the laser wavelength. Finally, an analysis of the emission characteristics for
an example ICS source with coherent emission at 10 nm wavelength is included. The
source uses a 2 MeV electron bunch and a 1 um wavelength laser. The coherent emission
demonstrates a significantly narrowed linewidth and greatly increased output power when
compared to traditional ICS.
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12



Chapter 1

Introduction

Today x-rays provide an indispensable tool for analyzing the structure of matter in a wide
area of applications from medical imaging, to the inspection of industrial components, to
a number of uses in the physical, chemical and biological sciences. While many of these
applications are only made possible thanks to the versatility of conventional or rotating-
anode-based x-ray sources, improved flux and brilliance is in great demand for the hard
x-ray regime. Current methods for generating hard x-rays, such as synchrotrons and free-
electron lasers (FELs), require large storage rings or long (~ 1 km) linear accelerators. As
a result, the prohibitively large and expensive nature of such sources limits the availability
of a wide range of hard x-ray techniques.

The development of a compact source has the potential to enable modern x-ray science
at institutions such as pharmaceutical companies and universities to accelerate analysis
work which would currently require scheduling and sending samples to a distant facility.

Recently, a novel approach using coherent inverse Compton scattering (ICS) from elec-
trons counter-propagating with an infrared laser may provide a less-expensive and more
compact solution for generating x-ray beams comparable with 3" generation synchrotrons
[3]. The technique relies on using a nano-cathode field-emission array (FEA) to produce
bundles of electrons spaced on the order of the x-ray wavelength.

While a large number of codes exist for simulating ICS and FEL interactions (PARMELA,
GENESIS, ELEGANT, COMPTON, ...), these codes either assume that the phase of the
radiation being emitted by each electron is uncorrelated, relying on approximations where
the electron density varies over a characteristic length much larger than the laser wavelength
or ignore the effects of Coulomb repulsion. As a result, such simulation codes are poorly
suited for determining the emission properties for a coherent ICS source.

This thesis attempts to address the need for an ICS simulator which is able to track the
phase of the radiation emitted by each electron, and take into account effects due to electron-
electron repulsion. In doing so, it attempts to provide an additional tool to facilitate the
design and analysis of such ICS sources currently under consideration.

1.1 Overview of ICS for Hard X-ray Generation

There are two approaches within the literature for understanding the basic principle behind
ICS sources, one from a Quantum-particle viewpoint and the other from the classical field
theory of E&M.

For the quantum-particle standpoint, consider a relativistic collision between an electron

13



Figure 1-1: Illustration of an electron-photon collision along with the parameters used in
the text. Note that @ is taken as the angle between the initial direction of travel of the
electron and the direction of travel of the scattered photon. For a typical ICS setup, ps
points in the same direction as p;.

and a photon. Let p; and q; denote the initial four-vector momentum for the electron and
photon respectively and ps and qg the final four-vector momentum. In terms of common
parameters,

Pn = 7nM (C, ﬁn) )
On = —— (1’ i&n) 3

where wy, and k, are the angular-frequency and direction of travel of the photon, m and vy
are the mass and velocity of the electron and, -y, is given by,

Using conservation of momentum,

Pr + af = Pi + 4,

we can determine an expression for the final momentum of the electron, mainly,

Pf = Pi +4i — ¢

Taking the four-vector inner product of both sides of the above equation, and using the fact
that, since 7 = 57,

we find that,

pe-n-pel =(Pi+ai—ar) n- DPi+aG—ar)
=pi- 0Pt +2pi-n-al —2pi-n-qQel —2qi-n-qr’ + i’ +dr-qr” -

Using the definitions for p and q in terms of more common parameters and simplifying,
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Figure 1-2: Plot of the energy of scattered photons by an electron for an electron kinetic
energy of Ej, = 2 x 10% eV and laser wavelength of A = 10~® m corresponding to an initial
photon energy of 1.24 eV. The energy for scattered photons at 8 = 0 is 117 eV.

it is found that,

m2c = m2c — 2yimhiw; (172. s _ c) +2 (»y,- ({;; kf — c) + (l% Ky~ 1) h2cwi> wy,

which can be solved to determine the angular-frequency of the scattered photon wy,

Wi (C” v k') o (1.1)

(c—@i-ks)+ (1- k- ky) o

wy =

Figure 1-2, plots the behavior of Equation 1.1 as a function of the angle @ between ¥; and
k ¢ for photon and electron energies of a sample ICS source. With the understanding that a
laser consists of a distribution of photons, we can see that an electron counter-propagating
with a laser will result in scattered photons propagating in the electron’s direction with a
much higher energy. It is this property of ICS that makes it suitable for the generation of
hard X-rays.
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1.2 Overview of Coherent ICS

To understand the effect periodic electron distributions have on the intensity emitted in
coherent ICS, let us investigate the phenomena using Classical E&M in the non-relativistic

limit where the electron velocity v <« c.

Consider a linearly-polarized plane-wave propagating in the negative Z direction. Let-

ting,

i

z 4+ ct,
Ey cos(ko),

_2’

x> I e
Il

the E&M fields of the plane-wave are given by,

H

<>

b
—=Z.

C

x E =

P ubl

b, b=
I I
ol Ix

Let 7 denote the position of an electron. Using the Lorentz force equation,
F=gq (E + 7 x E) ,

the non-relativistic equations of motion can be readily found,

ip=0
E .
fy=q—(1+r—”)
m C
y
i 9By

m cC

(1.2)
(1.3)

Since we assume that the electron velocity v < ¢, we can ignore terms of the form 7;/c

in the above equations, reducing them to,

rm: Oa

. _9E _ qE
fy=-"—="= cos(k (r, + ct)),
7, =0,

which can be easily integrated by noting that,

Ty = Ut + o,

T, = vt + 2p,

and hence,
E
Ty = _qmo cos(k ((v, + ¢}t + 20)),
ry = —— 20 o5 (k((vs + O)t) + kz0) + vyt + o,
y me(,Uz + 0)2 Y
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To simplify calculating the radiation emitted, let us assume that the motion of the
electrons deviate slightly from a ballistic trajectory along the z-axis,

(t) = (vst + 20)2.

This requires that v, = vy = ¢ = yp = 0 and, that the oscillatory term in the equation for
ry is relatively small compared to the distance at which the system is being observed. This
last requirement essentially places a constraint on the strength of the plane-wave.

Letting R denote the point where the radiation will be observed, the radiation from a
non-relativistic charge is then given by,

=] q A N o
E = (7' tr) X 'I’l) xXn,
rad 47r6002|n| ( T)
where,
i = R —#(t),
|72
tr=t— —
c

If we let the observation point be on the z-axis such that R= Ry 2, we can simplify the
equation for the radiation to,

o q ) 5 s
Era.d = m (T‘(tr) X Z) X z2,

where,

n = Ry — vt, — 2o,
g o=¢_ flo | vtrt 2
C [#

ct — Ko+ =z
c—v,

b

Finally, let us assume that the electrons are localized in a region of space of length
[ = Az, such that Azy < Rg. We note that the difference in ¢, for each of the electrons is
given by,

A
At, = =2
C— 'Uz
~ Az
=—.
and hence, it follows that,
v,At, € Ry.
Likewise, let us sample around the time,
t= o +t,
c

where ct’ is on the order of the laser wavelength.

17



With these requirements, the equation for the radiation simplifies to,

>IN q = N N
E’I‘ad = m (T‘(tr) X Z> X Zz, (17)
where,
'+
T oe—wvy

Combining Equations 1.5 and 1.7, we find that the electron radiation is given by,

~ ’E k
Bre B (et (rate )Y
4mregmc? Ry (c—v,) c— v,

Switching to complex notation,

2
— q EO s 2c _Ck(vz + C) 1) ~
Frgg=——"—F— k —= ¢ .
d 4megmc2 Ry exp (Z (c — vz> z()) eXP (Z (c—vz) y

‘We make one immediate observation, mainly that the angular-frequency of the emitted
radiation wy is given by,

_ (va 4wy
s — T
c— v,
where we have used the relation w; = ck. This is consistent with Equation 1.1, when noting
that for this setup k; = —Z and ky = Z and, the necessary classical limit Aw; < ymc? is
respected.

We can now analyze the effects the spatial distribution of an electron pulse has on the
radiation emitted. Consider a line of electrons situated at the origin with a length ! much
larger than the period of the radiation, but as required by the above derivation | < Rp.
Let p(z) denote the density of electrons as a function of 2 such that,

/2
N = / p(z)dz,
—1/2

where N, is the total number of electrons in the pulse. The electric-field at observation

point R is then given by,
42 2¢ ck(v; + c)
exp | ik ( ) z) p(z)dz| exp (i—t') 9. (1.8
/—z/z ( C— Uy (2) (c—wvz) (18)

Two particular forms for p(z) are of interest. The first is a Gaussian distribution well
contained between —I/2 and [/2, for instance,

()= D exp (-2

= —— X — —

p'n.c a_\/ﬁ p 20_2 +

where we let ¢ = [/8. Figure 1-3 plots this distribution, demonstrating that it is well-
contained between —[/2 and /2.

Since the density is well contained, we find a good approximation to evaluating Equa-
tion 1.8 using the density p,. by approximating the integral as being over the range

B ¢*Ey
4megmc Ry

Erad =

18
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Figure 1-3: Plot of Gaussian electron density distribution. Note that the distribution is
well contained within the range —1/2 to 1/2.

(—00, 00). Doing so, we find that,

2 2
. ¢*Eo 1 c l ck(vy+¢) )\ .
o= ——I 0 Noexp |-z (k22 U7y g,
E dmegmc? Ry P ( 2 (k (c —vz) 8) ) P (z (c—v,) y

Computing the time-average intensity,

€C, =
(Inc) = '9"’|Encl25 (1.9)
2
402072 2
q*E§gN; 2¢ 1
= —"°t — | k — . 1.10
32n2egmc3 R2 xp ( ( (c—wv,)8 (1.10)

The second functional form of interest is a distribution where electrons are separated
by a distance,

Az = A(c—;cvfl, (1.11)

where ) is the wavelength of the plane-wave. Letting m be an integer such that 0 < m <
!/ Az, this distribution is given by,

m

polz) = Zm]\f 5 ((% —aAz) - z) ,

a=0

where § denotes the dirac-delta function. Evaluating Equation 1.8 using the density p. is

19



simple,

2 1/2 m
. q“FEo ) 2¢ N, l ck(v,+¢),
E.= py— o {/_l/zexp (zk (C_Uz)z)zm+16(<2 aAz) z) dz} exp (z c—v) t

a=0
2
. q“Ey 2 | ck(v,+¢) ,\ .
= 47reom02RoNe exp (z s 2) exp (z (c— o) t)y.

Computing the time-average intensity, we find,

402 72

q EONe
Iy=—"* ° 1.12
(L) 32m2egm2c3 R2 (1.12)
(1.13)

Comparing I. above to Equation 1.10, we see that the exponential representing partial
constructive interference is missing, resulting in a much higher intensity for the coherent
case.

1.3 Outline of Thesis

While the arguments above are useful for illustrating the general concept behind a coherent
ICS source, a rigorous analysis taking into account additional factors such as space-charge
effects and the relativistic motion of electrons within a laser beam requires a numerical
simulation routine.

Chapter 2 follows a similar structure as Section 1.2 but in a more rigorous fashion.
Two realistic models for a laser pulse with a Gaussian energy distribution are discussed,
the radiation scattered by a relativistic electron is considered and finally, a method for
introducing space-charge forces is presented.

Chapter 3 discusses two numerical methods used within the software to implement
the routine discussed in Chapter 2. One of the methods is related to accelerating the
computation of space-charge forces on each electron by using an Octree, where as the other
method is related to how the equations of motion are integrated.

In Chapter 4, parameters for an example ICS source are analyzed. Both the energy and
spatial profile of the emitted beam as well as the dependency of the beam profile on the
spacing between the electron bunches is discussed for both a coherently and incoherently
radiating electron density.

20
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Chapter 2

Classical E&M Derivation for ICS

To incorporate effects due to the phase of scattered radiation into our simulations, we have
selected to follow a derivation of ICS from the standpoint of classical E&M. The validity of
Classical E&M in analyzing the radiation from an electron assumes that the energy of the
electron is much greater than that of the incident photon (8],

hw < ymc?. (2.1)

For the electron and photon energies under consideration this approximation is well justified.

2.1 The Gaussian Plane-Wave Laser Pulse
We begin by considering a simple model for a linearly-polarized Gaussian laser pulse as

consisting of a Gaussian distribution of energies in the plane-wave propagation mode. Let
us introduce the forward Fourier Transformation,

o~ w .
f = [ e a (2:2)
—00
and inverse Fourier Transformation,
1 [~ .
£t) = — / Flw)e“tdw. (2.3)
27 J_ o

Consider the electric field of a simple monochromatic plane-wave of angular-frequency wy,
traveling in the —2 direction,

E(z,t)mpw = Epexp (iwo (t + z)) + c.c.

Using the inverse Fourier Transformation, we find that the representation for this field in
frequency-domain is given by,

Empw(w) = Egexp (zw%) 2md(wo — w),

From this frequency-domain representation of a mono-chromatic plane-wave, we can
identify that part of the expression is related to the amplitude of the plane-wave propagation

21



mode and the other part is related to the normalized energy spectrum,

Empw(w) = Eoexp (ZUJE) 2n6(wp — w) .
N e’ v

energy spectrum
freq.-domain plane-wave amplitude &y sp

The E-field of a mono-chromatic plane-wave can therefore be understood as the inverse
Fourier transformation of the product of the frequency-domain amplitude of the plane-wave
mode (Ep,) with the mono-chromatic energy spectrum (Finc),

Empw(z,t) = %/ Epw(w)ﬁmc(w)ei“tdw, ' (2.4)
where,
~ .z
Epw(z,w) = Epexp (zwz) , (2.5)
Epe(w) = 218(wg — w). (2.6)

To determine an expression for a plane-wave with a Gaussian energy distribution, we
introduce the energy distribution [11],

Byw) = \/g exp (_(i":@“ﬁ’)—z> , (2.7)

where p is a parameter related to the width of the distribution.

The electric field of the Gaussian plane-wave pulse can then be determined with the
following,

1 /> - ~ )
Egpw(Z,t) = 5;1_‘/ EW(W)FQ(W)BWtdW
-0

Egpw(z,t) = Egexp (—p (t + %)2) exp (iwo (t + %)) (2.8)

From the above equation, we note that the 1/e width of the pulse (ctp) is related to the
energy distribution parameter p by,
2
i
pP= (Ct()) '

As a result, we find that the representation for the electric-field of a Gaussian modulated
plane-wave is given by,

~ w — wp)2t3 z
Egpu(z,w) = Egtoy/mexp (—(——74——0—)~—E> exp (zwz) , (2.9)
Egpw(z,t) = Egexp (%) exp (zgcg (ct+ z)) . (2.10)

We note that in the limit where the 1/e pulse length is much larger than the wavelength

22



corresponding to wo,

2mce
— K clp,
Wo

the second exponential term in Equation 2.10 results in a rapid oscillation compared to the
first exponential which is responsible for a slow modulation of the amplitude,

(ct + 2)2 W
Egpuw(z,t) = Ey  exp (—Ei’tg— pr (z—(—:— (ct + z)) .

7

- o

v . Rapid oscillation
Slow Amplitude Modulation

2.2 The Gaussian Beam Laser Pulse

The above equation for a Gaussian plane-wave is suitable for modeling situations in which
the electron bunch is transversely spread over a region of the laser where the profile is
relatively constant. However, if the transverse electron bunch size is comparable to the
transverse profile of the laser, a more accurate model which likewise encapsulates the trans-
verse Gaussian-like modulation of the laser is required. To determine such a representation,
we can perform a similar derivation as in Section 2.1, however using the Gaussian beam
mode instead of the plane-wave propagation mode.

The amplitude for a Gaussian beam along —2 in frequency-domain representation is
given by [11],

2 72

~ wg T . . ikr
E - — . 2.11
9(T7z7w) EOw(z) €xp ( 'IU(Z)Z m + ikz + 2R(Z)> ) ( )

where,
r=+va?+y?
2
Beam Waist —w(z) = woy/1+ (f—) )
. 202
Radius of Curvature »R(z) =z [ 1+ (—) ,

Gouy Phase —n(z) = arctan <—z—),

20
2
Diffraction Length —z¢ = %,
w
Wave Number —kg = -

By again using a Gaussian energy modulation [11],

23



the expression for the Gaussian pulse is given by,
1 [ ~ ~ .
E(r,z,t)gq = —/ E,(r, z,w)Fy(w)e™ dw.
21 J_ oo
Determining an analytic expression for the above integral is difficult if we assume that

the waist size is independent of the wave number [11]. However, in the case of a confocal
resonator, the waist size depends on the wave number according to [9],

\/Z
Wy = Ea

where L is the length of the resonator.

Under these circumstances an analytic expression can be easily derived [10]. The field
for a Gaussian Beam pulse is given by,

2
E(r,2,t)49 = Eom(z) exp (— (%) + ikoT — m(z)) , (2.12)
, 0
where ctg is the 1/e length of pulse and,
z'rzm(z)? r2
T = ————L——-I—Eq(z)-{—z—l-ct,

Gouy Phase —n(z) = arctan (zi) ,
0

m(z) = (1 + (210)2) _1/2,

z

W=aig

L
Diffraction Length —zy = 3

Length of resonator cavity —L = w?,ko.

We can rewrite Equation 2.12 to better illustrate the nature of the pulse. Letting,

¢ =ct+ z,
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we note that,

B0, 0 = Bom(e) 0 (~ (G - "L+ pago + )

s

Amplitude modulation

con (1 (580 10))

Phase modulation

D)

-~
Fast oscillation

2.3 Derivation of the Equations of Motion for Plane-Wave
Approximation

We can determine an approximate relation for the radiation scattered by an electron by con-
sidering its motion within a monochromatic plane-wave. We begin with a general derivation
of the relativistic equations of motion for a single electron counter-propagating with a lin-
early polarized plane-wave in the negative Z direction [7] [5].

Letting,

¢=z+ct,
E =FE; COS(kd) + 51),

the E&M fields for a plane-wave traveling in the k = —2 and linearly polarized in the g
direction are given by,

E'= Ej,
— A~ — E
B= 1k x E=—z.
c c
Using the Lorentz force law,
d—‘
di’ (E 7 x B) (2.13)
the equations of motion can be easily determined, mainly,
dps _
dt ’
dpy Tz
— =gq(l+—=|FE
a7 ( * c ) '
dpz .
o qE7Ty

From the above, we note that p, is a constant of motion p, = pzo. Likewise, the equation
for p, can be easily integrated since,

d .
d—(fzc—i-rz.
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Hence,
d¢ dpy 7."2:
—~— Z =qg({l+—=JFE
adp VT

E,
Py = qc_ko sin (k¢ + 1) + ca. (2.14)

Noting that the total energy of the particle is given by F = ymec? and that,

& _
e~ dt’
d(ymc?)

dt

using the fact that 7 (F X B) =0,

d(ymc?)

—=af E
dt ar- &

= qryE b
a simple expression for the derivative of 4 can be determined,

d_'y _qryE
dt ~ mc?’

(2.15)

Solving for 7, in the above expression, and substituting it into the derivative for p., we find,

dp. _ dvy

. at°

and hence,

Pz = €1 —yme,

where c; is a constant of integration.

Finally, using the fact that the inner product of the four-momentum is given by,

—m*c¢ =p-7-p,
—m?? = —72m202 +pg + pg + pz,.
and plugging in our determined expressions for p;,p, and p,, we find that,

—m2c? = —*)'Zmzc2 + pgo + pg + c% — 2vymecy + '72m202,

—m2c? = Pio + pz + c% — 2vymecy,
solving for -y,
m2c? +pg +p§ + c%
2meey ’

y = (2.16)
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We note that the expression for the momentum of the electron are trivial to integrate

with respect to ¢, since,

do D>

EE_C+TZ’—C+’Y_TR

C1

ym

Therefore, using,

i B
dt — ym

dpdr _ P

dtdg¢  ym
dar p

e
an expression for the position of the electron can be easily determined,

= EE'd) + cs,
1

1 E
ry = o (—g—k—g cos(kg + 61) + c2¢> + ca,

_ 1 [(aqko qEy
== 52 (( ck) a5 (2k¢+251)+202 > cos(k¢+(51)

2cf
E
(m c +pw—cl+cz+ (qko) 2) ¢>) + cs.

2.4 Calculating Scattered Radiation

The electric field for a point charge in arbitrary motion is given by [4],

where,

Position of particle —7(t,)
Velocity of particle =7 = #(t,)
Acceleration of particle —@ = 7(t,)
Observation point —~R
Vector from emission to observation point —& = R — (t,)
Retarded time —t, =t — %

— —+

=cI —
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However, since only terms which scale like 1/|x| propagate to infinity, the radiation from
a point charge in arbitrary motion is given by,

Braa(B,t) = LZIW [Z x (& x &@)], (2.22)

To determine the acceleration vector @ we note that,

a"—@—i _ﬁ__ — 1 dp_i_ﬁi’_)’_
Codt dt T ymdt | mdt

Using the expressions derived in Section 2.3 for g, dy/dt and, dp/dt, we find that,

9Py Dz
73 3 2

2
Z—TEO COS (kd) + 61) (C]_ - ’Ypy ) . (223)

mc
qpy 1
73 3.2

——=—= FEqcos (k¢ + 01)

ol
1

——=—=FEgcos (k¢ + 61)

2.5 Sampling Radiation from Multiple Electrons

While the exact electric field from a single electron can be easily determined using Equa-
tion 2.22 in conjunction with the derived expressions for the motion of the electron, summing
the radiation from multiple electrons using such an exact approach is complicated by the
fact that the expressions for the equation of motion are a function of ¢, while the electric
field must be summed with respect to time. Methods explored to overcome this difficulty
while introducing no additional approximations proved to be too computationally intensive
or unreliable, especially since many quantities of interest (such as intensity) are time aver-
age values of the electric field. However, we can introduce two reasonable approximations
that simplify the problem.

First, we approximate the motion of the electron as being ballistic as it traverses one
wavelength of the laser. From Equations 2.14 we can see that if,

qEo

o <,

then the oscillations in the y component of the momentum are relatively small compared to
the total momentum of the electron. As a result, we can consider the electron as effectively
having a constant velocity ¥(tg) as it traverses one wavelength of the laser, such that,

7(tr) & U(to)(tr — to) + 7(to) (2.24)

and,
¥(tr) = ~(to),

is approximately constant. Under this ballistic assumption we can rewrite Equation 2.23
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Sl

Rem(tom)
7i(tr)

R

Figure 2-1: Illustration of the vectors used in the far field approximation. The gray poly-
gon represents the electron distribution, R, (fen) is the center of mass of the electron
distribution, 7;(t,) is the location of the ith electron, and R is the observation point.

as,
E, :
i=120cos (ko +061)§ (2.25)
m
where,
T 8 . ;
= F (7-1J1,'a;y, iy & — g, vy (v, + (,-)) . (2.26)

Using Equation 2.22 we now see that the electric field is given by an equation with the form
of a plane-wave,

9 r

e q“Ey |Z] " T

Beaa(P, 1) = 2 X% ((eZ —7) % s (K d1), 2.27

0 e (i - (DX Be ), (22D
Amp‘l'itude scillating lerm

which has a quasi-periodic value within the interval,

_271'

Ag y (2.28)
k
From the definition for ¢, and using Equation 2.24 we see that,
Ap = cAt, + Az, (2.29)
= (c+ T - 2)At,. (2.30)

Under a ballistic approximation ¢, has a quadratic form. However, if we introduce
an additional far field approximation, we can determine a simpler expression for .. As
illustrated in Figure 2-1, let R be the location of a pixel on the detector, ﬁ(,.,,,_(t(m) be the
center of mass of the electron distribution, 77 = B~ ﬁc,n(tcm) and where,

IR — Rem(tem)
: _

lem =1 —

In the limit in which the detector is far away with respect to the size of the electron
distribution such that,

|R.cm(trm) - "_'z(tf)l < |é - R.(:Tn(t(:nz)lﬂ
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we can use the approximation that [6],

= |R — (t-)| ‘
> |B ~ Rem(tom)| = (Filtr) = Bem(tem)) - . (2.31)
As a result, the expression for ¢, becomes,

tr=t—'£

e (tr — tom) = c(t ~ tem) = R = Bom(tem)| + (7iltr) = Bem(tom)) -
C(t - tcm) - |R - Rcm(tcm)l + (F(tcm) - Rcm(tcm)) ’ 'ﬁ'
(c = T(tem) - P) '

From the definition of ¢, Equation 2.27, and the above expression for ¢, — tcm, we find that
the emitted radiation is given by,

(tr - tcm) =

E\oq = Acos (k(cty + r,(tr)) + &1),
= Acos (k(c(tr — tem) + vz(tr — tem) + T2(tem) + ctem) + 61),

hence,
Eroq = Acos [M ( (tr — tem) — R — ﬁm(tcm)l)
+%({“;—”2) ((7(tom) = Fom(tom)) - )
+k (ctem + T2(tem)) + 61] , (2.32)
where,
_ 2B Bl 13 x (3 — ) x §)]. (2.33)

" dmegm (|| — T - T)3

From Equation 2.32 we can see that the angular-frequency of the emitted radiation is
given by,

wf = Wy, (234)
where we define,
o= SFV 2 (2.35)
—-7-n

The above expression agrees with its quantum counterpart (Equation 1.1), as long as the
assumed limit of classical E&M (Equation 2.1), is taken into consideration.

If we assume that the radiation scattered by an electron at each point within a laser is

given by a Gaussian distribution of energies, a method for computing the radiation scattered
by multiple electrons becomes immediately evident. Under this assumption, the amplitude
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of the scattered radiation for the i*! electron is given by,

2 - 2 -
¢E@¢7) 1 (wy /o = wo) |Zi] N
A; = — i i — Uj i) -
2(wf) 47T€0m 2ai ,———ﬂ,p €xXp 4p (C|~73z| _ xz 1)3 [:L' X ((CIE,, 'Ut) X g )]
(2.36)
The total electric field emitted by all of the electrons is,
al ’é - Rcm(tcm)‘
Eiot(wy) = ZA,- cos | wy | (t —tem) — +wib; + 01 |,
- c
where,
7 - R t
ai =0 ((T(tcm) fcm(tcm)) . fl> + (tcm + Tz(:m)) ] (237)

Switching to complex notation,

N - —
Eot(wys) = ZA exp <Wf ((t —tem) — i Rcm(tcm)') + iw;f; + 151)

c

N . "
Z A; exp (iw;0; + i51)] exp (iwf ((t —tem) — IR Rccm(tcm)l)) .

As a result, the time average intensity is given by,

€C
I(wr) = 5 1Bl

hence,
N 2
€c . ,
Iwy) =5 ZAz' exp (iw;0; + i61) (2.38)
(2
Finally, the total intensity is the found by integrating over wy,
Lot = / I(wy)dwy. (2.39)
0

In conclusion, we have determined a method to incorporate phase into our calculation
for the emitted radiation. Equations 2.38 and 2.39 summarize the procedure used in our
simulation for sampling the emitted radiation.

2.6 Ideal Electron-Electron Separation
From Equation 2.38 we can see that the ¢*! and j*® electrons radiate in-phase when,
2ma = wib; — w;b;,

where a is an integer.

31



If we assume that the electrons are traveling with the same velocity vector, such that
o; = ay, and let 72 = Z, we find that,
('Fi(tcm) — Fj(tcm)) ‘R

2ma = wi{oy; + 1) . ,

Az
= wi(ai + 1)_5
c
hence for a =1,

As— Ae— fuz)’

= (2.40)

where ) is the wavelength of the laser. We note that this is the same ideal separation as in
the non-relativistic case (Equation 1.11).

2.7 Time-Averaged Equations of Motion and Radiation Drift

To incorporate additional effects such as space-charge forces and effects due to the finite
length of a laser pulse, we can determine an approximate time averaged form of the equation
of motion by averaging over a period for ¢,

1[5
M=g5) 7

and introducing a variable for the averaged ¢, mainly (¢) = ¢ + 7.
Doing so, we find that the time average position of the particles is given by,

_ P=

(z) = c—1<¢) + cs,
W)= 2(6) +es
£\2
(z) = —% (m202 +pi-c2+d+ (%) %) + cs.

Notice that while the time averaged expressions for x and y are independent of the laser
field strength, the time average expression for z contains a term proportional to —E2. This
term, results in a time averaged drift of the electron in the direction of k as the electron is
exposed to the laser field.

Likewise, the expressions for the time averaged momentum of the electron are given by,

(pz>:@

C2

<py> =
4]



2.8 Space-Charge effects

Due to the relativistic motion of the electrons, the static Coulomb force,

o 445 Ty
Y dmeg |7

is only valid in the rest frame of the electron distribution. However, as a result of the non-
simultaneity of special-relativity, computing the repulsion forces in the rest frame would
complicate the integration of the motion of each electron in the lab frame due to the fact
that, the static Coulomb forces experienced by each electron at a given moment in time in
the rest frame, are experienced by the electrons in the lab frame at different times.

~ As a result, we decided to use a different approach by using Equation 2.20 in conjunction
with a ballistic approximation to determine the force on a given electron in the lab frame
based on the current position of the other electrons.

From Equation 2.20, we find that the force on electron i by electron j is given by,

—

Fij=q (Ej(ﬁ) + 7; x Ej(ﬁ)) .

Using,
1. =
B] = zmij X Ej’

we find that,

B 2oy B 2 o

Fi = —vi)lsg) + — (85 x ((¢° = v7)ig)) | 2.41

if dreg (fz'j 'ﬁij)s ((C U )'U/'LJ) + P (a:,j ((C v])u”)) ( )

where,

and where tg is the current time. Using the ballistic approximation on electron j that,
7j(tr) = (tr — t0)¥; + 75 (to),

Equation 2.41 can be easily computed. The total force on electron ¢ can then be determined
by summing over all of the other electrons,

F,=)_F; (2.42)
i

To simplify implementation, we can assume to good approximation that the electrons are
effectively at rest with respect to each other in the sense that,

V; = 'l_fj.

We note that under this approximation, our method for computing space-charge forces is
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equivalent to computing the forces in the rest frame using the static Coulomb force and
then transforming into the lab frame.
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Chapter 3

Numerical Methods for ICSSim

This chapter discusses various numerical algorithms used in the code written as part of this
thesis.

3.1 Integration of Time-Average Motion

To calculate the trajectory of the electrons, it is necessary to integrate the equations,

dpi =,
= = Fi(@),
dz; _ f

dt — ym;’

where F(Z); is given by Equation 2.42. Using the relation that,

y= (£J2+1

me
we find that,
s
E - E(xz)a
azi _ P
dt 2 '
() e

As a result, we use a modified form of the leapfrog integration technique [2], accurate
to second order. At a given time step t, the position and momentum of each electron are
updated according to,

Filt — At/2)e
V/pilt = At/2)2 + mie?
Filt + At/2) = Bit — At/2) + F(&(t))At,

f—,(t) = Z;(t — At) + At,

where At is the stepping size.

35



3.2 Calculation of Space-Charge Effect using Octree

For a large number of particles (~ 10%), determining the space-charge force by using Equa-
tion 2.42 directly is computationally intensive. However, we note that since the space-
charge force has essentially a 1/r% dependence, the largest contributions are provided by
neighboring electrons, where as groups of electrons located at distances larger than their
characteristic size can be approximated by a single charge at the center of the group. As
a result we can accelerate space-charge calculations by using an Octree structure to cluster
distant macroparticles in a similar manner as in the Barnes-Hut algorithm {1].

The acceleration algorithm proceeds as follows. At each time step, the list of electrons is
first traversed to determine the average velocity, and the center and size of the distribution.
Next, an Octree is generated covering the space of the electron distribution. The Octree
begins with a root node, corresponding to the entire space. When an electron is added to
a node, the node uses the electron’s total charge and position to keep track of the center of
mass and total charge of all of the electrons ever added to it. Next the node checks whether
an electron is already assigned to it. If not, the electron is assigned to the node. If so, the
node subdivides its space into eight sections, creating one new child-node for each of the
eight subsections, and then adds the electron assigned to it and the newly added electron
to the respective child-node based on which subsection they reside in, initiating a similar
process for the child-nodes. The end result is a tree structure where each node is either
assigned to an electron, or contains the center of mass and total charge of the electrons
residing within a certain subsection of the total space.

To compute the space-charge force on an electron, the Octree is traversed starting from
the root node. For each child-node within the tree we check whether,

ﬂ < € , (31)

Tni
where w, is the width of the space the node represents, x,; is the distance from the electron
to the node in the rest frame of the distribution and £ is a variable parameter (by default
€ = 0.5). If the above condition is met, then the total charge and center of mass of the
node is used to approximated the sum of the forces from the electrons stored underneath
it. If not, then the process is repeated for all of the child-nodes, until either a node meets
the sufficient criteria or a node which is assigned to an electron is found. We can see that
in the limit that £ = 0.0 the algorithm is equivalent to simply computing the direct sum.

3.3 Simulation Overview

We now provide an overview of the simulation routine. The simulation is conducted entirely
in the lab reference frame, with the electrons traveling along the Z direction and the laser
pulse along the —Z direction. The electron distribution is represented within the simulation
by a number of macro-particles (~ 106), each with a potentially varying mass and charge.

At the start of the simulation, the laser pulse is positioned in a state such that after a
given time tof it reaches its focus at the origin of the coordinate system. Likewise, letting
v, be the average velocity of the electron distribution along the z-axis, the center of mass of
the electron distribution is positioned at a distance zp = —v,t35. As a result, after a given
time ta¢ both the center of the laser and the center of the electron distribution overlap at
the origin of the coordinate system. Finally a detector is located a given distance Ry along
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Figure 3-1: Illustration of the space subdivisions (left) and node tree (right) for the gen-
eration of an Octree with three electrons. In the first step, the first electron is added to
the root node. When the second electron is added (step 2), the space of the root node
is subdivided into eight subsections and, the root node adds both electrons to the node
representing the respective subsection it is in. Each node in the tree carries out a similar
process as is illustrated in step 3 when the third electron is added.
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the 2 direction and is given a specific time t4 at which to sample the radiation. For most
applications, we would like to sample the radiation emitted when the center of the laser
and electron distribution overlap. Hence,

td=t2f+:RC£.

The routine proceeds as follows. First, the retarded sample time of the center of mass
is computed using,
lROE - Rcm(tcm)l

. .

Next the equations of motion are integrated according to the method described in Sec-
tion 3.1 until the time %4y, is reach. Once this time has been reached, the radiation observed
by the detector is sampled using the new values for the velocity and positions of the elec-
trons with the procedure established in Section 2.5. To compute Equation 2.39, the integral
over wy is numerically approximated by sampling discrete values for wy, according to,

tem = tg —

(oo
Itotz/ Iwy)dwy,
0

al n 1
>3 (o (5-3) &),

where both the center of the sampled distribution wys. and Awy are specified parameters.
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Chapter 4

Analysis of an Example ICS Source

Using the simulation routine we have just described, we will now analyze the radiation pro-
duced by an example ICS source using both a coherent and incoherent electron distribution.
The parameters for our example ICS source are listed in Table 4.1.

4.1 Initial Electron Distribution

Figure 4-1 illustrates the square density modulation we have used for the initial spatial dis-
tribution of the electrons within our simulations. This density modulation is characterized
by the period of the distribution A, the fill-factor fy, the total number of microbunches N,
the x and y RMS size and the total charge within the pulse. The distribution is created
by first evenly distributing the total charge between all of the macroparticles and then ran-
domly assigned each macroparticle to a microbunch within the pulse. The macroparticles
within each microbunch are then arranged along the z-axis within the space described by
the fill-factor according to a uniform distribution, while being arranged along the x and y
axis according to the Gaussian distribution described by the respective rms parameter. Fig-
ures 4-2 and 4-3 plot the x,y and z profiles of the initial macroparticle distribution generated
by this method.

While our implemented simulation routine is capable of handling a different velocity for
each macroparticle, in the simulations below we have decided to give each macroparticle the

p(z)
f bl /‘ b2 f b3 f bN

N>

—— 4 —
Ap fr

Figure 4-1: Illustration of the square density used for the initial distribution of the electrons
along with the parameters used in the text. Note that within each period of the beam, the
electrons occupy a region given by the product of the fill-fraction f; and the period of the
density Ap. Note that in the case the fill factor fy = 1.0, the macroparticles are uniformly
distributed along the z axis.
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Electron Pulse Parameters
Microbunches 400
Macroparticles 106
Kinetic Energy 2 x 108 eV
Total Charge | —1.60218 x 10713 C
Period 1.04630 x 108 m
Fill Factor 0.5
X rms size 107% m
y rms size 107 m

Laser Pulse Parameters
Pulse Type Gaussian Plane-Wave
Peak Electric Field 3 x 10° N/C
Wavelength 1078 m
Pulse Length 125 x 1074 m

Detector Parameters

Distance from origin 1lm
Time at which to Sample 3.33605 x 10~ s

Table 4.1: Parameters for an example ICS source. To simulate the output from a similar
incoherent source, we simply set the fill-factor to 1.0, resulting in a uniform distribution
along the 2 direction.

same velocity to more easily study effects due to the bunch separation. The velocity of the
macroparticles is related to the kinetic energy of a single electron within the distribution
according to,

where mc? is the rest energy of a single electron. Likewise, simulations presented in this
section have been computed without space-charge effects.

4.2 Determining Optimal Electron Bunch Separation

Figure 4-4 compares the output intensity as a function of the period of the electron distri-
bution X, for both the coherent (f; = 0.5) and incoherent (fy = 1.0) case. We note that
the period corresponding to the peak intensity for the coherent simulation results agrees
quite well with the theoretical ideal period of 1.04630 x 10~8m given by Equation 2.40.
In comparison, a scan of the incoherent case shows no strong variations in intensity, as
expected. We can likewise see that in the limit far from the ideal period, both the coherent
and incoherent distributions produce roughly the same intensity, while the ratio of coherent
to incoherent intensity close to the ideal period is ~ 10%, as expected when the emitted
fields add in-phase as compared to with uncorrelated-phases.
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Figure 4-2: Initial distribution of simulation macroparticles in the X and Y direction. In
total 108 macroparticles were used in the simulation.
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Figure 4-3: The last nine microbunches in the initial electron distribution to visualize the
average distribution of macroparticles within a microbunch. The total distribution contains
400 of such microbunches.
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Figure 4-4: Comparison of the output intensity as a function of the period of the electron
distribution A, for both a coherent (f; = 0.5) and incoherent (f; = 1.0) case.
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4.3 Resulting Radiation Profile

Using the ideal period (Ay = 1.04630 x 10~ %m), we proceed to compute the spatial intensity
profile of the beam for both the incoherent and coherent case. Figure 4-5 plots the spatial
intensity profile of the output beam while Figure 4-6 plots the spatial profile of the average
radiated energy for the coherent f; = 0.5 case. We can see that the peak radiated intensity
is around 1.2¢6 W/m?. For comparison, Figure 4-7 plots the intensity for the incoherent
fr = 1.0 case. From the two profiles we can see that the intensity from the coherent
electron distribution is around five orders of magnitude larger than that from the incoherent
distribution.

0‘8 T T T T T T T [ ]
0.6 L i 10.0000028
0.4} | 40.0000024

0.2 10.0000020

0.0+ 0.0000016

y [mm]

1 [W/m? ]

-0.2F 0.0000012
0.0000008

0.0000004

8 1 1 1 |
-08 -06 -04 =02 0.0 0.2 0.4 0.6 0.8

X [mm]
Figure 4-5: Emitted intensity profile for the example ICS source parameters for a fill-factor

of fr = 0.5 representing a coherent ICS source. We can see that the peak intensity is around
c . 7 2
2.9e — 6 W/m=.
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Figure 4-6: Spacial distribution of the average radiated energy for a fill-factor of f; = 0.5,
representing a coherent ICS source.
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Figure 4-7: Emitted intensity profile for the example 1CS source parameters with a fill-factor
of fr = 1.0 representing a comparable incoherent ICS source. Do to the low intensity, sta-
tistical fluctuations within the distribution of the 10® macroparticles are sufficient to visibly
alter the computed profile of the beam. We can see that as a result of these fluctuations,

the peak intensity is slightly off center.



Emitted Peak Intensity [W/m? ]

Number of Electrons

Figure 4-8: Emitted peak intensity as a function of the number of electrons within the
beam for both the coherent f; = 0.5 and incoherent f; = 1.0 case. As expected, while the
incoherent case scales like the total number of electrons within the beam, the incoherent
case scales like the square of the total number of electrons.
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Chapter 5

Conclusion

We have determined a method for incorporating both space-charge and phase effects into
the calculations of the radiation scattered during ICS and have implemented and used this
method to simulate the output characteristics for an example ICS source.

Likewise, we have used our simulation routine to identify the ideal electron distribution
period and have provided a comparison between the radiation emitted by a incoherent and
coherent electron distributions.

We conclude by summarizing the main approximations of our described technique. First,
space-charge calculations require that the electrons be traveling at a similar enough speed
such that the static Coulomb force is valid in the rest frame of the electron distribution.
Secondly, our method for sampling the scattered radiation requires that the strength of the
electric field of the laser is weak such that, in comparison to the total momentum of the

electron,
gEo

o <l

Finally, our radiation sampling method requires that the electron distribution, at the time
of the radiation sampling, has a total length much smaller than the distance between the
distribution’s center of mass and the detector.

We hope that the software and routine developed as part of this thesis will be useful in
the study and design of future ICS sources which take advantage of in-phase super-radiant
emission and, ultimately, in enabling for hard x-ray beams to become more accessible to
research and industry.
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