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Abstract
The need for X-ray sources is increasing, due to the wide application range. To bridge
the gap between low brilliance X-ray tubes and high brilliance synchrotron facilities, the
Smart*Light project aims to develop a compact and tunable inverse Compton scattering
source. Smart*Light will use a focused, high power femtosecond laser pulse to collide with
an ultrarelativistic electron bunch. In this thesis, the optical path for the laser pulse is
designed, with the emphasis on maximizing the X-ray yield and enabling tunability of the
X-ray energies.

To allow for a high X-ray yield the laser pulse needs to be focused to a spot of 10µm
in the same point as the electron beam, which is called the interaction point. The high
power laser pulse will be focused using an off-axis parabolic mirror (OAP). Moreover, the
laser pulse should be stable, to ensure a maximum overlap with the electron bunch. Two
types of instability are distinguished: high frequency jitter of the laser beam versus low
frequency drift.

Experiments and simulations conducted in this research show that to minimize jitter
of the laser beam in the interaction point, the OAP mirror should have a short reflective
focal length and reflectance angle. Furthermore, a laser beam stabilization system from
MRC Systems is used to control the drift and achieve optimal stability. The final laser
path design focuses on stability of the laser pulse and timing of the laser pulse and electron
beam in the interaction point. It contains recommendations to be applied in the final
Smart*Light setup.

The conclusion from the design states that effects from thermal expansion and other
instabilities can be reduced with the proper choice of OAP mirror, laser path folding and a
stabilization system. Finally the power of the emitted X-ray photons should be monitored
and used as the feedback system for both the laser pulse and electron bunch to maximize
the X-ray yield.



List of symbols

This section contains a list of the symbols and acronyms used in this report and their
meaning.

Symbols

α Interaction angle of the laser in inverse Compton scattering [rad]
Reflectance angle of an off-axis parabolic mirror [rad]

β Normalized electron velocity
c Speed of light in vacuum [m/s]
χ Dielectric susceptibility
d Airy disk radius [m]
D Diameter of the focusing element [m]
E Envelope of the electric field [V/m]
Ẽ Complex envelope of the electric field [V/m]
Ẽ0 Central amplitude of the complex field envelope [V/m]
ε0 Vacuum permittivity [F/m]
E Electric field [V/m]
Epulse Laser pulse energy [J]
φ Time-dependent phase [rad]
f Focal length [m]
F0 Gaussian peak fluence [J/m2]
γ Lorentz factor
h Off-axis distance [m]
I Intensity of a laser spot [W/m2]
I0 Intensity in the center of a laser spot [W/m2]
k Wave vector [rad/m]
k′′l Group velocity dispersion parameter [s2/m]
λ Wavelength of electromagnetic radiation [m]
λ0 Wavelength of laser photon [m]
λx Wavelength of X-ray photon [m]
L Length of dielectric medium [m]
µ0 Vacuum magnetic permeability [N/A2]
M2 Beam quality or beam propagation factor
m Electron rest mass [kg]
N Number of crystals
N0 Number of laser photons per pulse
Ne Number of electrons per bunch
Nx Number of X-ray photons per interaction
n Refractive index
n2 Nonlinear refractive index
ne Refractive index of the extraordinary (fast) axis
neg Group refractive index of the extraordinary (fast) axis
no Refractive index of the ordinary (slow) axis
nog Group refractive index of the ordinary (slow) axis
ntot Total refractive index including Kerr effect
ω Angular frequency [rad/s]
ωl Central angular frequency [rad/s]
ωp Instantaneous angular frequency [rad/s]
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P Polarization vector [C/m2]
Plinear Linear polarization [C/m2]
P0 Peak laser pulse power [J/s]
q Charge of the particle [C]
r Radial distance from the center [m]
σ0 Gaussian standard deviation of laser pulse [m]
σe Gaussian standard deviation of electron bunch [m]
σθ Gaussian standard deviation of the divergence half angle [rad]
σT Thomson cross section [m2]
σw0 Gaussian standard deviation of the beam waist [m]
σx Gaussian standard deviation of the horizontal position of the laser spot [m]
σy Gaussian standard deviation of the vertical position of the laser spot [m]
S Spectral intensity [W/sr/Hz]
θ Scattering angle of X-ray photon [rad]

Divergence half angle of ideal Gaussian beam [rad]
Angle of incident laser beam w.r.t. optical axis of parabolic mirror [rad]
Angle of the polarization of the laser [rad]

θf Divergence half angle of focused Gaussian beam [rad]
θR Divergence half angle of real Gaussian beam [rad]
τG Gaussian pulse duration [s]
τp FWHM pulse duration [s]
τp0 Initial FWHM pulse duration [s]
t Time [s]
vg Group velocity [m/s]
w Laser beam radius, 1/e2 radius [m]
w0 Ideal Gaussian beam waist [m]
wf 1/e2 radius of focused Gaussian beam [m]
wi 1/e2 radius of incident Gaussian beam [m]
wR Real Gaussian beam waist [m]
x Horizontal position of the laser spot [m]
xRMS Root mean square of the x-positions [m]
y Vertical position of the laser spot [m]
yRMS Root mean square of the y-positions [m]
xf Position of the focal point along the x-axis [m]
z Position along axis of propagation [m]
zR Rayleigh range [m]
� Laser beam diameter [m]
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Acronyms

4QD Four quadrant diode
α-BBO α-barium borate
CCD Charge-coupled device
EFL Effective focal length
FWHM Full width at half maximum
GDD Group delay dispersion
GVD Group velocity dispersion
GVM Group velocity mismatch
ICS Inverse Compton scattering
LCLS-II Linear Accelerator Coherent Light Source II
LED Light-emitting diode
LIDT Laser-induced damage threshold
NA Numerical aperture
OAP Off-axis parabola/parabolic
OAD Off-axis distance
PFL Parent focal length
PSD Position sensitive device
RF Radio frequency
RFL Reflected focal length
RMS Root mean square
SCG Supercontinuum generation
SHG Second harmonic generation
SMILE System of Multipass optical beam for Interaction between Laser and Electrons
THG Third harmonic generation
UV Ultraviolet
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Chapter 1

Introduction

1.1 The need for a new X-ray radiation source

X-ray radiation is widely used in our modern world, ranging from medical applications to
material sciences. Due to the high energy of the photons – high compared with “normal”
electromagnetic radiation such as visible light – X-rays can be used to image not just the
outside of objects and materials, but also what is going on inside. For its perhaps most
well known application of radiography, which involves the imaging of organs and fractured
bones, a relatively simple device called the X-ray tube is used [1]. An X-ray tube is a
vacuum tube with a cathode and an anode. When a high voltage is applied, electrons are
accelerated from the cathode to the anode. When colliding into the anode, the electrons
are decelerated and emit X-ray radiation. This effect is called the bremsstrahlung effect
[2]. The energy of emitted X-ray photons depends on the applied voltage and the anode
material.

On the other hand there are these huge synchrotron facilities, the size of football
stadiums. Such a facility usually contains a large storage ring in which the accelerated
electrons circulate and produce radiation, called synchrotron radiation [2]. Multiple X-ray
beamlines are connected to this storage ring in which the X-ray radiation can be used
for industrial research and medical applications. Compared to X-ray tubes, synchrotron
facilities produce X-ray radiation of very high quality – usually called brilliance. The
brilliance is equal to the intensity of the beam per unit solid angle per unit of relative
energy spread. It indicates how many X-ray photons are produced per unit of time, how
divergent the beam is, what the cross section of the beam is, and how monochromatic it is.
The brilliance of synchrotron radiation is orders of magnitude higher than the radiation
produced by X-ray tubes [3]. Moreover, a broad range of X-ray photon energies can be
produced by a synchrotron. Lastly, the coherence of the X-ray photons from synchrotron
radiation is often much higher than from X-ray tubes [1].

These synchrotron facilities seem like the ideal generator for experimental X-ray
radiation. However, for most research institutes it is impossible (both financially and
logistically) to build such a facility for their own experiments. There are about 70 of such
facilities around the world where researchers can setup their experiment and get some time
at the beamline. Not only can it take a long time to get a place at the beamline, moving
the entire experimental setup there can be a logistical nightmare in itself.

To bridge the gap between low coherence X-ray tubes and high intensity synchrotron
beamlines, the Smart*Light project aims to develop and apply a “revolutionary, compact,
affordable and miniaturized alternative to a synchrotron facility – a tabletop Inverse
Compton Scattering (ICS) source” [3]. An inverse Compton scattering source uses a high
powered laser beam that collides with high energy electrons to produce spatially coherent,

1



1.2. Inverse Compton Scattering as an X-ray source

Figure 1.1: Schematic of the Smart*Light setup. Electrons are produced with the electron
gun and accelerated with a linear accelerator. In the interaction chamber (IC) the

electrons collide with a laser beam, thereby creating X-ray radiation.

high brilliance X-ray radiation with tunable photon energies. A simple schematic of the
setup used in Smart*Light is shown in Figure 1.1. The high energy electrons are produced
by an electron gun and accelerated in a linear accelerator to several tens of MeV. In the
interaction chamber (IC) the electrons collide with the high powered laser beam and produce
X-ray radiation.

1.2 Inverse Compton Scattering as an X-ray source

The low-energy limit of Compton scattering is called Thomson scattering, where the electron
is stationary. The electric field of an incident photon will accelerate the electron, causing
the electron to oscillate. In turn, the oscillation of the electron results in electromagnetic
dipole radiation, thereby scattering the electric field of the incident photon. The cross
section of the electron for such a scattering event is the Thomson cross section σT , and is
equal to [4]

σT =
8π

3

(
q2

4πε0mc2

)2

, (1.1)

where q is the charge of the particle, m is the rest mass of the particle, ε0 is the vacuum
permittivity and c is the vacuum speed of light. For an electron, σT ≈ 66 fm2.

As stated above, in inverse Compton scattering an incoming photon is scattered by
a moving electron. The mechanism is illustrated in Figure 1.2. In this illustration, the
incident photon with wavelength λ0 collides with the moving electron under an angle
α. The photon is scattered under an angle θ and its energy is increased, shortening its
wavelength to λx < λ0. This process is called a relativistic Doppler shift. The wavelength
of the scattered photon λx can be calculated for an electron with relative velocity β = v/c
(see Appendix A for the derivation):

λx = λ0
1− β cos θ

1 + β cosα
. (1.2)

In the case of a head-on collision (α ≈ 0) and relativistic electrons (v ≈ c), for very small
scattering angles (θ � 1) the above equation approximates to (see Appendix A):

λx =
λ0
4γ2

(1 + γ2θ2), (1.3)

where γ2 = 1/(1 − β2) is the Lorentz factor. When using highly relativistic electrons
(γ � 1) the wavelength of the scattered photons with θ = 0 will be reduced by a factor
of 4γ2. In the case of an electron with a kinetic energy of 30MeV, the Lorentz factor
γ = 60. The wavelength of the incoming photon is then reduced by a factor of > 105. If
the incoming photon has a wavelength of λ0 = 800nm, the wavelength of the scattered
photon will be λx < 0.1nm, which is in the hard X-ray regime. The scattered photons
with θ = 0, and thus traveling in the same direction as the electrons, will always have the
shortest wavelength and therefore the highest energy.

Equation (1.2) describes the wavelength of the scattered photon, but this is assuming
the photon and electron actually interact with each other within the Thomson scattering

2



Chapter 1. Introduction

Figure 1.2: Inverse Compton scattering mechanism. Source: [3].

cross section. For a collimated electron bunch and collimated laser pulse, both with
Gaussian intensity profiles, the number of X-ray photons that are produced (also called
“X-ray yield”) in a head-on collision is given by

Nx = N0Ne
σT

2π(σ20 + σ2e)
, (1.4)

where Nx is the number of X-ray photons generated per collision of one laser pulse and
one electron bunch. N0 and Ne are the number of laser photons and electrons in the
laser pulse and electron bunch, respectively. Furthermore, σ0 and σe are the Gaussian
standard deviations of the transverse intensity profiles of the laser pulse and electron bunch,
respectively. See Appendix B for a derivation. In reality, the beams are not collimated.
Instead, the beams are focused and have a hyperbolic envelope. However, if the pulse
length of the laser pulse and the bunch length of the electron bunch are shorter than
their respective Rayleigh lengths (defined in section 2.1), the bundles can be considered
collimated.

As can be seen from Equation (1.1) the Thomson scattering cross section does not
depend on the kinetic energy of the electron or the wavelength of the incoming photon. The
process of generating X-ray photons through ICS is therefore very inefficient. To maximize
the X-ray yield, the probability of scattering can be improved by increasing the density
of photons in the laser pulse and the density of electrons in the electron bunch. A higher
density is achieved by focusing the laser and electron bundle to a small spot size, i.e. by
decreasing σ0 and σe. It is however not efficient to focus one beam to a much smaller radius
than the other. From Equation (1.4) it can be seen that the largest of the two (σ0 and
σe) dominates the term. If the laser would be focused to a very small radius, for example
10µm radius, but the electron beam would still have a radius of 200µm, the large radius of
the electron beam dominates. To efficiently increase the X-ray yield, both beam radii need
to be small and approximately equal to each other.

The radii σ0 and σe are however limited; the minimum laser spot size is limited by
diffraction (which will be treated in chapter 2), while the minimum electron bunch radius
is limited by Coulomb repulsion between the electrons. For a laser pulse with wavelength
λ = 800 nm, a focusing optic with a standard diameter of 2 inch and a focal length of 50 cm
can achieve a diffraction limited spot size of σ0 = 3.3µm. On the other hand, the electron
bunch used in Smart*Light has a total bunch charge of at least 10pC and an energy of
30MeV. The spot size σe of such a bunch is limited by Coulomb repulsion to σe = 5µm.
The electron bunch is therefore the limiting factor. It is decided to focus the laser spot to
σ0 = 5µm as well.

For a laser pulse with a pulse energy of 100mJ containing 4 · 1017 photons, one X-ray
photon is produced for every ten electrons in one bunch. With an electron bunch charge

3



1.3. The Smart*Light project

Figure 1.3: X-ray brilliance as a function of X-ray energy for synchrotron bending magnet
radiation (SR BM) available at the DUBBLE beamline at ESRF, the proposed inverse

Compton scattering (ICS) Smart*Light source, the liquid-gallium X-ray tube developed by
Excillum and a rotating anode tungsten X-ray tube. Source: [3].

of 10pC and a pulse repetition rate of 1 kHz, almost 1010 X-ray photons are produced
per second, which makes ICS a very interesting source for X-ray radiation. There are
multiple examples of projects that aim to use an ICS source to produce X-rays. One of the
projects is the Compact X-ray Light Source (CXLS) at MIT, led by William Graves [5, 6].
Other examples include the Lyncean group in the US [7] and the ThomX project in France
[8].

The potential theoretical brilliance and energy of an ICS source is plotted in Figure
1.3, together with the brilliance of the bending magnet radiation from the Dutch-Belgian
Beamline (DUBBLE) at the synchrotron facility in Grenoble, and two X-ray tube sources.
Unlike a synchrotron that produces a broad X-ray spectrum, an ICS source produces
monochromatic but tunable X-ray radiation. This is represented by three different narrow
spikes, and the potential brilliance at each energy is fitted by the straight line. It can be seen
that an ICS source would bridge the brilliance gap between X-ray tubes and synchrotron
facilities. Moreover, due to the compact size it would be possible for research institutes to
build their own X-ray source right next to their experimental setups.

1.3 The Smart*Light project

The Smart*Light project aims to differentiate itself from the projects mentioned above
by – amongst other things – building a setup that is so compact, it could fit on a large
“kitchen table”. Figure 1.4 shows a 3D rendering of the electron beamline and interaction
chamber of the Smart*Light setup. From right to left the components are: (1) the 100 kV
DC-photogun, (2) the state-of-the-art X-band accelerator, (3) the focusing magnet[1] and
on the left (4) the interaction chamber where the laser beam and electrons collide and the
ICS interaction takes place. This point, where the laser beam and electron beam collide, is

[1]In the figure this is a quadrupole magnet, but in the remainder of this thesis it is assumed that a
solenoid will be used instead. In later stages of Smart*Light the solenoid will be upgraded to a quadrupole
to achieve a smaller focus of the electron beam.
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Chapter 1. Introduction

Figure 1.4: 3D rendering of the Smart*Light setup under construction. The components
are: (1) DC-photogun, (2) X-band accelerator, (3) focusing magnet, (4) interaction

chamber. Source: [10].

referred to as the “interaction point”. The laser system and laser beam are not shown in
this figure, neither are some of the other major components (e.g. the klystron modulator,
control electronics and RF circuit). The image does show the scale of the setup, which
should fit on a large table. As said before, the DC-photogun generates the electrons at
100 keV. It does this by using a UV laser that frees electrons from a photocathode [9]. The
X-band accelerator accelerates the electrons to several tens of MeV. The focusing magnet
focuses the electron beam down to a bunch of about 20µm in diameter in the interaction
point.

The high power laser pulse that is supposed to interact with the electron beam is
generated by a Ti:Sapphire femtosecond laser system. The laser pulse is an ultrashort pulse
of 100 fs with a pulse energy of 12.5mJ. This results in a peak power of 125GW. Since it is
a pulsed laser with a 1 kHz repetition rate, the average output power is 12.5W. Similar
to the electron beam, the laser beam is focused down to a diameter of 20µm. Not only is
it necessary to carefully select the optical materials to be used with the high power and
ultrashort pulse duration in mind, the stability of the laser beam is also critical due to the
small size of the laser spot. The work in this thesis describes aspects of the design and
testing of the optical laser path. The goal of the project is to create a design to focus the
high power laser pulse in the interaction point, and optimize the emitted X-ray beam.

The numerous problems that have to be dealt with when designing the optical path
are treated in this thesis. In chapter 2 the theory of laser beams and optics that is used
in this thesis is explained. In chapter 3 the plan on how to focus the laser beam with an
off-axis parabolic mirror and the corresponding issues are explained. Especially the stability
of the laser beam will be of importance, and a distinction is made between the jitter of
the laser beam and drift. In chapter 4, the problem of jitter is discussed. Simulations
and experiments are conducted to further characterize the parabolic mirror and find the
ideal configuration for the Smart*Light setup to minimize the jitter of the laser beam in
the interaction point. In chapter 5 a solution to the drift of the laser beam is tested and
recommendations are made for Smart*Light. In chapter 6 the final design of the complete
laser optical path is presented, together with the step-by-step design process. In chapter 7
several solutions are shown to further improve and tune the generated X-ray beam. Finally,
the thesis is concluded in chapter 8.
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Chapter 2

Theory of Laser Beams and Optics

In this chapter the theory of laser beams and optics, that is used and applied throughout
this thesis, is explained. First, the theory of Gaussian laser beams is discussed. Second, a
mathematical description of an off-axis parabolic mirror is presented. Finally a short sum-
mary of ultrashort laser pulse theory is given, which is mainly based on the book Ultrashort
Laser Pulse Phenomena by Diels & Rudolph (1996) [11]. The origin of several important
parameters (e.g. group velocity and pulse duration) is explained using basic formulas,
together with the effect of ultrashort pulses on dielectric media and vice versa.

2.1 Gaussian beam propagation theory

The propagation of a laser beam through space can be described by Gaussian beam
propagation if the transverse intensity profile adheres to the following equation [12]:

I(r) = I0 exp

(
−2r2

w2

)
. (2.1)

Here I0 is the intensity in the center of the spot, r is the radial distance from the center,
and w is called the beam radius. The beam radius is therefore immediately defined as the
value of r where the intensity is a factor of 1/e2 lower than in the center. When comparing
the above equation to an ordinary Gaussian distribution it follows that the beam radius w
equals two times the Gaussian standard deviation σ. The beam radius of a propagating
Gaussian beam develops along its propagation axis as given by [12]:

w(z) = w0

[
1 +

(
zλ

πw2
0

)2
]1/2

, (2.2)

where z is the position along the axis of propagation and w0 = w(z = 0) is the smallest
radius of the beam (i.e. the waist). This equation describes a bundle of light rays that
diverge from the waist. The shape that this equation describes is also called the envelope;
it does not describe the behaviour of every single light ray, but only of the 1/e2 radius. In
the far-field approximation (z � πw2

0/λ) the divergent behaviour of the beam envelope is
linear with a half angle tan(θ) given by:

tan(θ) =
λ

πw0
. (2.3)

In the small angle approximation where w0 � λ:

λ

πw0
= tan(θ) ≈ θ. (2.4)
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Chapter 2. Theory of Laser Beams and Optics

Figure 2.1: Illustration of the waist of a real Gaussian beam with M2 > 1, together with
the ideal, embedded Gaussian with M2 = 1. Source: [12].

The Rayleigh length zR is defined as the the distance z at which the beam area πw(z)2 is
double the area in the waist πw2

0 [13], such that

w(zR) =
√

2w0. (2.5)

Using Equation (2.2) the Rayleigh length is then equal to:

zR =
πw2

0

λ
. (2.6)

For many applications the beam envelope is considered to be a collimated beam for
|z| < zR. Generally, the far-field approximation is valid for z > 10zR [12].

2.1.1 Beam propagation constant

For a real laser beam most of the aforementioned Gaussian beam equations will not hold.
This is because most real laser beams are not true Gaussian beams. The quality of a laser
beam compared with a true Gaussian is given by the beam quality or beam propagation
constant M2. This constant is defined as the beam parameter product divided by λ/π [14]:

M2 =
θRw0R

λ/π
, (2.7)

where θR and w0R are the real diverging half angle and real waist of the laser beam,
respectively, and together they form the beam parameter product. The beam propagation
constant describes “how Gaussian” the beam is, with M2 = 1 corresponding to an ideal,
diffraction-limited Gaussian beam. It is therefore not possible to have an M2 value lower
than 1. In real cases M2 > 1, which means that the waist and divergence angle will be
larger than for an ideal beam. Figure 2.1 shows the effect of an M2 > 1 on the waist of a
Gaussian beam. The ideal Gaussian beam is also drawn, and is referred to as an embedded
Gaussian beam [12].

The real laser versions of Equations (2.2) is given by:

wR(z) = w0R

[
1 +

(
zλM2

πw2
0R

)2
]1/2

, (2.8)
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Figure 2.1 shows that the waist and divergence angle increase by a factor of M (not M2),
but that the Rayleigh range stays the same. Still it can be useful to express the Rayleigh
range in terms of w0R [12]:

zR =
πw2

0R

M2λ
. (2.9)

2.1.2 Diffraction limit and the focused Gaussian beam

For any beam, the smallest achievable focused spot is limited by the diffraction limit. The
smallest spot size radius d that can be achieved with a laser beam with wavelength λ and
a lens with diameter D and focal length f is given by [15]

d = 1.22
fλ

D
, (2.10)

where d refers to the radius of the Airy disk. However, in the case of a Gaussian beam it is
useful to express d in terms of the Gaussian standard deviation σ. The best approximation
between the Airy pattern and a Gaussian distribution with the same peak intensity I0 is
achieved when [16]

σ ≈ 0.42
fλ

D
. (2.11)

The waist w0 = 2σ approximately equals two-thirds the Airy disk radius d. This is the
smallest theoretical beam radius that can be achieved for a Gaussian beam with wavelength
λ with a focusing element with focal length f and diameter D.

Next to the diffraction limit, it is also useful to be able to calculate the waist in the
focal point for a certain incident beam radius wi < d/2. Figure 2.2 shows the situation of a
Gaussian beam with beam radius wi being focused by a lens with focal length f . The waist
in the focal point is wf , with a diverging half angle θf . For analytical purposes the lens
is assumed to be a thin lens. The waist wf can be calculated from the beam parameter
product w0RθR from Equation (2.7). In the case of Figure 2.2 the beam parameter product
of the focused beam is equal to wfθf . The half angle θf can expressed in terms of the
beam radius wi at the lens and the focal length f using simple trigonometry:

tan (θf ) =
wi
f
. (2.12)

In most cases wi � f and the above equation can be approximated to θf ≈ wi/f . Then
the beam parameter product can be rewritten to find an expression for the waist in the
focus wf in terms of the other known parameters:

wf =
M2fλ

πwi
. (2.13)

Equation (2.13) only holds for an initial parallel beam. According to Equation (2.8) it is
not possible to have a perfectly parallel beam, but for a large enough initial radius such
that θR � 1 the beam is parallel enough for the equation to be valid. Furthermore, if the
beam radius wi at the lens is similar to the diameter of the lens, diffraction will limit the
waist wf according to Equation (2.11).

2.2 Geometry of an off-axis parabolic mirror

The laser beam used in the Smart*Light project will be focused in the interaction point
using an off-axis parabolic mirror. This section describes the mathematical geometry of
such a mirror.
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Chapter 2. Theory of Laser Beams and Optics

Figure 2.2: Drawing of a Gaussian beam with beam radius wi being focused by a focusing
element with focal length f to a focus waist of wf . Source: [12].

Figure 2.3: The parabola 4fy = x2 with focus F (0, f) and directrix y = −f . Source: [18].

A parabola is defined in calculus as “a plane curve whose points are equidistant from a
fixed point F and a fixed straight line l that does not pass through F ” [17]. The point F is
called the focal point, and line l is the directrix. See Figure 2.3 for an illustration. The
axis of the parabola is the line through the focus and perpendicular to the directrix, in this
case the y-axis. The point where the axis meets the parabola is the vertex V .

For any point P (x, y) on the parabola, the shortest distance to the directrix |Pl| is
equal to the distance from P to the focus: |PF |. The equation for the parabola can be
expressed in term of the distance from the vertex V to the focus F , i.e. the focal length. If
point F lies in (x, y) = (0, f), then it follows that [17]:

|PF |2 = x2 + (y − f)2, (2.14)

|Pl|2 = (y + f)2. (2.15)

Solving |PF |2 = |Pl|2 for y gives:

x2 + y2 − 2fy + f2 = y2 + 2fy + f2

y =
x2

4f
.

(2.16)

In optics, all light rays incident on a parabolic mirror and parallel to the axis of the parabola
(i.e. optical axis) will be focused in the focal point of the parabola.
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2.3. Ultrashort laser pulse theory

Figure 2.4: Drawing of an off-axis parabolic mirror (in grey). The main parabola is drawn
as the black curve continuing from the mirror surface. The y-axis represents the optical
axis. Its vertex V and focal length f are indicated, together with the off-axis distance h.

An off-axis parabolic (OAP) mirror is a segment cut out of the main parabola along the
x-axis. An example is shown in Figure 2.4, where the OAP mirror is indicated in grey. The
black curve continuing from the mirror surface is the main parabola. The y-axis coincides
with the optical axis. The focal length f of the main parabola is referred to as the parent
focal length (PFL), while the distance from the center of the OAP mirror to the focal point
is referred to as the reflected focal length (RFL). The off-axis distance (OAD) is defined as
the distance from the vertex V of the parabola to the center of the OAP mirror, and is
indicated in the figure by h. Lastly, the angle under which the incident central light ray is
reflected towards the focal point is called the reflectance angle α.

Using the result from Equation (2.16), the RFL and reflectance angle can be expressed
in terms of the PFL and OAD distance:

RFL =

√
h2 +

(
f − h2

4f

)2

, (2.17)

α = atan

(
h

f − h2

4f

)
, (2.18)

where the distance between the x-axis and the center of the OAP mirror surface is equal to
h2

4f .

2.3 Ultrashort laser pulse theory

The laser used in the Smart*Light project will produce ultrashort laser pulses. The term
ultrashort refers to pulses with a pulse length of the order of femtoseconds (fs) [11]. A
femtosecond pulse can be completely described by its electric field. A commonly used
formula for the electric field E(t) is given by [11]:

E(t) =
1

2
E(t)eiφ(t)eiωlt + c.c. (2.19)

Here E(t) is the envelope of the electric field, φ(t) is the time-dependent phase and ωl is
the central frequency. Ultrashort pulses can have a nonzero second derivative of the phase
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Figure 2.5: Electric field and time-dependent frequency of an upchirped pulse. Source: [11].

φ(t), i.e. d2φ
dt2
6= 0. This causes the frequency (or the “instantaneous angular frequency”) ωp

of the pulse to be time-dependent as well [11]. In the first order, this results in

ωp(t) = ωl +
dφ(t)

dt
. (2.20)

The effect of such a time-dependent frequency on the electric field of the pulse is called
chirp, and it is illustrated in Figure 2.5. In this figure the higher frequency components are
“ahead” of the lower frequencies in the laser pulse, which is called upchirp. The other way
around would be called downchirp. Higher order chirps also exist.

The pulse duration τp is defined as the full width at half maximum (FWHM) of the
intensity profile I(t) = |Ẽ(t)|2. The spectral width or bandwidth ∆ωp is defined as the
FWHM of the spectral intensity S(ω) ∼ |Ẽ(ω)|2, where Ẽ(ω) is the Fourier transform of
Ẽ(t) [11]. In the case of Smart*Light the shape of the pulse Ẽ(t) is assumed to be Gaussian,
which in the case of an unchirped pulse is described by

Ẽ(t) = Ẽ0 e−(t/τG)
2
, (2.21)

where τG = τp/
√

2 ln (2). The spectral intensity S(ω) is then proportional to

S(ω) ∼ |Ẽ(ω)|2 ∼ exp

[
−
ω2τ2G

2

]
. (2.22)

The FWHM bandwidth ∆ωp equals

∆ωp =
1

τG

√
8 ln(2). (2.23)

This shows that the bandwidth ∆ωp and the pulse duration τp are actually related to each
other. Together they form the duration-bandwidth product [11]:

∆ωpτp = 4 ln(2). (2.24)
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2.3. Ultrashort laser pulse theory

This derivation is for an unchirped, Gaussian pulse. In reality the pulse will often be chirped,
and the duration-bandwidth product will be larger. Therefore the shortest possible pulse is
an unchirped pulse [11]. Equation (2.24) shows that by decreasing the pulse duration the
bandwidth is automatically increased. Ultrashort pulses are therefore necessarily broadband,
up to 10%.

2.3.1 Linear optical effects

The interaction of electromagnetic waves with a medium is determined by the polarization
P of that medium according to the Maxwell equations [4]. The amplitude of the linear
polarization is related to the dielectric susceptibility χ:

Plinear = ε0χE, (2.25)

where ε0 is the vacuum permittivity and E is the amplitude of the electric field. A medium
can in general also possess a nonlinear polarization, which then depends on higher orders
of χ(n)En. In general, χ depends on the frequency of the electromagnetic wave (χ = χ(ω)),
which means a nonzero dispersion [11]. The dispersion relation for linear optics is given by:

k2(ω) = ω2[1 + χ(ω)]ε0µ0 =
ω2

c2
n2(ω). (2.26)

Here k(ω) is the wave vector, µ0 is the vacuum magnetic permeability, c is the speed of
light in vacuum, and n(ω) is the refractive index of the medium. The group velocity vg of
the wave is determined by the wave vector:

vg =

(
dk

dω

∣∣∣∣
ωl

)−1
. (2.27)

If the derivative of k(ω) still depends on the frequency ω, then also the group velocity
will depend on frequency. This will lead to group velocity dispersion (GVD). The GVD
parameter is given by the second derivative of k(ω) [11]:

k′′l ≡
d2k

dω2

∣∣∣∣
ωl

= − 1

v2g

dvg
dω

∣∣∣∣
ωl

. (2.28)

The GVD has important consequences for ultrashort pulses. When travelling through a
dielectric medium, different frequency components will travel through the material with
different velocities. For an initially unchirped pulse, this will result in a chirp formation
and an increase in the pulse duration. For a Gaussian pulse, the initial pulse duration τp0
will increase after travelling through a material of length L and k′′l 6= 0 according to the
following formula [11]:

τp = τp0

√√√√1 +

(
4 ln (2)

∣∣k′′l ∣∣L
τ2p0

)2

. (2.29)

The group delay dispersion (GDD) is simply the GVD multiplied by the length of the
material:

GDD =
∣∣k′′l ∣∣ · L. (2.30)

For many materials the GDD or GVD can be found in literature (see for example [19]). When
this is not the case, the refractive index is usually known and formulated by the Sellmeier
equation as a function of wavelength λ. The GVD parameter in terms of wavelength can
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Figure 2.6: Broadening of a femtosecond pulse at 800 nm after propagation through 20mm
of BK7. Source: [19].

be calculated with the refractive index by combining Equation (2.26), (2.28) and the fact
that λ = 2πc/ωl:

k′′l (λ) =
λ3

2πc2
d2n(λ)

dλ2
. (2.31)

In Figure 2.6 the pulse length of an 800 nm pulse after having travelled through 20mm of
BK7 is plotted versus the input pulse length, following Equation (2.29). In this figure it
can be seen that the pulse broadening can be severe for pulses shorter than 50 fs, but that
the effect is almost negligible for pulses longer than 100 fs.

2.3.2 Nonlinear optical effects

Nonlinear optical effects occur when the polarization P has a nonlinear dependence on the
dielectric susceptibility χ and the electric field E, i.e. P ∝ χ(n)En, n > 1. In this section
two nonlinear effects will be discussed, which can have a negative influence on the quality
of the laser pulse and therefore on the generated X-ray radiation: spectral broadening and
the Kerr effect.

Not all nonlinear effects are per definition “good” or “bad”. For example, second harmonic
generation (SHG) and third harmonic generation (THG) are examples of nonlinear processes
that take place in certain crystals to generate others wavelengths. SHG can be used to
transform 800 nm laser light into 400 nm, and THG to transform 800 nm into 266.7 nm UV
light. Both of these processes are used in the Smart*Light laser.

However, there are also processes in which additional wavelengths are generated and
added to the spectrum, thereby unintentionally increasing the bandwidth. For the purposes
of Smart*Light this is an unwanted process, since it will affect the monochromaticity of
the X-ray radiation. The extreme case of this process is called supercontinuum generation
(SCG) or white light generation, where laser light with a very narrow bandwidth is converted
into light with a superwide continuous spectrum [20]. Although it is difficult to quantify
this effect, spectral broadening should be kept in mind when selecting optical materials in
the optical path design of high intensity lasers.

The second nonlinear nonlinear effect that could be relevant to the laser path design is
the optical Kerr effect. In the case of the Kerr effect the refractive index depends on the
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2.3. Ultrashort laser pulse theory

optical intensity I:
ntot = n+ ∆n = n+ n2I, (2.32)

where n is the “regular” refractive index and n2 is the nonlinear index. The value of n2
depends on the third-order dielectric susceptibility χ(3) [21]. For most materials n2 is of the
order of 10−20m2/W [22], which means its contribution only becomes relevant for intensities
of I > 1018W/m2. Such intensities are very high and will in the case of Smart*Light
only occur for a tightly focused beam. When the intensity does become high enough, the
refractive index of the material locally increases causing self-focusing of the beam, leading
to a further increase of the intensity. This effect is especially important for the windows of
the interaction chamber, since these could start acting as lenses.

2.3.3 Laser-induced damage threshold

Already much lower intensities than those relevant for the Kerr effect can have negative
consequences: laser-induced damage. Through various mechanisms the optical material
can be damaged, especially by ultrashort high intensity pulses. Usually, the maximum
intensity an optical component can endure is tested, and a laser-induced damage threshold
(LIDT) is provided. The LIDT indicates the maximum laser intensity (in W/cm2) in the
case of continuous lasers, or fluence (in J/cm2) in the case of pulsed lasers, that an optical
component can withstand before it is damaged. It should be noted that there does not
exist a consensus in industry on how damage should be tested, and how test data should
be interpreted [23]. The LIDT should therefore be used as an indication only; in practice
the stated LIDT should preferably be well over the intensity of the used laser. Damage
can be caused by numerous effects, for example by thermal effects of dielectric breakdown.
For femtosecond laser pulses damage is most likely caused by nonlinear optical effects and
charge carrier scattering [24].

In practice, the measured quantities are often the total pulse energy Epulse and the
beam diameter w2

R. The peak fluence F0 can be expressed in terms of those measured
quantities, using the fact that the pulse energy is the fluence integrated over the laser spot
surface (see Appendix C for full derivation)

F0 =
2Epulse
πw2

R

. (2.33)

Although the fluence is not time-dependent with units of J/cm2, the LIDT does in fact
depend on the pulse duration. The LIDT furthermore depends on the wavelength of the
pulse and the diameter (already included in Equation (2.33)). A given LIDT measured at
wavelength λ1, with pulse duration τ1 and beam diameter �1 can be converted to other
parameters using the following scaling relation [23]:

LIDT(λ2, τ2,�2) ≈ LIDT(λ1, τ1,�1)×
(
λ2
λ1

)
×
√
τ2
τ1
×
(

�1

�2

)2

. (2.34)

It should be noted that this scaling relation becomes unreliable when applied to large
wavelength or pulse duration changes [23]. Moreover, for pulse durations of τp < 100 fs the
LIDT dependence deviates from the square root scaling and becomes nearly independent
of pulse duration [24].

The peak pulse power P0 (in J/s) for a Gaussian beam is calculated using the following
formula (see Appendix D for derivation):

P0 = 2

√
ln(2)

π

Epulse
τp

. (2.35)
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The peak intensity I0 (in W/m2) can then be calculated by combining Equation (2.33) and
(2.35):

I0 =
2P0

πw2
R

=

√
ln(2)

π

4Epulse
πw2

Rτp
. (2.36)

Using this formula the beam radius can be determined for which the Kerr effect will play
a role (I0 > 1018W/m2). With a pulse energy of 12.5mJ and a FWHM pulse duration
of 100 fs, the beam radius wR needs to be smaller than 200µm to change the refractive
index of a material by more than 1%. Such a small radius is only encountered near the
interaction point.
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Chapter 3

Stability of the Laser Beam in the
Interaction Point

In this chapter the focusing of a laser beam with an off-axis parabolic mirror is treated in
general, and the issue of stability is discussed.

3.1 General considerations

In section 1.2 it was explained that to maximize the X-ray yield the electron and laser beam
sizes need to be minimized, which is done by focusing both beams to a similar radius. Due
to Coulomb repulsion between the electrons in the electron bunch, the smallest possible
radius for the 10 pC 30MeV electron bunch is σe = 5µm. This means that the laser beam
will also need to be focused to a radius of σ0 = 5µm.

To focus the laser beam to the desired waist of w0R = 2σ0 = 10µm, a focusing mirror
will be used instead of lenses. The high intensity of the laser pulse can cause all kinds
of nonlinear optical effects inside a medium of a lens, described in section 2.3. These are
often unwanted effects, because they can negatively affect the quality of the laser pulse and
thereby the X-ray photons. To minimize these effects, traveling through such a medium
should be avoided when possible. Therefore the choice is made to use a curved mirror as
the focusing element.

There are several types of mirrors that are capable of focusing an incoming beam, such
as spherical mirrors and parabolic mirrors. A parabolic mirror has as an advantage over
the spherical mirror that it eliminates spherical aberrations in the focal point [25]. To
prevent that the focus of the parabolic mirror lies in the path of the incoming beam, an
off-axis parabolic (OAP) mirror is chosen. In section 2.2 the geometry of the OAP mirror
was already discussed in detail. The difference between the off-axis distance (OAD) and
parent focal length (PFL) on one hand and the reflected focal length (RFL) and reflectance
angle on the other hand was explained. Equations were derived to determine the RFL and
reflectance angle from the OAD and PFL. An OAP mirror can either be fully described by
its PFL and OAD, or by the RFL and the reflectance angle α. In the remainder of this
thesis, OAP mirrors will be mainly described in terms of their RFL and reflectance angle,
because that is how the OAP mirrors are typically specified by the suppliers.

In section 2.1.2 it was shown how a Gaussian beam is focused, and a derivation of the
beam radius in the focal point was given. Not only does this derivation assume that the
incident bundle itself is a parallel bundle, it also assumes that the bundle is parallel to
the optical axis of the focusing element. In the case of Smart*Light this focusing element
is not a lens, but an OAP mirror. Instabilities of the laser beam can result in angular
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(a) Parallel (b) Misaligned

Figure 3.1: Illustration of focusing by a parabolic mirror of bundle aligned parallel to the
optical axis, and a bundle that is misaligned. Source: [26].

displacements on the OAP mirror. This means that the incident laser beam is not perfectly
parallel to the optical axis. As a result, the position of the focal point shifts and comatic
aberrations occur in the focal point. The most important effect of the comatic aberrations
is an increased spot size in the focal point. This is illustrated in Figure 3.1. In Figure
3.1a the perfectly aligned scenario is illustrated, where all the light rays come in parallel
to the optical axis and are all focused to a tight spot in the same point. In Figure 3.1b
the light rays come in under a slight angle with respect to the optical axis, which causes
the focal point position to change in both the x- and y-direction and the focused spot size
to increase. If the position of the focal point of the OAP mirror changes too much, the
overlap between the laser beam and electron beam will not be optimal and the X-ray yield
will decrease. Moreover, the increased focused spot size of the laser will also reduce the
X-ray yield, according to Equation (1.4).

It is clear that the laser beam must be kept stable in order to maximize the X-ray
yield. There are many variables that can influence the laser beam stability, both external
and internal parameters. External parameters include vibrations from other machines and
equipment, and temperature differences and fluctuations. Internal parameters include the
pointing stability of the laser system itself. The pointing stability implies that the laser
pulse is generated in a single point of origin somewhere in the system, but each time the
pulse is emitted under a different angle. This angle is often of the order of microradians
[27], which is for the largest part of the optical path not a problem. But in the interaction
point where two beams of 20 micrometer in diameter are supposed to collide, the pointing
stability could lead to the two beams completely missing each other.

An important distinction must be made in the type of instability: drift or jitter. On
the one hand, temperature differences and variations are often slow – on the order of
minutes to hours – and cause a drift of the laser beam. Such a drift can be corrected with
a laser beam stabilization system. A stabilization system operates at a frequency of up to
1 kHz, which means it can correct any deviations in seconds or even milliseconds. On the
other hand, the jitter (or: pointing stability) of the laser beam causes a rapid movement
of the laser pulse, which is random from pulse to pulse. A stabilization system cannot
possibly correct for such instabilities. In order to minimize the jitter of the focal point, the
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Figure 3.2: Illustration of the Ti:Sapphire laser system from Spectra-Physics. Element
FM1 is a mirror in a flipholder.

geometrical parameters of the OAP mirror (the RFL and reflectance angle) can be chosen
such that the shift of the focal point position and increase of the waist are minimized. To
investigate the influence of the RFL and reflectance angle on the negative effects due to
angular displacements, simulations are conducted in COMSOL with various OAP mirrors.
The results are shown in chapter 4.2. The laser beam stabilization system that is used to
control drifts of the laser is discussed in chapter 5.

But first, the properties of the laser system that will be used in Smart*Light will be
discussed.

3.2 The laser system

The laser system that is going to be used in the Smart*Light project is a femtosecond
laser system manufactured by Spectra-Physics. A schematic overview of the components of
the system and the produced wavelengths is shown in Figure 3.2. The system consists of
an Element 2 seed laser, a Ti:Sapphire Spitfire Ace amplifier and two Ascend 60 pump
lasers. The amplifier consists of a regenerative and a single pass amplifier. The system
produces an 800.9 nm pulse with a FWHM bandwidth of 10.7 nm. The energy per pulse is
12.9mJ at a pulse repetition rate of 1 kHz. The FWHM pulse duration is 109 fs, and the
beam propagation factor M2 = 1.1 on average (1.07 horizontally, 1.117 vertically). The
RMS pointing stability is 3.2µrad horizontally and 4.2µrad vertically. There is a second
harmonic generation module for the possibility to convert the 800 nm pulse to 400 nm. This
pulse then has a pulse energy of 3.15mJ. The 400 nm pulse duration has not been measured
yet at the moment of writing this report, but is estimated to be about 250 fs FWHM. Using
a mirror in a flipholder, indicated by FM1 in Figure 3.2, either the 800 nm or 400 nm pulse
can be selected. The 1/e2 diameter of these two beams is between 11 − 13mm. Inside
the amplifier 10% of the laser pulse is split off for third harmonic generation[1]. This will
transform the 800 nm pulse into an ultrashort 266.7 nm UV pulse. This pulse is used in the
DC-photogun for the generation of free electrons. The exact pulse length and energy of the
UV pulse are not known at the time of writing this report, but the pulse length will be of
the order of 100 fs and the energy around 100µJ.

[1]This 10% loss is already included in the parameters presented above.
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3.3 Engineering challenge: alignment

The interaction point has been described in such a way that it might resemble a special
point in space, its position predetermined with infinite accuracy. In reality this is of course
not the case: the interaction point will be the point where the laser and electron beam
meet, and its location is not particularly “set in stone”. While the laser is focused with
the use of a relatively simple mirror, an electron beam of 30MeV is difficult to steer with
electromagnets. Therefore, the focal point of the electron beam will be chosen as the
location of the interaction point, and the focal point of the laser will have to be adjusted
accordingly. This can be achieved by placing one or two mirrors in the path between the
OAP mirror and interaction point. So, when the laser is focused to a spot of 20µm and
stabilized, the only task that remains is aligning its focus in the focus of the electrons.
This will be a very difficult and precise task, since the beams need to be aligned not only
spatially but also temporally. Both beams are pulsed and have a pulse repetition rate of
1 kHz and have to be synchronized. The pulse duration of the laser pulse will be around
100-150 fs, while the electron bunch length will be of the order of 1 ps. This means that
there is some margin for error, but attention has to be paid to this point in the final design
of the laser path in chapter 6. Ultimately, the quality of the alignment can only be judged
by the X-rays that are produced.
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Chapter 4

Minimizing the Effect of Jitter with
an Off-Axis Parabolic Mirror

In this chapter the effects of the jitter of a laser beam on the focal point of an off-axis
parabolic (OAP) mirror are investigated, and an effort is made to minimize these effects.
Since the jitter cannot be stabilized with an active laser beam stabilization system, the OAP
mirror will have to be chosen such that the jitter is reduced to an acceptable limit. First,
experiments are done to validate Equation (2.13) for an OAP mirror. Next, simulations
are conducted in COMSOL where the effect of angular displacements of a Gaussian beam
on an OAP mirror is investigated in the focal point.

4.1 Experiments

In this section the experiments conducted with an off-axis parabolic mirror using a 5mW
continuous Helium Neon (HeNe) laser[1] will be discussed. A HeNe laser is used instead of
the Ti:Sapphire laser described in section 3.2, because the Ti:Sapphire laser system was not
yet delivered and installed. The Gaussian beam propagation constant M2 of the HeNe laser
will be measured. Next, the laser beam is focused with an OAP mirror. The focused spot
radius is measured as a function of the incident beam radius to test the accordance with
Equation (2.13). First it will be explained how the laser beam is actually measured.

4.1.1 Measuring Gaussian beam diameters

The Gaussian beam radius wR is defined from the intensity profile of a Gaussian spot by
Equation (2.1). When measuring a Gaussian spot, the radius is an important parameter.
To measure the laser spot, a FLIR GigE Blackfly S [28] camera is used. The camera sensor
contains 1440× 1080 grayscale pixels of 3.45× 3.45µm. Images can be acquired in 8-bit or
16-bit values. The choice is made to use 8-bit values, since this is faster and the higher
precision of 16-bit values is not needed. This means that each pixel has a value between 0
and 255 indicating the intensity. The camera acquires images with a rate of almost 70Hz.
When a laser shines on the camera, the result will be a 2-dimensional Gaussian intensity
distribution (assuming the pixels are not saturated). For the best result the gain and
exposure time should be set such that the background intensity is nearly zero, while the
highest intensity measured by any pixel is just below the saturation value of 255. There
are several ways to determine the radius of a 2D Gaussian distribution.

In MATLAB it is possible to fit the data with a 2D Gaussian. From the fit the horizontal

[1]Type: Melles Griot 05–LHR–631. Serial number: 2436CV.
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and vertical radius and center of the spot can be determined with sub-pixel resolution.
However, such a calculation is time consuming, on the order of minutes. Preferably the
radius and position of the laser spot are measured real-time, which makes experimenting a
lot easier. A different way of measuring these parameters is finding the highest intensity
pixel and fitting a 1D Gaussian vertically and horizontally through this pixel to obtain
the radius and center of the spot. However, the geometrical center of the laser spot does
not necessarily have to be located in the highest intensity pixel. A lot of information is
not included in this calculation, which is a “waste” of measurement data. This method is
therefore very quick, but may not be accurate enough. The third method involves fitting
a 1D Gaussian through the sum of the rows and a 1D Gaussian through the sum of the
columns of the 1440× 1080 pixel array to obtain the horizontal and vertical radius and
position of the spot, respectively. This way all of the information is used, while the original
Gaussian properties of the spot are unaffected[2].

The method of summing the rows and columns is implemented in a LabVIEW program.
LabVIEW is a National Instruments product and offers a systems engineering software that
can be used to create graphical programs to control and read out hardware and process
measurement data. The software can be used with external cameras using the special
Vision module [29] that allows for straightforward image acquisition and processing. The
above described method for determining the Gaussian properties is implemented efficiently
enough that the calculation can be done real-time.

Figure 4.1 shows an example of a laser spot of the HeNe laser as acquired by the
camera. The image is zoomed-in. Using the LabVIEW program described above a Gaussian
standard deviation of σx = 77µm in the horizontal x-direction and σy = 78µm in the
vertical y-direction is calculated. The Gaussian fits are shown in Figures 4.1b and 4.1c.
This means that the 1/e2 radius of this spot wR = 2σw = 2 · 12(σx + σy) = 155µm.

4.1.2 Measuring the beam propagation constant M2

As shown in section 2.1, the radius of a Gaussian laser beam depends on the longitudinal
position (also see Equation (2.8)). Next to the wavelength and the waist of the laser beam,
its beam propagation constant M2 influences the beam profile. For an ideal Gaussian
beam M2 = 1, for real laser beams M2 > 1. Therefore, the M2 factor is often used as
a quantification of the Gaussian beam quality. Therefore it is useful to measure the M2

factor of the HeNe laser.
The laser measurement company Gentec-EO has a guide on how to measure the M2

of a laser beam [30], which is in line with the ISO 11146 norm (2005) [14]. The main steps are:

1. Start with a collimated Gaussian beam
2. Focus the beam with a lens
3. Measure the diameter of the beam at various positions around the focal point: take at

least 10 data points, approximately half within the first Rayleigh distance (given by
Equation (2.6)) of the focal point, and the other half beyond 2 Rayleigh lengths (see
Figure 4.2). The maximum distance will be limited by the sensor area of the camera.

4. Use the regression equations detailed in the norm (Equation (2.8)) to fit a hyperbola
to the data points for both the x- and y-axis. This improves the accuracy of the
calculation by minimizing measurement error.

5. From this fit, extract the values for θR, w0R, zR and M2 for each axis.

The optimal focal length of the lens is not specified in the ISO norm. Due to practical

[2]See Appendix F for the mathematical derivation.
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(a) Zoomed-in image of the spot
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(b) Horizontal cross-section
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(c) Vertical cross-section

Figure 4.1: Zoomed-in image of a HeNe laser spot captured by the FLIR GigE Blackfly S
camera. Horizontal and vertical cross sections are plotted of the intensity of the spot with
a Gaussian fit. The Gaussian fit in the horizontal direction has σx = 77µm, the Gaussian

fit in the vertical direction has σy = 78µm.
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Figure 4.2: Beam radius versus longitudinal position, and where to measure the radius for
proper M2 measurement. Source: [30].

Figure 4.3: Optical setup used for the M2 measurement. The laser beam is directed using
mirrors M1 and M2 towards lens L1 and camera CAM1. Lens L1 and camera CAM1 are

placed on an optical rail and can be moved.
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Table 4.1: Fitted values of M2 for the x- and y- axis beam radius for the two lenses, and
the respective 95% confidence interval.

x-axis y-axis
f = 50.0mm 1.28± 0.13 1.19± 0.11
f = 75.0mm 1.21± 0.07 1.16± 0.06

considerations a long focal length > 1m might not be useful, since the laser beam will still
be nearly parallel after the lens. A short focal length < 25.4mm (< 1 inch) might result in
a very small spot, which may result in a relatively large measurement uncertainty.

The setup is shown in Figure 4.3. The HeNe laser beam is made parallel to the optical
rail using mirrors M1 and M2. Lens L1 and camera CAM1 are placed on the optical rail
using movable stages. Lens L1 focuses the laser beam, and the camera is moved up and
down the optical rail. The position of the camera can be read from the markings on the
rail. The experiment is done with two different lenses: one with a focal distance of 50.0mm
and one with 75.0mm.

First the position of the focal point is approximated by moving the camera back and
forth over the stage and finding the position where the spot calculated by the LabVIEW
program is the smallest. The beam radius is then used to get an estimate for the Rayleigh
range. This estimate is needed to know at what points the other measurements must
be taken, according to step 3. At every measurement, the exposure time and the filters
of the camera are adjusted to get the maximum intensity, but at the same time prevent
saturation.

The results are shown in Figure 4.4, where the beam radius versus position is plotted
for the two lenses for both the x- and y-axis of the spot. The error bars indicate the pixel
size of 3.45µm. Also the fitted line according to Equation (2.8) is plotted in the figures.
The fitting is done using the least squares method [31]. From these fits the values for
M2 can be determined, which are shown in Table 4.1 together with the 95% confidence
intervals. Note that the M2 value does not depend on the focal length of the lens. However,
the material, coating and quality of the lens can have a slight influence on the M2 value
[30].

The values for the M2 factor in Table 4.1 show that on average M2 ≈ 1.2. According
to literature, HeNe lasers often have an M2 between 1.0 and 1.1 [32]. This discrepancy
might be caused by the effect of the additional elements in the system on the beam quality
(filters, mirrors, lenses). Also the position reading from the optical rail had an uncertainty
of ±0.25mm, which might have affected the measurements, although such error bars are
too small to be visible in the plots. As can be seen from the plots in Figure 4.4, there are
no significant outliers in the data. However, the data points near the waist of the beam are
not perfectly resembled by the fit, especially for the measurements done with the 75.0mm
lens. The fit does not even reach the error bars in these points. Since the actual measured
waist of the beam seems to be smaller than the waist approximated by the fit, this would
indicate a smaller M2 value as well. For the remainder of this thesis an M2 factor of 1.2
will be used for the HeNe laser.

4.1.3 Measurements of a Gaussian beam focused by an OAP mirror

In section 2.1.2 a formula for calculating the waist of a focused Gaussian beam as a function
of the incident beam radius was derived. Equation (2.13) was the result:

wf =
M2fλ

πwi
.
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(a) x-axis for f = 50.0mm
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(b) y-axis for f = 50.0mm
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(c) x-axis for f = 75.0mm
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(d) y-axis for f = 75.0mm

Figure 4.4: Beam radius versus position for two lenses with different focal lengths
(f = 50.0mm and f = 75.0mm) for the x- and y-axis, with error bars indicating the pixel

size of 3.45µm.
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(a) Setup
(b) Method of aligning
the OAP mirror (not

to scale).

Figure 4.5: Sketch of the experimental setup. Elements M1 through M12 are 45° mirrors;
L1 through L4 are focusing lenses; BS1 is a polarizing beam splitter; OAP1 is the off-axis
parabolic mirror; AM1 is an alignment mirror attached to OAP1; AT1 is an alignment

target used for aligning OAP1; RM1 and RM2 are removable mirrors; CAM1 and CAM2
are cameras.

The formula was derived for a thin lens, with the assumption that the incident beam radius
wi � f . In this section it is tested whether the formula is also valid for an off-axis parabolic
mirror. In the case of an OAP mirror, the focal length f corresponds to the reflective focal
length, not the parent focal length. The OAP mirror used is a gold mirror with a diameter
of approximately 15 cm. The RFL is equal to 102.5 cm and the reflectance angle is 10.7°.
Only one OAP mirror is used, so the dependence of Equation (2.13) on the reflective focal
length and reflectance angle is not experimentally tested. In the following experiment, the
focused spot size wf is measured for different incident beam radii wi.

The experimental setup is shown in Figure 4.5. The off-axis parabolic mirror is indicated
by OAP1. The laser is a HeNe laser with a central wavelength of 632.8 nm and a spot
diameter of around 0.6mm. Beam splitter BS1 is used to split off a portion of the beam
(the secondary beam), which goes towards alignment mirror AM1. The function of AM1
is explained below. The other part of the beam (the primary beam) is directed to a
combination of lenses by mirrors M1 and M2. Lenses L1 and L2 function as a telescope to
increase the beam diameter. Lenses with different focal lengths can be used for L1 and L2
to create different beam diameters. Mirrors M3 through M6 fold the beam towards the
OAP mirror. After OAP1, mirrors M7 and M8 direct the beam to camera CAM1. The
camera also contains a lens (L3), magnifying the image by a factor of 5 in order to measure
the spot radius more accurately. The pixel size is calibrated at 0.69× 0.69µm.

Mirrors M11 and M12 form a periscope to increase the height of the secondary bundle
and direct the beam towards the alignment mirror AM1. This alignment mirror is fixed to
the top of the OAP mirror and indicates the optical axis of the parabola. Its position is
calibrated by the manufacturer. Figure 4.5b shows how the alignment mirror AM1 and
alignment target AT1 are used. If the incident beam on AM1 is not exactly perpendicular
to the mirror surface of AM1 – and therefore not parallel to the optical axis of the parabola
– the beam is reflected under an angle and hits the alignment target AT1. The OAP mirror
is rotated such that the beam reflected by AM1 hits the center of the alignment target. In
that case the beam is exactly parallel to the optical axis of OAP1. If the primary beam
between mirror M6 and OAP1 is parallel to the secondary beam, then it is also parallel to
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the optical axis. This ensures that the beam is optimally focused by the OAP mirror.
Mirrors RM1 and RM2 are “removable” mirrors, in the sense that they are attached

to the optical table with magnets. Once placed, they interrupt the beam’s path towards
the OAP mirror. They fold the beam towards lens L4 which focuses the beam on camera
CAM2. This camera is used to measure the size of the beam between lens L2 and the
OAP mirror. Two removable mirrors are used to be able to measure the beam size in
two positions and adjust the position of lenses L1 and L2 such that a parallel beam is
formed.

Using the setup from Figure 4.5, the incident beam radius wi is varied and the resulting
focused spot radius wf is measured. The results of this experiment are plotted in Figure
4.6, together with the theory of Equation (2.13). The beam radii plotted in the figure are
the average of the radii calculated on the x-axis and y-axis. Images of three focused spots,
acquired by CAM1, are also shown in the figure. The images are not exactly to scale, they
are intended to show the round shape of the spots. The diagonal lines that can be seen in
the spots are likely caused by the sensor of the camera, or the way the camera acquires
the data from the pixels. It was found that the diagonal pattern was not caused by any
optical components outside the camera. Because the lines are diagonal and not horizontal
or vertical, they did not influence the quality of the Gaussian fits through the horizontal
and vertical axes.

The measurement uncertainty for the focused beam radii is ±0.7µm, i.e. 1 pixel. This is
represented by the size of the circular markers. For larger incident beam radii (wi > 3mm),
the measurement results correspond with the theoretical prediction of Equation (2.13). For
smaller incident beam radii, the measurements start to deviate from theory. This is likely
due to the fact that a Gaussian beam with a radius of 1-2mm can no longer be considered
parallel over distances > 3m. The beam radius measured by CAM2 can differ more than
0.1mm from the actual beam radius on the OAP mirror. For small incident beam radii of
1-2mm this can result in a focused spot radius that differs up to 10-20µm, hence explaining
the deviations on the left side of Figure 4.6. Still, all of the measurement results correspond
to the theory within 10%. Equation (2.13) is hereby validated for off-axis parabolic mirrors,
especially for large incident beam radii and small focused spot radii. This is sufficient for
Smart*Light, since the focused spot radius will be small in the interaction point.

4.2 Simulations

In the previous section, Equation (2.13), that describes the focused Gaussian spot size
as a function of the incident beam radius, was validated for an off-axis parabolic mirror.
In this section a Gaussian beam is simulated and focused by an OAP mirror using the
simulation software from the COMSOL Ray Optics module [33]. Angular displacements of
the incident beam on the OAP mirror are introduced to simulate the effect on the position
of the focal point and the size of the focused spot. From these simulations the ideal OAP
mirror parameters for the Smart*Light project are selected.

4.2.1 Simulating a Gaussian beam with a ray tracing model

The Ray Optics module from COMSOL can model the propagation of light rays through
various optical elements, including parabolic mirrors and spherical lenses, using ray tracing.
It does this in a classical way; it does not consider the diffraction of light. Although this
approach is sufficient for many optical applications, the focusing of a Gaussian laser beam is
limited by diffraction, as explained in section 2.1.2. The Ray Optics module does therefore
not offer a direct solution to simulate Gaussian beam propagation.
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Figure 4.6: Measurement results of the focused spot size vs. incident beam radius, together
with the theoretical prediction (red line). Images of three focused spots are included in the
figure showing the shape of the spot. The interference pattern is caused by the sensor of

the camera.

In ray tracing, a beam of light is considered to consist of single rays that travel in a
straight line. The trajectory of each ray along the z-axis can be represented as a vector:

ri(z) = [xi + tan(θxi)z]x̂ + [yi + tan(θyi)z]ŷ. (4.1)

Here xi and yi are the starting positions of ray i. The angles θxi and θyi are the angles of
the ray with respect to the z-axis in the xz-plane and yz-plane, respectively. To simulate
the behaviour of a real Gaussian beam, the starting positions and angles of each ray are
randomly distributed according to a Gaussian distribution. The positions xi and yi are
distributed such that the radius of the spot created by a large number of rays (∼ 10, 000)
equals the Gaussian beam waist w0R = 2σw0. The RMS in the x-position xRMS and in
the y-position yRMS relate to the 2-dimensional standard deviation σw0 and waist w0R as

x2RMS + y2RMS = σ2w0 =
(w0R

2

)2
, (4.2)

see Appendix E for more information. The angles θxi and θyi are also Gaussian distributed,
with RMS θx,RMS and θy,RMS, respectively. These RMS values are related to the diverging
half angle θR as

θ2x,RMS + θ2y,RMS = σ2θ =

(
θR
2

)2

. (4.3)

The angle θR is related to the waist w0R by the beam parameter product w0RθR in Equation
(2.7), which can be rewritten as

w0RθR =
M2λ

π
.
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Figure 4.7: Simulated random Gaussian distribution of ray positions with σ = 5.0mm.
The histograms show the density of the positions, with a Gaussian fit.

Distributing the starting positions and angles of each ray ri according to Gaussian distri-
bution with the RMS values defined by Equations (4.2) and (4.3) will result in a Gaussian
beam with Gaussian waist w0R at z = 0 and diverging half angle θR. To create a round
Gaussian spot and beam, xRMS = yRMS and θx,RMS = θy,RMS should be used.

In this thesis MATLAB is used to generate pseudorandom numbers according to a
Gaussian distribution. In Figure 4.7 an example of a Gaussian spot is shown with a beam
radius of w0R = 2σw0 = 10µm. This spot contains 100,000 rays. Two histograms are
plotted showing the density of the light rays on the x- and y-axis. The histograms are
fitted with a Gaussian. These Gaussians have a standard deviation of xRMS = yRMS =
σw0/

√
2 ≈ 3.5µm.

When the rays in Figure 4.7 are released and propagate along the z-axis, their combined
trajectories ri from Equation (4.1) should form the Gaussian beam envelope wR(z) as
described by Equation (2.8). The simulated result is shown in Figure 4.8. Here the rays
are released from the waist at z = 0 and every 0.05mm the beam radius is measured and
indicated in the figure by a blue cross. In this simulation, the Gaussian beam has a waist
w0R = 10µm, λ = 800nm and M2 = 1.1. The red line shows the theoretical Gaussian
beam envelope of Equation (2.8). The simulated data and the theory overlap perfectly.
In COMSOL the ray position data generated by MATLAB can be imported and used as
initial ray positions and directions from which the rays are released.

To further test whether the simulated Gaussian beam according to Equations (4.1)–(4.3)
checks with the theory and adheres to the diffraction limit, Gaussian beams are focused in
COMSOL with an off-axis parabolic mirror.
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Figure 4.8: 1/e2 beam radius of a Gaussian beam with w0R = 10µm, λ = 800 nm and
M2 = 1.1 versus position from the simulated data (blue marks) and according to Equation

(2.8) (red line).

In Figure 4.9 the simulation results are plotted, together with the theory of Equation
(2.13). In the simulations, a Gaussian beam with wavelength λ = 632.8 nm and a propagation
constant of M2 = 1.2 are used. These values are used because they resemble the HeNe
laser that is used in the experiments in the previous section. In Figure 4.9a the focused
spot radius (i.e. waist) wf is plotted versus the incident beam radius wi, together with the
theory and experimental results of Figure 4.6. For these results, a parabolic mirror with an
RFL of 102.5 cm and a reflectance angle of 10.7° is used, which is the same mirror as used
in the experiments. As can be seen in the figure, the simulation results match the theory
and experimental measurements.

In Figure 4.9b the RFL of the parabolic mirror is varied, all of the other parameters
are kept constant with an incident beam radius of wi = 7.5mm. Equation (2.13) predicts a
linear behaviour with respect to f , as is observed in the simulation results. In Figure 4.9c
the reflectance angle is varied while all other parameters are kept constant with an RFL of
f = 40.0 cm. According to Equation (2.13) the focused spot size should not depend on the
reflectance angle of the parabolic mirror, and this is indeed what appears to be the case in
the simulation results.

From the results of Figures 4.8 and 4.9 it can be concluded that the simulated Gaussian
beam in COMSOL matches the Gaussian beam theory from section 2.1.

4.2.2 Off-axis parabolic mirror selection

In chapter 3 it was shown that angular displacements of the incident beam on the OAP
mirror can cause the focus of the laser beam to shift and increase in size. It was also
explained that fast instabilities (i.e. jitter) can cause such angular displacements, but
cannot be stabilized with an active laser beam stabilization system. In this section the
influence of the reflective focal length (RFL) and reflectance angle of the OAP mirror on
the negative effects of angular displacements is investigated. The goal is to find the ideal
values for the RFL and reflectance angle in order to minimize the negative effects.

In Figure 4.10 the horizontal shift of the focal point is plotted versus the incoming
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(b) Waist vs. RFL
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(c) Waist vs. reflectance angle

Figure 4.9: Simulation results of a focused Gaussian beam in COMSOL. The focused spot
size is plotted vs. incident beam radius, reflective focal length and reflectance angle of the
off-axis parabolic mirror, together with experimental measurements (blue markers, only

applicable in Figure (a)) and the theoretical prediction (red line).
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(b) Shift along z-axis

Figure 4.10: Shift of the focal point along the horizontal x- and z-axis versus the incoming
horizontal laser angle w.r.t. the optical axis of the parabola, for various reflective focal

lengths.

horizontal laser angle with respect to the optical axis of the OAP mirror, for multiple
reflective focal lengths. This angle is defined as the angle θ in Figure 4.5b. The OAP
mirror itself is also cut out along the horizontal axis, such that an incoming laser beam
is reflected in the horizontal xz-plane. The shift is shown separately for the x-axis and
the z-axis, where the z-axis is parallel to the optical axis of the parabola and the x-axis is
perpendicular to the optical axis. The incoming laser angle is varied in the xz-plane. The
behaviour shown in the figures can be exactly determined by simple trigonometry. The red
lines that are fitted through all of the results correspond to the following formula:

∆xf = f · (sin (α)− sin (α+ θ)), (4.4)

∆zf = f · (cos (α)− cos (α+ θ)), (4.5)

for the x-axis and z-axis, respectively. In the above equations ∆xf is the horizontal shift
of the focal point along the x-axis and ∆zf along the z-axis. Furthermore, f is the RFL
and α is the reflectance angle of the OAP mirror (which was 15° for all of the results in
Figure 4.10). The angle θ is the angular displacement of the incoming laser with respect to
the optical axis of the parabola, defined such that θ is zero in the parallel situation and
θ 6= 0 in misaligned situations, similar to Figure 4.5b. In the above equations, f cos(α)
corresponds to the z-position of the focal point in the case of parallel laser incidence, and
f cos(α + θ) is the shifted position along the z-axis due to a nonzero laser angle θ w.r.t.
the optical axis. Vice versa for the x-axis. The two equations together describe a circular
movement of the focal point as a function of the displacement angle θ. Of course such
straightforward behaviour should be the result, since a parabolic mirror remains a mirror
where for every ray the angle of incidence equals the angle of reflection.

On the other hand, the change in the size of the spot in the focal point is not so easy
to predict. One could analytically determine the trajectories of the rays and calculate the
position and size of the focus, but the goal here is to see the quantitative dependence on
the reflective focal length and reflectance angle of the mirror for several specific values of
these parameters, and deduce a general conclusion for the optimal choice of the reflective
focal length and reflectance angle. For this purpose, simulations will suffice.

In Figure 4.11 the focused spot size (i.e. waist) versus both the horizontal and vertical
incident laser angle w.r.t. the optical axis is plotted for multiple reflective focal lengths.
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(b) Vertical angle

Figure 4.11: Waist versus horizontal and vertical incoming laser angle w.r.t. the optical
axis of the parabola, for multiple reflective focal distances.

The simulated laser beam has a wavelength of λ = 800nm and M2 = 1.45 to resemble
the Ti:Sapphire laser[3]. The waist for θ = 0 is w0R = 10µm in all of the simulations. In
these figures it can be seen that the waist increases with an increasing incoming laser angle,
which was also expected due to Figure 3.1b. Furthermore it can be seen that for longer
reflective focal lengths the increase in waist is more severe than for shorter focal lengths.
The shape of the waist remains a circular Gaussian in the focal point, for all simulated
displacement angles. In front of and behind the focal point the shape of the spot becomes
elliptical, comparable to the effect of visual astigmatism [34]. From these results it can be
concluded that to minimize the shift of the focal point and increase of the waist due to
angular displacements, an OAP mirror with a short RFL is be required.

In Figure 4.12 the waist is plotted versus the incident horizontal and vertical laser
angle w.r.t. the optical axis, now for different reflectance angles. All of the results shown
are for an RFL of 50 cm. Also for the reflectance angles it appears that a larger α results in
a more severe increase of the waist for the same incident laser angle θ, for both horizontal
and vertical laser angles. To reduce the effects of instabilities on the focal point as much
as possible, a reflectance angle of 15 degrees would be the best option, judging from the
simulations.

The difference between horizontal and vertical displacement angles is similar in both
Figure 4.11 and 4.12: horizontal angles cause a more severe increase in the waist than
vertical angles. The curvature of a parabola is highest near its vertex. Since the off-axis
parabolic mirror used in the simulations is cut out along the horizontal axis of the main
parabola (i.e. the off-axis distance as indicated in Figure 2.4 is horizontal), the curvature
in the vertical direction is higher than in the horizontal direction. It appears that angular
displacements along the direction with higher curvature affect the focal point less. This
result can be generalized to the RFL and reflectance angle as well. A shorter reflective focal
length and reflectance angles means that the main parabola has a higher curvature and that
the off-axis parabola is closer to the vertex, i.e. the area with highest curvature. In general,
the results can be summed up as: an off-axis parabolic mirror with high curvature minimizes
the shift of the focal point and the increase in the waist due to angular displacements.

In Smart*Light the choice is made to use an OAP mirror with an RFL of 15 inch
= 38.1 cm and a reflectance angle of 15°. The reasoning behind these dimensions is explained

[3]At the time these simulations were done, the presumed M2 of the Ti:S laser was 1.45. The factory
acceptance test later showed that M2 = 1.1 on average, precise numbers are given in section 3.2
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Figure 4.12: Waist versus horizontal and vertical incoming laser angle w.r.t. the optical
axis of the parabola, for multiple reflectance angles.
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Figure 4.13: Waist versus horizontal and vertical incoming laser angle w.r.t. the optical
axis of the parabola, for small angles. RFL = 38.1 cm and α = 15°.

in more detail in chapter 6. The shift in the position of the focal point due to the laser
beam pointing stability of ∼ 4µrad can be determined with Equations (4.5) and (4.4), and
is equal to 1.6µm. This jitter in the focal point is acceptable for Smart*Light, since the
laser beam and electron beam with diameter of 20µm will still largely overlap. The increase
in the waist is plotted in Figure 4.13 for smaller horizontal and vertical displacement angles,
up to about 2°. For the jitter of ∼ 4µrad the increase in the waist is negligible.

4.3 Summary

In this chapter the effect of the jitter of the laser on the focal point of an OAP mirror
was investigated. The angular displacements caused by jitter lead to a shift of the focal
point position and an increase of the focused spot radius. The goal was to find the optimal
geometrical parameters of an OAP mirror (RFL and reflectance angle) that reduce these
effects as much as possible.

Simulations where done in COMSOL, where a Gaussian beam was implemented in the
ray tracing algorithm. In the simulations, various OAP mirrors were simulated and the
incoming laser beam was misaligned on purpose. The results showed that the ideal OAP
mirror should have a short reflective focal length and a small reflectance angle. The OAP
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Chapter 4. Minimizing the Effect of Jitter with an Off-Axis Parabolic Mirror

mirror that was eventually chosen has a reflective focal length of 38.1 cm and a reflectance
angle of 15°. The shift of the focal point due to a pointing stability of 4µrad is 1.6µm and
the increase in the focused spot size is negligible. This ensures that the electron beam and
laser beam will always overlap in the interaction point. However, this is only true if long
term drifts of both beams are stabilized. The laser beam stabilization system is treated in
the next chapter.
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Chapter 5

Correcting Drift with a Laser Beam
Stabilization System

In the previous chapter the jitter of the laser beam in the interaction point was minimized
by choosing the right parameters for the off-axis parabolic mirror. In this chapter the
problem of stabilizing drifts of the laser beam will be discussed. In Appendix B.1 the
X-ray yield is calculated for a head-on collision between a Gaussian laser pulse and electron
bunch with a suboptimal overlap. In other words, the center of the electron bunch is
displaced a distance d with respect to the center of the laser pulse. The goal is to decrease
the distance d to where the X-ray yield only decreases by 10%. This is the case when
d ≈ 0.65σ0 ≈ 3.2µm. With the jitter minimized and drifts stabilized, the laser beam will
be completely stable in the interaction point.

Although there may be many factors that affect beam stability, it is believed that
temperature differences will be the main influence. In the final Smart*Light setup, the
Ti:Sapphire laser system is located in a temperature controlled laser laboratory, while the
interaction chamber and electron beam line are in a bunker. This bunker is not temperature
controlled, which can lead to large temperature differences (∼ 1-2°). Using a small cooling
unit a temperature instability is introduced to the experimental setup. A laser beam
stabilization system made by MRC Systems [35] was used to stabilize the HeNe laser. First
it will be explained how the MRC system functions.

5.1 Working principle of the MRC stabilization system

The working principle of a laser beam stabilization system is illustrated in Figure 5.1. In
this figure, a laser emits a green laser beam that reflects off a mirror and ends up in the
target position. The position of the beam on the target is continuously monitored and sent
to the closed-loop controller. This controller determines the deviation from the desired
position, and corrects the beam by steering the mirror if necessary. The mirror can rotate
in both the horizontal and vertical direction. The mirror is driven by piezo-motors and
is referred to as an actuator mirror. The device monitoring the target position is called
the detector. One actuator-detector pair can control the position of the laser beam at one
point in the beam path. One actuator-detector pair is also referred to as a “stage”. When
two pairs are used, there is control over four axes: horizontal and vertical position and
direction. The two stages are however not coupled: actuator 1 will only respond to the
signal from detector 1, same for stage 2.

The MRC system uses a four quadrant diode (4QD) wide-intensity detector. The
sensor of such a detector consists for four quadrants, and each quadrant will produce a
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Chapter 5. Correcting Drift with a Laser Beam Stabilization System

Figure 5.1: Principle of laser beam stabilization. Source: [36].

voltage dependent on the intensity of the laser on that quadrant. If the intensity on all
four quadrants is equal, than the laser spot is equally distributed among the quadrants,
i.e. it must be in the center. The voltages are added such that three signals emerge from
the detector: one indicating the x-position, one for the y-position and one for the total
intensity[1]. The sensor area of the detector is 11 × 11mm. If the incident laser spot is
larger, it should be focused down first with a lens. The 4QD detector has a small gap
in between the quadrants of about 30µm, therefore MRC advises to not use a laser spot
smaller than 50µm in diameter (1/e2).

5.2 Setup of the stabilization system

In order to achieve a good stability, the components of the stabilization system (actuators
and detectors) should be setup carefully.

The first actuator mirror should be placed close to the source of the instability [36]. In
case of a setup over multiple tables (like Smart*Light) it is advised to put the first actuator
on the first table, and the other components on the last table. Moreover, the first actuator
should be placed as far away as possible from the target position in order to maximize the
stabilization range. In the case of Smart*Light, where the focus of the laser beam from an
OAP mirror needs to be stabilized, the second actuator mirror should be placed as close to
the OAP mirror as possible. This ensures that the system has optimal control over the
position and angle of the incident laser beam.

The detectors can function with low intensities. The leakage through high reflectivity
mirrors can often suffice. The first detector should be placed close to the second actuator
[36]. Preferably it should be placed behind the second actuator, such that the leakage
through the second actuator is observed by the first detector. The second detector should
be placed as close to the target position as possible. This configuration is illustrated in
Figure 5.2. The actuators and detectors that belong together are color-coded: stage 1 is
orange and stage 2 is blue. Here the second detector is placed in the focal point of the OAP
mirror, which is the target position for the stabilization system. Using this configuration,

[1]The intensity is also indicated by a series of ten LEDs on the back of the detector: the more LEDs
are lit, the higher the intensity. If all ten LEDs are lit, the detector is saturated. According to the MRC
manual [36], “at least 3 but not more than 9” LEDs should be shining in order for the detector to function
properly.
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5.2. Setup of the stabilization system

Figure 5.2: Simple illustration of advised placement of detectors (D1 and D2) and
actuators (A1 and A2). Detector D2 is placed in the focal point of off-axis parabolic mirror

OAP1.

detector 1 and actuator 1 will always keep the laser spot stable on actuator 2. Actuator 2
will keep the beam stable on detector 2.

The position of the focus of a laser beam focused by an OAP mirror is not dependent
on the position of the incident laser on the OAP mirror, but on the angle of incidence.
This was already clear from the theory in section 2.2 and the simulations from chapter 4.
Applying this knowledge to the configuration of Figure 5.2, it is clear that any deviations
of the laser spot position observed by D2 are caused by a deviating angle of incidence on
the OAP mirror (assuming the OAP mirror itself is stable). Therefore, A2 and D2 control
the angle of the incident laser beam. A1 and D1 control the position of the laser beam
on actuator A2. Because A2 is close to the OAP mirror, the relative position of the laser
on A2 and OAP1 is similar. So, A1 and D1 control the position of the laser beam on the
OAP mirror. Thereby the entire beam in between the OAP mirror and the focal point is
fixed. The division of “tasks” (position vs. angle) is important in order to make sure the
two stages do not get coupled. If the two stages get coupled, their effective stabilization
capabilities decrease.

The full experimental setup that is used for the stabilization measurements in this
chapter is shown in Figure 5.3. A HeNe laser is used, placed in the bottom left of the figure.
Actuator A1 is placed in the first mirror position after the laser. Mirrors M1 through M6
fold the beam path towards actuators A2. This forms a relatively large distance of about
3.5-4m between the two actuators. Such distances will also be encountered in the final
Smart*Light setup. The mounts of the actuators used in this setup block any light leaking
through the mirrors, so the leakage through the actuators cannot be used as was done in
Figure 5.2. Furthermore, the flat mirrors have a matte backside, so the leakage through
any mirror is unusable. Therefore a beam splitter is used. Beam splitter BS1 splits off a
portion towards detector D1. Lens L1 reduces the beam diameter and images the spot on
actuator A2 on detector D1. The reduction of the beam diameter is necessary, because the
beam diameter before lens L1 is about 2 , which is larger than the 11× 11mm sensor area
of the detector. The imaging of the spot on actuator A2 on detector D1 makes sure that
actuator A1 always keeps the position on A2 constant, which is the same result as with the
setup of Figure 5.2.

After actuator A2, mirror M7 directs the beam towards the off-axis parabolic mirror
OAP1. This OAP mirror is a 2 inch mirror with a protected silver coating, an RFL of
38.1 cm and a reflectance angle of 15° (see [37] for full product details). Mirrors M8 and
M9 fold the focused beam towards camera CAM1. The camera is placed such that the
focal point is directly on the CCD. Beam splitter BS2 splits off a portion of the beam
towards detector D2, which is also placed directly in the focal point. In front of beam
splitter BS2 is a quarter wave plate to control the polarization, since both beam splitters
are polarizing beam splitters. Otherwise almost no light would hit the detector, which

38



Chapter 5. Correcting Drift with a Laser Beam Stabilization System

Figure 5.3: Laser beam stabilization setup. Actuator A1 and detector D1 form stage 1; A2
and D2 form stage 2. M1 through M9 are 45° mirrors. Lens L1 is a focusing lens and

focuses the spot on A2 on D2. Polarizing beam splitters BS1 and BS2 are used to split off
a portion of the beam for the detectors. OAP1 is an off-axis parabolic mirror with an RFL
of 38.1 cm and a reflectance angle of 15°. QWP is a quarter wave plate. Camera CAM1 is

placed in the focal point of OAP1.

limits its performance. The entire setup is mounted on an optical table.
The choice is made not to put any actuator mirrors after the OAP mirror. If stage 2,

which should be in charge of the angle of the laser beam, is situated after the OAP mirror,
than the angle on the OAP mirror could still vary. This may influence the beam radius in
the focal point as seen in chapter 4, which should be avoided.

In contrast to the statement made earlier that actuator A2 should be as close to the
OAP mirror as possible, in the setup of Figure 5.3 it is placed further away. In the final
Smart*Light setup, all optical components from mirror M7 up to detector D2 and camera
CAM1 will be inside the interaction chamber. It is not known with certainty that an
actuator mirror can be placed in that chamber. To test the capabilities of the stabilization
system, actuator A2 is placed outside of the (imaginary) interaction chamber.

5.3 Introducing artificial instabilities to the setup

In order to be able to quantify the capabilities of a laser beam stabilization system, the
setup of Figure 5.3 should contain some form of instabilities. A comparison can then be
made between situations where the stabilization system is activated and situations where it
is not.

Using the LabVIEW program, the position of the laser spot on the camera CAM1 in
Figure 5.3 is recorded every 5 seconds. The MRC stabilization system also comes with
software to visualize the laser spots on the detectors, the voltages of the piezo-motors and
to record the data of those components on a computer. However, the software did suffer a
lot from bugs, which led to it being unable to run or record data. As of writing this thesis,
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5.4. Measurements without active stabilization

a new software version has been released in which these issues may have been solved[2].
It should be noted that this visualization software does not influence the stabilization
capabilities of the system, it can fully function without it. The controller, actuator mirrors
and detectors form a closed loop.

The result of a 17 hour long measurement is shown in Figure 5.4. In Figure 5.4a the
vertical position of the center of the laser spot on the camera is plotted versus time. The
stabilization system was not activated during this measurement. It takes about 1-2 hours
for the system to become stable, and then for 14 hours the vertical position of the laser spot
remains stable, up until the 16 hour mark. As a measure for the stability, the standard
deviation of the laser spot movement is used. In Figure 5.4b a histogram is plotted of
the vertical position data between t = 2.8h and t = 13.9h. A Gaussian fit is plotted in
black with σ = 0.68µm. This graph shows that the jitter of the laser spot is Gaussian
distributed. A stability of σy = 0.68µm is excellent, especially when considering that one
pixel is 3.45× 3.45µm. The technique used in the LabVIEW program for determining the
center of the laser spot allows for sub-pixel precision.

The 1-2 hours it takes for the system to get stable can be due to a number of reasons.
The temperature of the camera increases to about 40 °C, and when objects heat up they
expand. It can also be caused by other objects that warm up or cool down, like the mounts
for mirrors and beam splitters. Later on in section 5.7 the influence of different components
on the beam stability and how to improve the overall stability of the setup is discussed in
more detail.

After the 16 hour mark the laser spot suddenly goes up, over 30µm in just one hour.
This effect is caused by a small chiller device situated underneath the optical table of the
setup. This chiller is a Thermo Scientific NESLAB RTE-201, and has a cooling power of
500W [38]. The chiller was turned on at exactly that moment, indicated in Figure 5.4a.
The chiller is used to cool the baseplate of a femtosecond laser source that is situated
next to the stabilization setup. Indirectly, the chiller slightly affects the temperature of
the entire table and everything on it. Moreover, the chiller contains a fan that is blowing
air against the table and causing vibrations. The airflow under and around the table is
affected, and can influence the optical components on the table. The effect on the stability
of the laser spot is severe, judging from Figure 5.4a. To simulate temperature fluctuations
and changes in airflow, the chiller will be periodically turned on and off, thereby creating
an artificial instability.

During the following stability measurements, the chiller is automatically turned on
and off every hour, five times in a row. Before and after these periods the chiller is
off. Temperature measurements are conducted using the TSP01 USB Temperature and
Humidity Logger from Thorlabs [39]. This temperature logger can measure the temperature
and humidity of the environment, as well as the temperature of a specific object using an
external thermistor probe. One thermistor probe is used to measure the temperature of
the top surface of the optical table in between M3 and M4 in Figure 5.3. The temperature
logger itself is positioned 30 cm behind the camera.

5.4 Measurements without active stabilization

The measurement results without active stabilization are plotted in Figure 5.5: the horizontal
and vertical position of the laser spot, together with several temperature measurements
and humidity. On the horizontal axis the date and time of the measurement is plotted.
The left axes of the two plots represent the horizontal and vertical position, while the right

[2]See “Communication and visualization software” under [35].
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Figure 5.4: Laser spot position on the vertical axis recorded over 17 hours, with no active
stabilization. In (a) the moment the chiller was turned on is marked, (b) shows a

histogram of the vertical position data between t = 2.8 h and t = 13.9 h with a Gaussian fit
through it with σ = 0.68µm.

axes show the temperature scale. The dark red lines are the position data, the blue and
purple line are the environment and table temperature, respectively. The black line is the
humidity, with the maximum of 16% and minimum value of 12% indicated in the graphs.
The “sawtooth” pattern of the position, which is especially visible in Figure 5.5b, is caused
by the chiller turning on and off. When the chiller turns on, the temperature of the table
increases, and the spot on the camera goes upwards. When the chiller turns off again one
hour later, the system cools down and the spot on the camera drifts back down again.
The temperature of the top surface of the table varies about 0.1-0.2 °C during this time
interval. With a thermal expansion coefficient of 16µm/m/K for stainless steel [40], the
optical table with a length of 1.5m can expand about 5µm. The posts and mounts of the
mirrors and camera expand even much less in the vertical direction, not even 1 micron.
Still this increase in temperature causes the laser spot to go up and down 30µm on the
camera.

It is very difficult to predict what is actually happening when the chiller is turning on
and off, and what is actually heating up and expanding. Furthermore, the table might
not only be expanding but also deforming and bending. It should be noted that probably
not all of the information needed to explain the behaviour of the movement of the laser
spot is included in the two temperature measurements. For example, around 8:00 a.m.
both temperatures increase, probably due to people entering the building and activity (this
phenomenon was not observed on Saturdays and Sundays). But this rise in temperature
causes a much smaller change in the position of the spot than the temperature increases
due to the chiller.

The humidity in this measurement is low: 12-16%. But a large change in humidity
could also affect the stability of the spot. The airflow, which is not measured at all, could
play an important role. What is important is that the process of turning the chiller off
and on can be used as a method of introducing reproducible instabilities, allowing for
comparisons between measurements. The goal of this study is not to investigate what
exactly causes the instabilities, but to find out whether the stabilization system can control
the drift of the laser caused by the instabilities.

When comparing the horizontal position in Figure 5.5a to the vertical position in Figure
5.5b, it can be seen that the laser spot moves largely in the vertical direction (∼ 30µm)
as a result of the chiller, and hardly in the horizontal direction (∼ 2µm). Apparently the
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Figure 5.5: Laser spot position on the horizontal and vertical axis of the camera CCD,
together with temperature measurements and humidity. The stabilization system was not
activated during this measurement. The horizontal axis shows the date and time of the
measurements; the left axis shows the horizontal and vertical position (represented by the
dark red line), while the right axis is the temperature scale. The blue line represents the
environment temperature, the purple line is the temperature of the top surface of the table.
The maximum and minimum value of the humidity (black line) are indicated in the graphs.
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chiller causes much more vertical movement than horizontal. The difference observed in
Figure 5.5a and 5.5b could be caused by the deforming and bending of the optical table.
The chiller could possibly heat up the bottom of the table much more than the top, while
only the temperature of the top surface of the table is measured. As a result, the bottom of
the table would expand more than the top, and that could cause the table to bend. A rigid
table, like many other objects, can have different “modes” when bending. This could lead
to little to no deformation in one direction, while the other direction deforms a lot.

This effect leads to the distinction between two types of heating that are observed
in the measurements: forced heating due to the chiller on one side, and homogeneous
heating from the environment on the other. The forced heating from the chiller is local,
and presumably heats up the bottom of the table more than the rest of the table. On the
other hand, an increase in the temperature of the environment will slowly heat up the
entire table. This will not cause any bending of the table, and has therefore little effect on
the spot position compared to the chiller.

To express the stability of the horizontal and vertical position in terms of standard
deviation, as was done in the signal of Figure 5.4a, might not be a meaningful measure
anymore. Still, it remains a useful number to use as a comparison between measurements,
although it might have lost its original meaning from the standpoint of a Gaussian dis-
tribution. The standard deviation of the horizontal position is σx = 0.68µm, which isn’t
even all that bad. In fact, it is similar to the stability of the system without the chiller
(Figure 5.4a). The standard deviation of the vertical position is σy = 9.81µm, which is not
tolerable for Smart*Light and has to be corrected. The goal is to stabilize the position of
the laser spot within ±3µm.

5.5 Measurements with active stabilization

The measurement results with active stabilization, in otherwise comparable circumstances,
are shown in Figure 5.6. This time the horizontal and vertical position are represented by
green lines, indicating that the stabilization system was active. The temperature profiles
are very similar to those in the previous measurement (Figure 5.5). The humidity is slightly
higher, but still relatively low, and also shows the same trend of decreasing over night.
The scale of the left axes is the same as in Figure 5.5, which results in nearly flat and
straight lines for the spot position measurements. The standard deviations of the stabilized
horizontal and vertical position during this 24 hour measurement are σx = 0.19µm and
σy = 0.17µm, respectively. This is a large improvement compared to the situation without
stabilization from Figure 5.5. It is unlikely that the camera with pixel size 3.45× 3.45µm
can actually measure the spot position with an accuracy of < 0.2µm. It is, however, clear
that the laser spot stayed within one pixel.

Figure 5.7 shows a zoomed-in comparison of the spot positions with (green line) and
without (red line) active stabilization. The time axis now shows elapsed hours instead of
the exact date and time. The peaks of the unstable vertical position signal are not visible
in the graph due to the scale, but in Figure 5.5b it can be seen that they reach above 30µm.
Both stabilized positions still slightly show the up and down movement due to the chiller,
but far less than without stabilization. In the horizontal position the difference is not that
large between stabilization on and off, because the stability was already quite good without
active stabilization. From this comparison it can be concluded that the MRC laser beam
stabilization system is capable of correcting large instabilities of up to 30µm over a long
period of time, and can keep the laser spot stable within ±3µm.

The measurements with active stabilization from Figure 5.6 were the last part of a three
day measurement (which was during a weekend). The results of the entire measurement
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Figure 5.6: Laser spot position on the horizontal and vertical axis of the camera CCD,
together with temperature measurements and humidity. The stabilization system was
activated during this measurement. The horizontal axis shows the date and time of the
measurements; the left axis shows the horizontal and vertical position (represented by the
green line), while the right axis is the temperature scale. The blue line represents the

environment temperature, the purple line is the temperature of the top surface of the table.
The maximum and minimum value of the humidity (black line) are indicated in the graphs.
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Figure 5.7: Laser spot position on the horizontal and vertical axis of the camera CCD,
recorded over 24 hours. Comparison between situation with stabilization system on (green

line, from Figure 5.6) and stabilization system off (dark red line, from Figure 5.5).
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5.6. Sensitivity and performance of the stabilization system

are shown in Figure 5.8. Only the last part of this measurement was shown in the
previous figures, because only during the last day the circumstances were comparable
to the circumstances of the measurement without stabilization (Figure 5.5). During the
measurements of February 6th and 7th in Figure 5.8, the humidity was higher than in
Figure 5.5 and the temperature did not suddenly increase around 8:00 am in the morning,
like it did on February 8th. This is because February 6th and 7th were a Saturday and a
Sunday.

From February 5th until February 8th there was a large drop in humidity. During this
weekend, the temperature outside (not recorded) decreased by nearly 20 °C [41], causing the
decrease in humidity inside the laboratory. What makes the entire three day measurement
in Figure 5.8 remarkable, is that the laser spot stayed within one pixel, despite all of the
sources of instabilities. The standard deviation of the full measurement is σx = 0.85µm
in the horizontal direction and σy = 0.41µm in the vertical direction. Such a stability is
sufficient for Smart*Light. From the measurements in this chapter it can be concluded
that the MRC stabilization system will most likely be capable of stabilizing drifts of the
Ti:Sapphire laser beam in the final Smart*Light setup, such that the decrease in the X-ray
yield is less than 10%.

5.6 Sensitivity and performance of the stabilization system

The sensitivity and performance of the stabilization system highly depends on the experi-
mental setup, and the positioning of the detectors and actuators.

The performance of the stabilization system might be further increased if actuator A2
and detector D1 are moved closer to the OAP mirror, in the position of mirror M7. It
was argued that it might not be possible to put an actuator in the interaction chamber.
All of the components in the chamber should be vacuum compatible, and should be able
to withstand the radiation that is produced. If it turns out that it is possible to put
the actuator in the interaction chamber, this should benefit the stability. If it is not
possible, then the measurements from this chapter show that a stable beam can still be
achieved.

From several tests and measurements it appeared that stage 2 did most of the stabilizing.
This can also be understood using the analogy that stage 1 largely controls the position of
the laser spot on the OAP mirror, while stage 2 controls the angle. For a parabolic mirror,
the position of the focal point does not depend on where the light rays hit the mirror, but
on the angle of incidence of the incoming light rays. Moreover, detector 2 is placed in the
same (virtual) point as the camera. Furthermore, the distance between the camera and the
detector was small (∼ 15 cm) so that they can hardly move relative to each other in the
case of thermal expansion. In theory only stage 2 would be necessary to stabilize the spot
on the camera, but in practice this appeared to be very difficult to achieve. The addition
of stage 1 made stabilizing a lot easier.

As stated in section 5.1, the intensity of the laser beam on the detectors plays an
important role in the sensitivity. A higher intensity means a higher difference in power on
the four quadrants when the laser spot position shifts. The size of the beam also influences
sensitivity, due to largely the same reason: the shift of a beam with a smaller diameter will
lead to higher power differences [36]. The beam diameter at beam splitter BS1 in Figure
5.3 is too large for the detector surface, so lens L1 focuses the diameter down to 0.6mm
(1/e2). The spot diameter on detector 2 is 50µm, which is the minimum diameter advised
by MRC regarding the gap in between the four quadrants.

Sometimes a situation was encountered where the sensitivity appeared to be too high.
The laser spot on the camera would oscillate rapidly between several pixels, caused by
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Figure 5.8: Laser spot position on the horizontal and vertical axis of the camera CCD,
together with temperature measurements and humidity. Recorded over three days. The
stabilization system was activated during this measurement. The horizontal axis shows the
date and time of the measurements; the left axis shows the horizontal and vertical position
(represented by the green line), while the right axis is the temperature scale. The blue line
represents the environment temperature, the purple line is the temperature of the top
surface of the table. The maximum and minimum value of the humidity (black line) are

indicated in the graphs.
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5.7. Discussion on stability of the laser beam

the actuator mirrors. According to the MRC manual, this can be caused by an “unstable
mechanical setup”. This problem was solved by enabling the bandwidth limitation. The
stabilization controller can be set to a HIGH or LOW bandwidth. Setting it to LOW
bandwidth resolved the issue of rapid oscillations.

Lastly, the sensitivity can be influenced by adjusting the proportional element (P factor)
of the control loop. The controller of the system contains two adjustable potentiometers,
one for every stage. The values of the P factors can also be set remotely using the
communication and visualization software interface. The adjustment of the P factors was
not tested, since usually the factory settings already lead to a very stable performance [36].
For the eventual Smart*Light setup, the P factors could be adjusted to achieve an even
better stability. However, there are many more factors that influence stability, and that
have priority over the P factor. They are addressed in the next section.

5.7 Discussion on stability of the laser beam

Although it may now seem that all that is necessary to stabilize a laser beam is to install a
stabilization system in the right position and turn it on, there are many other important
points to discuss that influence beam stability.

First, it is important to realize that when the stabilization is active, the laser is always
stable in the perspective of the stabilization system. The actuator mirrors will always keep
the laser spot in the exact center of the detectors, with sub-micrometer precision. When
the laser spot seems to be unstable on the sensor of the camera, it means that the camera
and the position of the detectors are moving relative to each other. The laser beam can
only be as stable as the positions of the detectors. Unlike a drifting camera, that only
results in an image that looks like the laser spot is drifting, an unstable detector will cause
the actual laser beam itself to drift if the stabilization system is active. Therefore, from
just one measurement it is impossible to know which elements on the optical table are
causing the drift of the laser spot on the camera. It could be that only the camera itself is
drifting, and that the laser spot is perfectly stable. By comparing the two measurements
from Figure 5.5 and 5.6 it is safe to assume that more than just the camera is drifting,
since the stabilization system seems to affect and reduce the laser drift. Still, the demand
that the laser spot stays stable on the camera is slightly arbitrary; it should remain stable
in a fixed point in space. In the case of Smart*Light, the laser spot should remain stable
in the focal point of the electron beam, i.e. in the interaction point (in case of a stable
electron beam). Now that the difficulty in the definition of stability is discussed, a few
recommendations are given to improve the overall stability of the optical system.

Regarding the drift of the camera, in the measurements it was observed that the
ethernet cable connecting the camera to the computer is actually exerting a force on the
camera and can cause it to move and rotate slowly over time. Also the detectors and
actuator mirrors are connected by cables. By securing the cables to the optical table
(through the use of posts or bolts) the force is exerted mainly on that point instead of on
the optical component, preventing any possible drift.

Next, the beam stability of the overall system can be greatly improved by choosing the
right components and materials. It is best to avoid components that are adjustable in height
or length; rigid, static objects should be used instead. This will reduce the possible change
in height or length over time, which would result in a drift of the laser spot. The same
goes for optical rails and translation stages. There are of course (motorized) translation
stages that are designed for stability, since positioning of some components simply cannot
be done accurately enough by hand. Preferably all of the mounts and posts are made of
the same material and have the same size, so when expanding due to heat they all expand
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equally. Moreover, the size of the posts should be as short as possible, to reduce the effect
of thermal expansion. The use of any kind of plastics or rubber should be avoided, since
these materials can elastically deform when tightened firmly, causing a drifting motion over
time. This effect is called “creep”. Metals such as stainless steel can endure great forces and
can be secured to the optical table or each other as firmly as possible without exhibiting
creep.

In line with statements made earlier about the detector and camera moving with respect
to each other, in the setup of Figure 5.3 there are two components that can also seemingly
cause a drift: the two beam splitters BS1 and BS2. If the beam splitter is not secured
firmly, it might move and cause a drift of the laser spot on the detector that the actuator
mirror will have to correct. It can also be the other way around, that only the camera sees
a drifting spot while it remains stationary on the detector. A pellicle beam splitter is used
for detector 2 to split off a portion of the beam. Such a beam splitter consists of a very thin
membrane, of only a few micrometers thick, stretched across an aperture. Unlike a beam
splitter cube, any movement of this pellicle hardly causes any detectable motion of the spot
on the camera, thus eliminating one uncertainty. It can also be attached more firmly to a
post than a beam splitter cube, which furthermore increases stability. This was only done
for detector 2, since this was found to be the most important detector. Additionally, any
instability caused by BS1 is detected and corrected by stage 2. Note that in Smart*Light
the leakage through mirrors can be used for the detectors instead of beam splitters, which
was not possible in the current setup with the HeNe laser.

Lastly, environmental factors like humidity play a role. In the three day measurement
of Figure 5.8 there is a large decrease in humidity (40%-15%). As the humidity gets lower,
the noise in the spot position seems to become less. The humidity and the noise could be
related. Perhaps the noise of the camera decreases for a lower humidity, or the jitter of the
laser itself is positively affected. It could also be that a lower humidity leads to a higher
accuracy of the detectors, resulting in a better performance of the stabilization system. But,
the noise reduction could also be caused by other factors such as the airflow or the average
temperature of the laboratory. A humidity control system might be a good addition to the
Smart*Light setup. Still, without such a control system the MRC stabilization system was
able to stabilize the laser spot within σ < 1µm.

5.8 Thoughts on the MRC system

As explained in section 5.1 the MRC system uses 4QD detectors. Such detectors can be
very accurate and robust, but there is a downside: the laser spot will always be stabilized
in the center of the detector. This means that positioning the detector needs to be done
very precisely. In the case of Smart*Light, the target position for stabilization of the laser
beam is the interaction point. The detectors are placed in their respective positions and the
stabilization system is turned on. If the detectors are misaligned by only a few micrometers,
the mirror actuators will “correct” for this misalignment, but might shift the focal point of
the laser beam away from the desired position. Furthermore, any (deliberate) changes in
the optical path near the interaction point require that the detectors need to be realigned.
This can make the first stages of experiments with the complete Smart*Light setup quite
cumbersome.

As an alternative to the 4QD detector, MRC also offers a position sensitive device
(PSD) [36]. Such a detector has a “continuous measurement area”. This allows for the
possibility to choose any point on the sensor as the target point for stabilization, not just
the center of the sensor. The detectors can then be placed before the final adjustments
to the laser path have been done. Furthermore, there are no more 30µm gaps where a

49



5.9. Summary

small laser spot could fall into and “disappear”, allowing for even smaller spot sizes to be
used (depending on the laser power). Initially, the 4QD detector was chosen over the PSD
detector, because the 4QD detector was a wide intensity detector. Its sensitivity range
spans three orders of magnitude, while the sensitivity of the PSD has to be set with a
potentiometer [36]. For the final Smart*Light setup the change from 4QD detectors to
PSDs should perhaps be considered.

5.9 Summary

In this chapter the problem of correcting drift of the laser beam with a stabilization system
was discussed. The goal was to stabilize the focal point of an off-axis parabolic mirror within
±3µm. In Appendix B.1 it was shown that for a head-on collision between a Gaussian
laser pulse and electron bunch, where the overlap between the two is displaced by 3µm, the
decrease in the X-ray yield is limited to 10%. To test the capabilities of the stabilization
system, an artificial instability was introduced to an optical setup in the form of a small
chiller turning on and off. The chiller caused large deviations of the laser spot position in
the focal point of the OAP mirror, of up to 30µm in the vertical direction. A three day
measurement was conducted with a threefold instability: the temperature outside changed
almost 20 °C, the humidity in the laboratory dropped from 40% to 15%, and the chiller
was turning on and off. The stabilization system was capable of reducing the drift of the
laser spot within < 3µm, thereby achieving an acceptable stability for Smart*Light.

The results from the measurements, together with a detailed discussion of stabilizing a
laser beam, can be summarized to obtain a list of recommendations for the final setup of
the stabilization system:

1. Actuator 1 can be far away, since a large arm increases the stability range, but should
be close to the source of the instability. In case of a setup with multiple tables, A1
should be placed on the first table.

2. Actuator 2 should be as close as possible to the OAP mirror.
3. The spot on actuator 2 should be imaged on detector 1.
4. Detector 2 should view the focal point of the OAP mirror, and should be placed as

close to the actual focal point as possible.

Regarding point 4, it was found that detector 2 plays the most important role in the
stabilization system. In the worst case scenario where all of the optical components are
drifting and unstable: as long as a) the focal point of the OAP mirror is imaged on detector
2, b) detector 2 is placed close to the interaction point and c) detector 2 does not drift
relative to the interaction point, a stable beam can still be achieved.

In the previous chapter it was found that the jitter of the laser beam in the interaction
point could be reduced with the right choice of OAP mirror; in this chapter the minimization
of drift was investigated. The combined effect will ensure a maximum overlap between the
laser beam and electron beam in the interaction point at all times. In the next chapter
the complete design of the laser optical path from the Ti:Sapphire laser system to the
interaction point is presented, based on the results of the previous chapters.
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Chapter 6

Design of the Smart*Light Laser
Optical Path

In this chapter the full laser optical path design for Smart*Light from the Ti:Sapphire laser
system to the interaction point and diagnostics is presented. The design is a 2D top-down
drawing, with an additional 3D model of the path in the interaction chamber and around
the interaction point made in COMSOL. First, a list of demands and constraints is given
to which the design needs to adhere. The knowledge gained the from previous chapters is
implemented to stabilize the laser beam in the interaction point. The design is presented,
with motivations behind the design choices. Special attention is paid to the interaction
chamber and laser stabilization system.

6.1 Demands and constraints

The two main points, on which all of the demands are based, are maximizing the X-ray
yield and allowing for tunability of the X-ray photon energies. In this section an extensive
list of demands and constraints is given, explaining many of the issues and problems that
have to be overcome. The solutions to these problems will form the final complete design.
First the layout of the laboratory space is shown, since this will help to explain the demands
and constraints more clearly.

In Figure 6.1 the layout of the laser lab and bunker is shown; this is where the
Smart*Light setup is situated. On the optical table in the laser lab (Table 1) sits the laser
system, described in section 3.2. The main Smart*Light electron beam line is positioned
on Table 3 in the bunker, which is the same table as in Figure 1.4 with similar components:
DC-photogun, X-band accelerator, a solenoid to focus the electron beam and the interaction
chamber. The approximate trajectory of the electron beam is drawn as well. In the
interaction chamber, a bending magnet will bend the electrons to a beam dump.

The laser lab and bunker are separated by a concrete wall, to shield the laser lab from
radiation. A small hole in the wall on the left allows for the laser beam to pass through, the
hole in the wall on the right allows for the X-ray beam to pass through. A small breadboard
table (Table 2) is put behind the wall. On the small table mirrors can be placed to reflect
the laser beam to Table 3. The laser pulse will have to travel from the Ti:Sapphire laser
system, through the hole in the wall, to the interaction point, which is indicated by a small
red star in Figure 6.1. The UV laser pulse is generated by the same laser system on Table
1, and exits the system from the third harmonic generation module. From there it needs to
travel to the DC-photogun, which is on the far end of Table 3. What will follow is a detailed
list of demands related to maximizing the X-ray yield and enabling tunability.
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6.1. Demands and constraints

Figure 6.1: 2D top-down drawing of the laser lab and bunker layout, containing the optical
table with the laser system (Table 1), the concrete wall with two holes in it, the small
table behind the left hole (Table 2) and the optical table with the main beam line on it
(Table 3). The approximate position of the interaction point is indicated by a red star.

The approximate trajectory of the electron beam is indicated in green.
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The first demand is simple: the interaction laser pulse (with a wavelength of 400 nm or
800 nm) should be focused to a 10µm 1/e2 radius in the interaction point. The position
of the interaction point will be largely determined by the position of the focal point of
the electron beam, the laser will have to be adjusted accordingly. Moreover, the optical
elements should be placed such that they do not interfere with the generated X-ray beam;
the X-rays should have a clear path towards their exit of the interaction chamber.

Secondly, the entire setup should be stable. The laser can be focused down to exactly
10µm, but if the focus is not stable, the X-ray yield will decrease. To limit the decrease
of the X-ray yield to 10%, the stability of the laser beam should be within 3µm in the
interaction point (see Appendix B.1). How to stabilize the laser beam in the interaction
point has been discussed intensively in chapters 3 to 5. The stability of the electron beam
is also important, but that topic is beyond the scope of this thesis.

The third demand is to use as little optical components as possible. There are multiple
reasons for this. First of all, the mirrors will be not 100% reflective, which means laser
photons are lost at every mirror surface. Since the X-ray yield depends directly on the
number of laser photons (Equation 1.4), more mirrors mean less X-rays. In addition to
a loss in laser photons, mirrors will also influence the pulse length, based on their GDD
(see section 2.3), which could be bad for the quality of the emitted X-ray photons. This
also means that preferably only reflective optics are used, and no lenses or beam splitters
for example, as was also mentioned in chapter 3. Finally, relating back to the previous
demand, more optical components means more possible sources of instability. Therefore,
minimizing the number of mirrors will improve the stability.

The next demand relates to the second harmonic generation module, where the 800 nm
laser pulse is transformed to 400 nm. It is the intention that both of these wavelengths can
be focused in the interaction point to collide with the electron beam, and that the “user”
can choose which one to use. Note that it is not possible to use both wavelengths at the
same time. Either the 400 nm pulse is used, or the 800 nm pulse. It should therefore be
easy to switch between wavelengths, which will allow for tunability of the X-ray photon
energies. For further ease of alignment, the 400 nm and 800 nm pulse should use largely the
same optical path.

Last but not least, a very important demand is timing. The interaction laser pulse is
only 100-150 fs long, while the electron bunch is approximately 1 ps long. This means that
the laser pulse and electron bunch should arrive in the interaction point within at least
250 fs of each other, to maximize the temporal overlap between the two. One the one hand,
there is the path of the interaction laser from the laser system to the interaction point. On
the other hand, there is the path of the UV laser from the laser system to the DC-photogun,
combined with the path of the electron bunch from the gun to the interaction point. When
drawing the shortest path in Figure 6.1, it is easily found that the path of the interaction
laser could be shorter than the combined path of the UV laser and electron bunch. The
path of both laser pulses should be designed such that the arrival time of the interaction
laser pulse and electron bunch in the interaction point is synchronized. The synchronization
of the electron bunch depends on other factors as well, including the synchronization with
the RF power. In this thesis, only the synchronization of the laser pulses is considered.
Furthermore, different electron energies will be used to allow for further tunability of the
X-ray photon energies. However, the arrival time of the electron bunch in the interaction
point depends on the electron energy. The optical path length of the interaction laser
should therefore also be variable. In GPT, the time of flight of an electron bunch from the
photocathode to the interaction point can be calculated. The time it takes for a 10MeV
electron bunch from the photocathode to reach the interaction point is 7.88 ns, while for
a 30MeV bunch this is 7.95 ns. The optical path length of the interaction laser should
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therefore be variable, which can be achieved with a delay line. To allow for higher electron
energies and to have some clearance, a variable path length of 0.5 ns should be sufficient.
This equals 15 cm of optical path length, which is not uncommon for a delay line.

The constraints are largely formed by the setup layout of Figure 6.1. There is limited space
on the three tables for large, intricate optical setups, and therefore simple and space efficient
techniques should be used. Furthermore, the laser lab is temperature-controlled, while the
bunker is not. Temperature differences between the two rooms can come about, which will
influence laser stability. Moreover, thermal expansion of the tables and components needs
to be taken into account, especially regarding stability and synchronization of the laser
pulse and electron bunch in the interaction point.

More specifically to the interaction chamber on table (Table 3), the window to the
interaction chamber is 20-30 cm high, relative to the optical table. Regarding the stability
of the laser beam, it was recommended in chapter 5 to use short and rigid posts for the
mounting of optics. The height of the window in the interaction chamber therefore forms
an obstacle in the laser path design. Furthermore, inside the interaction chamber there
is a bending magnet to bend the electron beam and couple it out through one of the
windows. The bending magnet is quite large, and forms a potential obstacle. The bending
magnet also produces a strong magnetic field. The optics in the interaction chamber should
therefore be made of a non-magnetic material.

Finally, a general constraint regarding all of the optics: the laser-induced damage
threshold (LIDT). The LIDT of all mirrors should be high enough to handle the high laser
intensity. Especially when focusing the laser this becomes an issue. For example, the laser
peak fluence in the interaction point will be > 10GJ/cm2. There are no existing optics
that can handle such intensities, which means that no mirrors can be placed near the
interaction point. It will depend on the LIDT of the specific mirrors how close they can be
placed.

6.2 Design

In this section the final design for the optical path of the 400 nm, 800 nm and UV laser
pulse across the three tables divided over the laser lab and bunker will be presented. All of
the demands from the previous section have been incorporated as good as possible.

Figure 6.2 shows the final design for the laser lines on the table in the laser lab and
the bunker. Four different colors are used to represent four different laser paths: the light
blue color is used for the 400 nm path, the red color for the 800 nm path, and the purple
color for the UV path. Finally, the green color is used to indicate the path that both the
400 nm and 800 nm pulse will share.

In the laser system, the initial laser pulse originates from a crystal somewhere in the
amplifier, indicated by a yellow start in Figure 6.2a. At some point the pulse is split, of
which 90% is used for the interaction laser (800 nm and 400 nm) and 10% is used for the
UV laser. The indicated origin is the point on which optical path length calculations are
based.

By using the mirror in the flipholder (FM1) the interaction laser pulse can be sent to
the SHG module, or be reflected out of the system to use the 800 nm pulse. Since both
pulses (400 nm and 800 nm) are intended to be focused in the same interaction point, the
most economical and practical solution would be to use largely the same path for both
wavelengths. The two possible pulses are combined using a “beam combiner”, indicated by
BC1 in Figure 6.2a. A beam combiner serves as a reversed beam splitter, see Figure 6.3 for
an illustration. The idea is that the 400 nm pulse will travel through the material, since it
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(a) Laser lab (b) Bunker

Figure 6.2: The optical tables in the laser lab and bunker.
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Figure 6.3: Working principle of a beam combiner.

has the lowest pulse energy, and the 800 nm pulse is reflected. If both beams and the beam
combiner are properly aligned, they will follow the exact same path afterwards. In Figure
6.2 this part of the laser path is indicated in green. This does however also demand that all
of the mirrors are highly reflective for both 400 nm and 800 nm. Furthermore, the mirrors
should be suitable for ultrashort pulses, have a low GDD and a high LIDT. Such mirrors
are not very common, but there are companies that manufacture so-called “dual band”
mirrors with a reflectivity of > 99.5% for both wavelengths and suitable for femtosecond
pulses [42].

Not only do the two pulses need to follow the same path, their respective optical path
lengths need to be the same for the timing of the interaction laser in the interaction point
with respect to the electron bunch. The path of the 400 nm pulse is longer due to the
position of the SHG module. Therefore a manual delay stage is installed in the path of the
800 nm pulse, indicated by DS1 in Figure 6.2a. This delay stage allows for the path length
of the 800 nm pulse to be varied and made equal to the 400 nm path.

In the SHG process, the linear polarization of the laser pulse is rotated 90°. The
polarization of the 400 nm pulse should be the same as the polarization of the 800 nm pulse,
therefore the polarization of the 400 nm pulse needs to be rotated back 90°. Such a rotation
of the polarization can be achieved with a half-wave plate. There exist wave plates on the
market that should be able to handle the ultrashort high power pulses used in Smart*Light
(see for example [43]). In Figure 6.2a the half-wave plate is a black component indicated by
HWP, in the bottom left of the figure.

Near the beam combiner two sets of curved mirrors – that together form a reflective
beam expander – can be used to increase the beam diameter to the desired size on the
OAP mirror in the interaction chamber. This size depends on the wavelength (see Equation
(2.13)), which is why the beam expanders are placed before the beam combiner and not
after. The specific parameters of the OAP mirror and the corresponding beam diameters
will be discussed later on in section 6.2.1.

The second delay stage DS2 is a motorized delay stage that will be used to get the
timing correct between the laser pulse and electron bunch in the interaction point. As
said in the demands, this delay stage must have at least a (total) range of 15 cm. The
step size should be of the order of 50 fs (= 15µm of optical path length) or less to achieve
a maximum overlap between the two beams. This is easily achievable; there are even
off-the-shelf delay lines available with a minimum step size of 0.5 fs [44].

After the delay stage the laser is directed through the hole in the concrete wall, reflects
off one mirror on the small table behind the hole and arrives at the optical table in the
bunker. In Figure 6.2b this table is shown, with the DC-photogun, the electron accelerator,
the solenoid and finally the interaction chamber where the laser beam needs to be focused.
Before the laser enters the chamber, the beam height must be increased by 20-30 cm to
match the height of the window. This is done using two mirrors that form a periscope. The
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exact design of the laser path in the interaction chamber will be explained in detail in the
next section, where also a 3D COMSOL model of the design is shown.

The other 10% of the laser pulse, that was split off in the amplifier in Figure 6.2a, goes
through an external compressor after which it is transformed to a 266 nm UV laser pulse,
depicted by the purple line. The optical path for the UV pulse is folded after the THG
module and sent through the hole in the wall, after which it is reflected by a mirror on
the table behind that wall. When it arrives at the optical table in the bunker, in Figure
6.2b, the UV pulse is sent straight to the photocathode of the DC-photogun, where it will
generate electrons through photoionization. Note: the indicated UV path is just a simple
sketch. The actual path will be much more refined, especially around the DC-photogun.
See [45] for a detailed example of what such a path could look like.

On both tables the optical paths are folded: on the table in the laser lab the UV path
is folded, while on the table in the bunker the interaction laser path is folded. The reason
for this is the timing of the interaction laser pulse and the electron bunch. In general, the
path length of the interaction laser should be equal to the combined optical path length
of the UV laser and electron bunch. The electron bunch takes about 8 ns to get from the
cathode to the interaction point. In 8 ns the interaction laser travels 2.4m, which should
be added to its total path length. Furthermore, the two paths are equal to each other in
length on each table in the current design. This is done with thermal expansion in mind:
the stainless steel of the optical tables expands when its temperature increases. When the
table expands linearly in all directions, mirrors will drift apart and the optical path length
will increase. Assuming an expansion coefficient for stainless steel of 16µm/m/K [40], a
table with a length of 3m would expand over 45µm per Kelvin, which is equal to 150 fs. A
delay of 150 fs, for a laser pulse that only lasts 100-150 fs, could disrupt the synchronization
with the electron bunch in the interaction point. By making sure the lengths of both paths
on each table are the same, the increase in path length will also be the same so that the
timing is unaffected[1]. The reason for the closely packed folding of the interaction laser on
the table in the bunker (Figure 6.2b) is stability. In chapter 5, where the beam stabilization
experiments were discussed, it was hypothesized that the table not only expands linearly,
but might also deform due to an increase in temperature. For laser paths stretched over
long distances, this could introduce a major instability. To suppress this effect, the path
folding is done in a compact way. This approach does use more mirrors and therefore
results in higher losses, but should be beneficial for the stability, which is more important.
Therefore the tradeoff should be considered.

The elements of the laser beam stabilization system – actuators and detectors – are also
indicated in Figure 6.2, with the same naming convention and color-coding as in chapter
5. The elements belonging to the UV laser path contain the suffix “UV”. The motivation
behind the positioning of the elements is given in a separate section (6.2.2). But first the
laser path inside the interaction chamber is described and motivated in more detail.

6.2.1 Interaction chamber COMSOL model

The COMSOL model of the laser path through the interaction chamber is shown in Figure
6.4. The vacuum pressure in the interaction chamber will be < 1 · 10−7mbar. The red
beam is the 800 nm laser pulse, the gold colored beam is the generated X-ray beam. The
interaction chamber is cut open on one side in Figure 6.4a to allow for a better view. The
focal point of the laser lies in the interaction point, which is positioned 2.5 cm from the

[1]There may still be a synchronization issue with the RF powering the electron beamline. Although this
is beyond the scope of this thesis, its effect should be considered in the final Smart*Light setup.
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6.2. Design

(a) Side view.

(b) Top view.

Figure 6.4: COMSOL model of the laser path through the interaction chamber (red), and
the generated X-ray beam (gold), including the bending magnet and solenoid for the

electron beam. The OAP mirror is the yellow mirror in the right corner.

inner wall of the chamber.
The block in the middle of the interaction chamber is the bending magnet for the

electrons. It has a groove on the top indicating the supposed alignment. It also has a gap
in between where the electron beam and the X-ray beam can fit through. The divergence
of the 800 nm beam, however, is too large to be able to fit through the same gap without
being clipped. The brown cylinder to the right of the chamber is a solenoid used to focus
the electron bunch in the interaction point. The laser beam enters through a window and is
reflected by a three flat mirrors to the off-axis parabolic mirror in the top right corner of the
chamber. The reason three flat mirrors are placed between the window and the OAP mirror
instead of just one has to do with the stabilization system, which will be treated in section
6.2.2. After the OAP mirror, two flat mirrors direct the beam to the interaction point. The
choice was made to use two mirrors so that the direction and position of the focal point can
be fully controlled without having to move the OAP mirror. After the interaction point,
the laser exits the interaction chamber through the entrance port of the electron beam.
In between the wall of the chamber and the solenoid is a small mirror to couple the laser
beam out of the system. The laser beam can then be used for diagnostics. Additionally,
the laser could otherwise scatter throughout the entire setup, which is dangerous.
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In chapter 4 the optimal configuration of an OAP mirror to suppress the jitter of the
laser beam and maximize the stability was investigated. It was found that the reflective
focal length and reflectance angle should be as short as possible. On the other hand, the
RFL determines how large or small the spot size should be on the mirror in order to focus it
to a radius of 10µm (Equation (2.13)), and therefore determines the laser intensity on the
surface (Equation (2.33)). The laser intensity should be as low as possible, regarding the
LIDT. Also, a very short RFL would mean that the mirrors between the OAP mirror and
the interaction point are very close to the focal point of the laser beam, which is again a
LIDT issue. Furthermore, the configuration of the OAP mirror and two flat mirrors should
be practically achievable. With COMSOL simulations the available OAP mirrors on the
market were tested. An RFL of 38.1 cm (= 15 inch) and a reflectance angle of 15° turned
out to be a practicable fit. The protected silver OAP mirror from Thorlabs (MPD2151-P01
[37]) has this specific RFL and reflectance angle. The protected silver coating has a high
reflectivity (> 95%) for both 400 nm and 800 nm. The LIDT is not given by Thorlabs, and
will have to be tested with the Ti:Sapphire laser.

For a reflected focal length of 38.1 cm an incident beam radius of 10.7mm is needed
for the 800 nm pulse with M2 = 1.1 to be focused down to a waist of 10µm (see Equation
(2.13)). The peak laser fluence of the 800 nm pulse with a beam radius of 10.7mm is
7mJ/cm2. The LIDT of the flat mirrors is given by the manufacturer [42] and for a pulse
with λ = 800nm and τp = 100 fs is equal to 70mJ/cm2 (see Equation (2.34)), which is
sufficient. A beam radius of 10.7mm is also small enough so that regular 2 inch mirrors
can be used for the entire optical path. The beam expander in the laser lab will have to
double the beam radius of the 800 nm pulse, from 5-6mm to 10.7mm. For the 400 nm
pulse only a beam radius of 5.3mm is needed to achieve a focus of 10µm. The peak laser
fluence remains the same: 7mJ/cm2. The LIDT of the mirrors for a pulse with λ = 400 nm
and τp = 250 fs is 55mJ/cm2, which is still sufficient. Since the 400 nm beam radius is
already 5-6mm after the beam exits the SHG module, a beam expander to increase the
beam size might not be necessary. However, if also a beam radius is used of 10.7mm, then
the beam can be focused down 5µm, which would – according to Equation (1.4) – lead
to an (slightly) increased X-ray yield. Perhaps from an engineering standpoint it might
be less complex to use the same beam diameter for both wavelengths. Furthermore, the
pointing stability of the laser (3.2µrad horizontally and 4.2µrad vertically, see section 3.2)
on the chosen OAP mirror will only result in a maximum focal point shift of 1.6µm, which
is acceptable. The increase of the spot size in the focal point due to the pointing stability
is negligible.

The first mirror after the OAP mirror in Figure 6.4 is placed far away enough so that
the reflected beam is completely free of the incoming beam, and that the mirror does not
block (part of) the incoming beam. For this configuration, the distance between these two
mirrors is 13.5 cm. The second mirror is placed 14 cm in front of the interaction point. It
is a 1 inch mirror, on which the beam radius is 7mm. This leads to a peak laser fluence
of 17mJ/cm2. Since the LIDT of the mirror is 70mJ/cm2, the mirror should be able to
handle the laser intensity. It should, however, not be placed much closer to the interaction
point.

Because the X-ray beam needs to have a free path towards the exit of the interaction
chamber, the laser pulse cannot collide head-on with the electron bunch. The angle between
the two is at the very least determined by the divergence half-angles of the laser and X-ray
bundles. This is illustrated in Figure 6.5. The divergence of the focused 800 nm beam
is about 37mrad, while the divergence of the X-ray beam is estimated at 10mrad. This
already requires that the angle of the central ray of the 800 nm beam is about 50mrad with
respect to the X-ray beam (and thus also the electron beam). However, these numbers are
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Figure 6.5: Divergence half-angle (1/e2) of the focused 800 nm beam (red), which is
approximately 37mrad, and of the generated X-ray beam (gold), which is approximately
10mrad. The incoming electron beam (green) has a divergence of less than 2mrad. The
interaction angle of the laser beam with the electron beam in the interaction point (IP) is

chosen to be 100mrad. The figure is not to scale.

for the divergence half-angles of the 1/e2 beam envelope, so for the angle of 50mrad the
laser beam and X-ray beam will still overlap. To be on the safe side an interaction angle of
100mrad is chosen. The maximum interaction angle is 400mrad: any larger and the laser
will not be able to exit through the electron beam entrance. The interaction angle should
not be much larger anyways, since it will negatively impact the X-ray energy and spectral
density.

It was stated that the location of the interaction point is 2.5 cm away from the inner
wall of the interaction chamber. However, this location depends on the position and focal
length of the solenoid. Due to limitations of the power supply of the solenoid, a longer
focal length might be desirable [46]. The focal point can be shifted back (towards the left
of the chamber in Figure 6.4b) by 8 cm at most, placing it 10.5 cm from the inner wall of
the chamber. At this point the largest possible interaction angle is 100mrad. Any further,
and the laser will hit the wall of the chamber behind the interaction point and scatter.
Note that this statement is made only with considerations from a ray tracing standpoint;
whether the mirrors can actually be placed in those positions remains the question and is
quite possibly a more strict limitation.

6.2.2 Laser beam stabilization setup

The positions of the various elements of the laser beam stabilization system are also shown
in Figure 6.2, for both the interaction laser and UV. The elements that belong to the UV
path contain the suffix “UV” in their name. The detectors and actuators that belong to the
same stage are color-coded. A more detailed illustration of the setup in the interaction
chamber with the actuators and detectors is shown in Figure 6.6.

A few recommendations were given in the summary of chapter 5 on the optimal setup
for the stabilization system based on the HeNe laser measurements conducted in that
chapter:

1. Actuator 1 can be far away, since a large arm increases the stability range, but should
be close to the source of the instability. In case of a setup with multiple tables, A1
should be placed on the first table.

2. Actuator 2 should be as close as possible to the OAP mirror.
3. The spot on actuator 2 should be imaged on detector 1.
4. Detector 2 should view the focal point of the OAP mirror, and should be placed as

close to the actual focal point as possible.

It should be avoided as much as possible that the interaction laser goes through a material
(explained in chapter 3), therefore a portion of the laser for the detectors is not split off
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Figure 6.6: Illustration of the laser path through the interaction chamber and the positions
of the various elements of the stabilization system.

using a beam splitter – as was done in the experiments in chapter 5. Instead the leakage
through mirrors M1 and M3 is used. The transmission of the mirrors is ∼ 0.5%; the use of
additional neutral density filters for the detectors might be necessary.

As can be seen in Figure 6.2a, actuator A1 is placed on the table in the laser lab, a
great distance away from the interaction point and the rest of the stabilization setup. In
chapter 5 it was explained that in the case of an optical setup that spans multiple tables,
actuator 1 should be placed on the first table. Actuator 1 should be placed after the beam
combiner, otherwise it will not be able to stabilize both the 400 nm and 800 nm pulse.
The large distance between A1 and the interaction point allows for a large stabilization
range.

The second actuator mirror A2 is placed in the first mirror position in the interaction
chamber[2]. Presumably this is close enough to the OAP mirror, since actuator 2 in the
setup of chapter 5 (Figure 5.3) was placed slightly further away and the stabilization system
was still able to keep the beam stable. Detector D1 is placed behind mirror M1 and uses
the leakage through this mirror together with lens L1 to image the spot on actuator A2
on its sensor surface. Then mirror M2 directs the beam towards the OAP mirror. The
advantage of having mirrors M1 and M2 is that they can be used to fine-tune the alignment
on the parabolic mirror. The OAP mirror focuses the laser pulse, which is aligned in the
interaction point (IP) by mirrors M3 and M4. The leakage through mirror M3 is reflected
by mirror M5 to detector D2, such that the focal point is projected on the sensor of D2.
Using the leakage through mirror M4 would be difficult due to the bending magnet. Still,
detector D2 is relatively close to the IP. The space between detectors D1 and D2 should
be large enough for the electron beam to fit through on its way to the electron dump,
otherwise the detectors could be damaged by the high energy electrons. A lot of radiation
is potentially produced in the electron dump, which could possibly harm the detectors. In
the future it should be investigated if any shielding is necessary for the detectors. Moreover,
the detectors should not contain any magnetic materials when they are in close proximity
to the bending magnet. The piezoelectric motors of the actuator mirrors are not influenced
by magnetic fields [47]. If all the elements are bolted down firmly, and preferably only
metal posts with a fixed length are used, this setup should result in a stable beam.

In the discussion on beam stability (section 5.7) it was already mentioned that it is

[2]This will require a vacuum version of the actuator. Idem for the detectors.
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very difficult to know with respect to what point in space the laser beam is kept stable.
The stabilization system will keep the position of the focus stable with respect to detector
D2, but if this detector is not stable then the laser beam won’t be either. In chapter 5 a
camera was put in the focal point to measure the beam stability outside of the closed loop
of the stabilization system. In Figure 6.6 a suggestion is made for a possible setup and
position for the camera outside of the interaction chamber. First mirror M6 directs the laser
beam out of the beam line, in between the interaction chamber and the solenoid. Mirror
M7 then sends the beam to a beam dump, or perhaps the laser pulse can be reused. The
leakage through mirror M7 is focused by a telelens combination, formed by lens L2 and L3,
onto camera CAM1. This is done in such a way that the interaction point is imaged and
magnified on the camera. The telelens combination is used to greatly reduce the needed
image distance between lens L2 and the camera [48]. The difficulty however, with such a
setup, is that the camera is relatively far away from the actual interaction point, which
might in itself introduce instabilities only on the camera due to a thermally expanding or
deforming table. Secondly, there are at least five optical elements in between the camera
and IP, which can all cause instabilities. Therefore it is very hard to know what the camera
is actually measuring. This camera setup can also be used to measure the beam diameter
and view the shape of the waist.

The suggested position for the stabilization system components in the UV laser path
follows largely the same arguments. The first actuator is placed as the last mirror on the
table in the laser lab, and all of the other components are placed close to the point that is
supposed to be kept stable: the position on the cathode.

6.2.3 Using the X-ray power as the ultimate feedback

All of the measures taken to improve the stability and alignment of the focused laser pulse
in the interaction point are definitely of great importance, but the one of the best measures
if the setup is successful is the intensity of the generated X-ray beam. This intensity should
be high and stable. Therefore the best way to know if the laser and electron beam and
all of the surrounding systems are doing what they are supposed to do, is to measure
the X-ray intensity. If the intensity drops, then one of three things should be adjusted:
1) the synchronization of the interaction laser and electron beam, 2) the alignment of
the interaction laser beam, or 3) issues with the electron beam. The delay stage DS2
in Figure 6.2a can be used to correct the timing of the interaction laser. Furthermore,
the stabilization system could be coupled to the X-ray intensity and could adjust for a
misaligned laser. Finally, there should also be a way to monitor the position and/or stability
of the electron beam, and perhaps a feedback system that controls and adjusts the beam if
necessary.

This is of course a very difficult task, but in the final iteration of Smart*Light the
intensity and spectrum of the emitted X-ray beam should be monitored and used as feedback
to keep everything under control.

6.3 Summary

In this final chapter the results and considerations from the previous chapters are used to
come to a final design of the laser paths for Smart*Light. A list of demands and constraints
was formulated, based on the two main points that the interaction laser should be focused
in the interaction point such that the X-ray yield is maximized and the X-ray photon energy
is tunable. The optical path design in Figure 6.2 tries to fulfill all of the requirements as
good as possible. The optical path length of the interaction laser can be varied, which
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allows for different electron energies to be used. This enables the tunability of the X-ray
photon energy. Also, two different wavelengths (400 nm and 800 nm) can be used for the
interaction laser. To maximize the X-ray yield, the overlap between the laser beam and
electron beam in the interaction point needs to be as high as possible and stable. In order
to achieve a stable focused laser beam in the interaction point, an OAP mirror is used with
a short RFL and reflectance angle to reduce the jitter. To stabilize the drift of the laser
beam, a stabilization system is implemented. Finally, the temporal overlap of the laser
beam and electron beam is maximized by a careful design of the optical path lengths. In
the end, the intensity and spectrum of the X-ray beam can be used as a true measure for
proper alignment and stability of the laser and electron beam.
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Chapter 7

Optical Tricks to Improve and Tune
the Emitted X-ray Beam

In this chapter a few optical tricks are highlighted to further improve and tune the emitted
X-ray beam. First a method is described to increase the electron bunch charge by modifying
the UV laser pulse. Secondly, multiple examples from literature are shown where the X-ray
yield is increased by recirculating the interaction laser pulse. Finally, the modification of
the polarization of the emitted X-ray beam is described.

7.1 Increasing the X-ray yield with UV pulse stacking

An approach to increase the X-ray yield further is to increase the electron bunch charge.
This will increase the number of electrons Ne in Equation (1.4). Increasing the power of
the UV laser pulse will generate more free electrons. However, putting more charge in the
relatively compact electron bunch will cause the bunch to contain too much charge and
blow up due to space charge. The bunch length should therefore be increased before it
is compressed again and goes through the accelerator. To increase the bunch length, the
pulse duration of the UV pulse will need to be longer. The problem is that it can be very
difficult to increase a femtosecond UV pulse to picosecond lengths with regular optical
stretching methods (e.g. gratings, prisms). Yan et al. (2012) [49] proposes an elegant and
innovative fix to this problem: instead of stretching the UV pulse, create a train of short
UV pulses by using birefringent α-barium borate (α-BBO) crystals.

7.1.1 Pulse stacking

A birefringent crystal has the optical property that its refractive index depends on the
polarization of the incident light relative to its own optical axis [50]. The α-BBO crystals
have two optical axes: a fast axis and a slow axis, or: an extraordinary and an ordinary
axis. If unpolarized light is incident on such a crystal, the part of the light that is polarized
along the fast axis of the crystal will experience a lower refractive index than the part that
is polarized along the slow axis. In the special case that the crystal is cut such that its
extraordinary axis is parallel with the surface of incidence[1], incident light perpendicular to
the crystal surface will not be refracted. What will happen instead is that the extraordinary
and ordinary polarizations will travel at different velocities through the crystal, due to the
difference in refractive index. This is illustrated in Figure 7.1. In this figure, the incident
pulse is unpolarized and perpendicular to the surface of the α-BBO crystal. The fast axis of

[1]In industry this configuration is called “a-cut”.
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Figure 7.1: Principle of pulse stacking using an α-BBO crystal. The incident pulse is
unpolarized. The fast axis of the α-BBO is parallel to the y-axis.

the crystal is indicated by a dashed line through the crystal, and is parallel to the vertical
y-axis and to the incident surface of the crystal. The unpolarized pulse is split into a pulse
with horizontal polarization and a pulse with vertical polarization. The refractive index for
the horizontal polarization (along the fast axis of the crystal) is lower, and therefore this
pulse will travel faster through the crystal. After the crystal, there is a time delay of ∆t
between the horizontal polarized and vertical polarized pulse. The two refractive indices
depend on the wavelength of the incoming light λ0, as given by the Sellmeier equations for
α-BBO [49]:

no(λ0) =

√
2.7471 +

0.01878

λ20 − 0.01822
− 0.01354λ20, (7.1)

ne(λ0) =

√
2.3174 +

0.01224

λ20 − 0.01667
− 0.01516λ20, (7.2)

where e indicates extraordinary and o ordinary axis, and λ0 is the wavelength in micrometers.
From the refractive indices the group refractive index can be calculated, which eventually
determines the group velocity difference, or group velocity mismatch (GVM), between the
two polarizations. The group refractive indices nog and neg are given by [51]:

nog = no(λ0)− λ0
dno(λ)

dλ

∣∣∣∣
λ0

, (7.3)

neg = ne(λ0)− λ0
dne(λ)

dλ

∣∣∣∣
λ0

. (7.4)

For the UV wavelength of λ0 = 266.7 nm the group refractive indices equal nog = 2.03 and
neg = 1.78. The GVM is then calculated as:

GVM =
nog − neg

c
= 0.83

ps

mm
, (7.5)

where c is the speed of light. A group velocity mismatch of 0.83 ps/mm means that a crystal
of length L = 1.2mm will enact a time delay between the two polarizations of ∆t = 1ps.
When the initial pulse has a pulse duration of 100 fs, the two pulses afterwards will be
completely separated from each other.

In practice, however, the UV pulse is already linearly polarized after third harmonic
generation. To make sure that the UV pulse is split into two pulses with equal intensity, the
polarization of the incident UV pulse should be rotated 45° with respect to the optical axis
of the crystal. To create a whole pulse train, multiple crystals of varying lengths are put
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behind each other. The optical axis of each subsequent crystal is rotated rotated 45° with
respect to the optical axis of the previous one. The total number of pulses that a series
of N crystals can make is equal to 2N . This is called pulse stacking. To make a train of
equidistant pulses, the length of each crystal needs to be half the length of the previous one.
For example, a series of four crystals with decreasing lengths 9.6mm – 4.8mm – 2.4mm –
1.2mm will create a pulse train of 16 pulses each separated by 1 ps.

For Smart*Light six different crystals have been ordered with lengths from 0.6mm to
19.2mm, possibly enabling the creation of a pulse train of 64 pulses spaced by 0.5 ps. The
manufacturer of these crystals is Fuzhou AG Optics (Ltd.). They are capable of cutting
the α-BBO crystals with a precision of ±0.2° in the optical axis, and ±0.005mm in the
length [52]. According to AG Optics, the transmission through 9mm of α-BBO crystal for
a wavelength of 266.7 nm is around 80-85% [53].

7.1.2 Alignment techniques

The α-BBO crystals will have to be properly aligned with respect to the direction of
propagation as well as the polarization of the incident UV pulse. If the surface of the
crystal is not exactly perpendicular to the incoming light, the ordinary and extraordinary
polarizations will be refracted under different angles, leading to two different beams after
the crystal. The two beams can be imaged at a distance from the crystal. Pivoting the
crystal until the two spots overlap will result in a proper alignment. The optical axis of the
crystal should not be rotated during this alignment exercise. If the optical axis is rotated
under such an angle that it is parallel to the polarization of the incoming pulse, only one
beam will exit the crystal regardless of the angle of the incident surface.

However, the most difficult alignment will be the alignment of the optical axis with
respect to the polarization axis of the UV pulse. The relative intensity between the two
polarizations after exiting the crystal is determined by the following formula:

I(θ) = I0 cos2 (θ), (7.6)

where I0 is the intensity of the initial pulse, and θ is the angle between the polarization
of the pulse and optical axis of the crystal. When θ = 45° exactly, both pulses will have
half the initial intensity after exiting the crystal (not taking into account any absorption
of the crystal). In practice it is not so trivial to get θ exactly equal to 45°. There are
markings on the holders of the crystal, indicating the optical axis. The rotation stages
however only have an accuracy of about 1-2°. Figure 7.2 shows the difference between a
pulse train created by four perfectly aligned crystals and a pulse train where all crystals
are misaligned by ±2°. The example shown in Figure 7.2b is the worst-case scenario, where
the optical axes of all of the crystals are misaligned by 2° with respect to the polarization
of the incoming pulse. The intensity is distributed irregularly over the pulses; the highest
pulse is almost three times as high as the lowest. It should be investigated what kind of
effect this has on the electron bunches and the emitted X-ray photons.

The intensity of the pulses, together with the time delay between them, can be measured
with intensity autocorrelation using a nonlinear crystal. In Figure 7.3 an illustration is
shown of such a possible setup. The initial UV pulse is split by a non-polarizing beam
splitter. One portion goes through the α-BBO crystal, while the other is used as a reference
signal. The reference pulse goes through a delay stage and a polarizer, which rotates its
polarization to be equal to the polarization of one of the two pulses split by the α-BBO
crystal, in the bottom line in Figure 7.3. The upper and lower pulse are focused to a second
harmonic generation crystal to produce a photon with half the wavelength of the incoming
UV pulses. A photodiode detector measures the intensity of the emission from the SHG
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(b) Misaligned.

Figure 7.2: Plots showing a pulse train of 16 pulses, each 1.2 ps apart, created by four
α-BBO crystals. In the first plot all of the crystals are aligned perfectly, in the second plot
the optical axes of the crystals are all misaligned by 2° to create the “worst-case scenario”.

Figure 7.3: Illustration of intensity autocorrelation using a SHG nonlinear crystal, applied
to the case of pulse stacking with α-BBO crystals.

crystal. This intensity depends sensitively on the temporal alignment of the two incoming
pulses: the better the overlap is, the higher the intensity. The relation between the pulse
overlap and the emitted intensity is quadratic. With the delay stage, the distance between
the two pulses can be scanned (while also adjusting the polarizer) and measured. Moreover,
the relative intensity should also be measurable.

There is however one problem with this approach: using SHG on UV gives a wavelength
of 133 nm, which is incredibly short and almost entering the soft X-ray regime. Most
optics are not able to handle this wavelength, and the experiment can probably also not be
conducted in air. To make the experiment simpler, the 800 nm pulse can be used instead.
The group velocity mismatch for 800 nm equals 0.48 ps/mm, which is still sufficient to
create a measurable time delay between pulses. Once the crystals are aligned properly for
800 nm, their optical axes are rotated correctly with respect to each other. What remains
is the polarization of the incident UV pulse, which should be rotated 45° with respect to
the optical axis of the first α-BBO crystal.

Yan et al. (2012) [49] uses a variation on the setup of Figure 7.3, where instead of using
a beam splitter to create a reference signal of the UV pulse, part of the initial 800 nm pulse
before the THG module is used as a reference. Similar to Smart*Light, an 800 nm pulse is
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Figure 7.4: Illustration of a Fabry-Pérot cavity around the interaction point using focusing
mirrors for burst-mode ICS. The electron beam consists of a bunch train.

used to create the UV pulse in [49]. After a part is split off to create UV, the remaining
800 nm pulse goes through a delay stage. After the UV pulse has gone through several
α-BBO crystals, it is focused on a nonlinear crystal together with the 800 nm pulse. Instead
of a SHG crystal, the principle of difference frequency generation (DFG) is used. Here
stimulation emission is used to create a photon whose wavelength is the difference between
the 800 nm pulse and 266.7 nm UV pulse. This will create a photon with wavelength
533 nm, which should be measurable by a photodiode or camera. Again the timing of the
two incident pulses is critical, which allows for a sensitive measurement of the UV pulse
train.

7.2 Increasing the X-ray yield by recirculating laser pulses

In the current design, one laser pulse interacts once with an electron bunch in the interaction
point. However, in the ICS interaction only a tiny fraction of the laser photons actually
interact with an electron and become X-ray photons. The majority of the laser photons does
not interact with an electron. To increase the X-ray yield without necessarily increasing
the laser power or electron bunch charge, examples can be found in literature of setups
where the laser pulses are recirculated.

One example is shown by Graves et al. (2014) [6] where a Fabry-Pérot cavity is used to
create burst-mode inverse Compton scattering. This is shown in Figure 7.4. The electron
bunch is stretched and divided into an electron bunch train. The electron bunch train
consists of around 100 pulses and spans 100 ns. The repetition rate of the consecutive trains
remains 1 kHz. Around the focal point of the electron bunch train a Fabry-Pérot cavity is
built for the laser pulse. This allows for one laser pulse to interact many times with the
bunch train. Another example of a Fabry-Pérot cavity is given in [54] and [55]. Not only
does this increase the emitted X-ray photons, such a cavity can in principle be small and
simple. If the electron beam line is enhanced such that an electron bunch train can be
generated, a Fabry-Pérot cavity could be the perfect candidate for Smart*Light.

Another example is given by Chaleil et al. (2016) [56], where a laser path folding system
is inserted in a pre-existent RF linac. The path folding system is named SMILE, which
stands for System of Multipass optical beam for Interaction between Laser and Electrons.
This system consists of two sets of seven spherical mirrors circularly distributed around
the electron beam axis. The sets face each other on both sides of the interaction point.
This setup allows for one laser pulse to be focused eight times in the interaction point. An
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Figure 7.5: 3D illustration of the recirculator designed for the ELI-NP facility. Source: [57].

electron bunch train could be used to create a theoretical gain of the X-ray yield of 8. The
sets of mirrors are only 40mm in diameter, however they are placed 1m apart from each
other. The latter might be a problem for a compact setup such as Smart*Light.

As a last example, the incredibly complex but highly efficient optical multipass sytem
for ELI-NP facility by Dupraz et al. (2014) [57] and Ndiaye et al. [58] (2019) is worth
mentioning. Their construction consists of 32 confocal mirror pairs arranged in a circular
helix formation. An illustration of the recirculator is shown in Figure 7.5. From experiments
and simulations it is estimated that at least a gain of 25 in the X-ray yield can be achieved
[58]. For Smart*Light, however, this is a very complex system. It is also large, very difficult
to align, and expensive. Especially for the early iterations of Smart*Light this setup is not
worth considering, but it should be interesting to keep an eye on the progress of the team
of Dupraz et al. (2014) and Ndiaye et al. (2019).

7.3 Modifying the polarization of the X-ray beam

In chapter 1 Thomson scattering was explained classically where a photon is incident on a
stationary electron. The electric field of the photon causes the electron to oscillate, which in
turn produces electromagnetic radiation. This is illustrated in Figure 7.6, where a photon
with wavelength λ0 is incident on an electron. Since Thomson scattering is an elastic
process, the scattered photon has the same wavelength λ0. The scattered photon will be
polarized in the direction of the oscillatory motion of the electron.

Inverse Compton scattering can be regarded as Thomson scattering in the rest frame
of the electron (the coordinate system moving with the same velocity as the electron,
such that the electron appears stationary). Using this analogy, the polarization of the
emitted X-ray beam is determined by the polarization of the incident laser beam. If any
particular polarization of the X-ray beam is desired, linear or circular polarization, this
can be accomplished by adjusting the polarization of the incident laser to the desired
polarization.

To rotate the polarization, wave plates can be used. A half-wave plate rotates the
polarization 90°, for example from horizontally polarized to vertically polarized. A quarter-
wave plate can convert the polarization from linear to circular, and vice versa. On the
market there are both half-wave and quarter-wave plates available that should be able to
handle the ultrashort high power pulses used in Smart*Light (see for example [43]).
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7.3. Modifying the polarization of the X-ray beam

Figure 7.6: Schematic representation of Thomson scattering of a photon with wavelength
λ0 on an electron e−.

Figure 7.7: Rotating the polarization of a laser beam using two flat mirrors. Source: [59].

Another way to rotate the linear polarization of the laser beam by 90° is to arrange
a set of mirrors in a specific way, illustrated in Figure 7.7. However, the beam height is
changed in this method, which may require additional mirrors to increase the beam height
beforehand. Moreover, this method requires a very careful alignment of the mirrors.

It should be noted that other properties of the X-ray beam, such as the intensity and
spectral density, might also depend on the polarization of the incident beam.
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Chapter 8

Conclusion

The goal of the project is to create a design for the laser paths involved in Smart*Light
such that the 400 nm and 800 nm femtosecond laser pulses are focused in the interaction
point to a desired beam radius of 10µm, where they should interact with an electron bunch
and create X-ray photons through inverse Compton scattering (ICS). Due to the effect
that ultrashort, high intensity laser pulses can have on dielectric media and vice versa, the
choice is made to use an off-axis parabolic (OAP) mirror instead of lenses to focus the laser.
In order to optimize the X-ray yield, the overlap between the laser beam and electron beam
in the interaction point has to maximized and constant.

Two types of instabilities are distinguished: the fast and random jitter from the laser
system, and the slow drift of the laser beam due to temperature differences and variations.
It was found through simulations that angular displacements of the incident laser beam on
the OAP mirror, caused by these instabilities, result in a shift of the focal point position
and an increased waist in the focal point. In order to optimize the overlap of the laser and
electron beam in the interaction point, the instabilities must be minimized and controlled
when necessary.

The frequency of the instability caused by jitter is too high for an active laser beam
stabilization system. Therefore the OAP mirror is chosen such that the jitter in the focal
point is minimized. Simulations led to the result that the OAP mirror should have a short
reflective focal length and reflectance angle. The OAP mirror with an RFL of 38.1 cm and
a reflectance angle of 15° was chosen. The jitter of the laser pulse of about 4µrad will
result in a maximum focal point shift of 1.6µm and no measurable increase in the focused
spot size.

The drift of the laser beam is stabilized using a laser beam stabilization system. The
laser beam stabilization system from MRC Systems is used in an experimental setup with
a HeNe laser to stabilize the focal point of the OAP mirror. To test this system in severe
circumstances, an artificial instability is introduced in the form of a chiller turning on
and off. With the correct positioning of the components of the stabilization system, a
sub-pixel stability of < 3µm is achieved. The decrease in the X-ray yield is thereby limited
to 10%.

All of the results are combined to create the final design of the laser paths in Figure
6.2. The design takes into account the timing of the laser pulse and electron bunch in
the interaction point (not synchronization of the RF power in the electron beam line),
influences of thermal expansion, placement of the stabilization system and more, all based
on two main points: optimize the X-ray yield and allow for tunability of the X-ray photon
energies. The X-ray yield is optimized by making the setup stable and reducing jitter and
drift. Tunability of the X-ray photon energies is enabled by allowing the possibility to
use different electron energies. For this purpose, the optical path length of the interaction
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laser can be varied. Also, two different wavelengths (400 nm and 800 nm) can be used
for the interaction laser, for further tunability of the X-ray photon energy and intensity.
The important conclusion made in the final chapter is that the real measure for a proper
alignment and stability of both the laser and electron beam in the interaction point is the
intensity and spectrum of the emitted X-ray beam. But to get there, first a stable laser
beam is required in the interaction point. It is recommended to incorporate the X-ray
power as a feedback mechanism in the setup to achieve an optimized X-ray beam.

All in all, the considerations and findings in this thesis will assist in the realization of a
compact and tunable inverse Compton source, that will bridge the gap between available
X-ray sources.
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Appendix A

Derivation of inverse Compton
scattering wavelength

The incoming light has four-wavevector kµ0 given by:

kµ0 =
ω0

c


1

− cosα
− sinα

0

 . (A.1)

The scattered light’s four-wavevector:

kµx =
ωx
c


1

cos θ
sin θ

0

 . (A.2)

Lorentz transforming both four-wavevectors to the (averaged) rest frame S̄ of an electron
traveling at normalized velocity ~β = βêx prior to interaction:

k̄µ0 = Λµνk
ν
0 =

ω0

c


γ(1 + β cosα)
γ(− cosα− β)
− sinα

0

 , (A.3)

k̄µx = Λµνk
ν
x =

ωx
c


γ(1− β cos θ)
γ(cos θ − β)

sin θ
0

 . (A.4)

In S̄, the electron oscillates harmonically around a stationary point (neglecting recoil)
at the frequency of the incoming light field ck̄00. The harmonic motion produces dipole
radiation at the oscillation frequency. Therefore, in the electron rest frame, we can equate
the temporal components of the four-wavevectors k̄00 = k̄0x:

ω0

c
γ(1 + β cosα) =

ωx
c
γ(1− β cos θ), (A.5)

which in terms of wavelengths becomes:

λx(1 + β cosα) = λ0(1− β cos θ), (A.6)
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which is equal to Equation (1.2).
In the case of a head-on collision (α = 0) and in the relativistic limit (β ≈ 1), the

wavelength of the emitted photon λx can be approximated for small angles θ � 1 as follows.

θ � 1 → cos(θ) ≈ 1− 1

2
θ2, (A.7)

β ≈ 1 → β =

√
1− 1

γ2
≈ 1− 1

2γ2
, (A.8)

where the Lorentz factor γ2 = 1/(1−β2)� 1 in the case of β ≈ 1. Equation (A.6) becomes

λx ≈ λ0
1− (1− 1

2γ2
)(1− 1

2θ
2)

1 + (1− 1
2γ2

)

= λ0
1− (1− 1

2γ2
− 1

2θ
2 − θ2

4γ2

2− 1
2γ2

)

≈ λ0
1

2γ2
+ 1

2θ
2

2

=
λ0
4γ2

(1 + γ2θ2).

(A.9)
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Appendix B

X-ray yield from head-on collision of
two cylindrical beams

Laser photon density nl(x, y) for a cylindrical laser pulse with a fixed length is described
by a Gaussian with standard deviation σ0:

nl(x, y) = nl,0 e
− x2

2σ20 e
− y2

2σ20 , (B.1)

where nl,0 is the photon density in the center (x, y) = (0, 0). The total number of photons
in the laser pulse N0 is given by:

N0 =

∫ ∞
−∞

∫ ∞
−∞

nl(x, y) dxdy

=

∫ ∞
−∞

∫ ∞
−∞

nl,0 e
− x2

2σ20 e
− y2

2σ20 dxdy

= nl,0 · 2πσ20.

(B.2)

The electron bunch density profile for a given bunch length is:

ne(x, y) = ne,0 e
− x2

2σ2e e
− y2

2σ2e , (B.3)

where ne,0 is the electron density in the center of the bunch at (x, y) = (0, 0). The total
number of electrons in a bunch Ne is given by:

Ne =

∫ ∞
−∞

∫ ∞
−∞

ne(x, y) dxdy

=

∫ ∞
−∞

∫ ∞
−∞

ne,0 e
− x2

2σ2e e
− y2

2σ2e dxdy

= ne,0 · 2πσ2e .

(B.4)
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In a head-on collision between the cylindrical laser pulse and electron bunch, the number
of emitted X-ray photons is given by

Nx =

∫ ∞
−∞

∫ ∞
−∞

σTnl(x, y)ne(x, y) dxdy

= σTnl,0ne,0

∫ ∞
−∞

∫ ∞
−∞

e
− x2

2σ20 e
− y2

2σ20 e
− x2

2σ2e e
− y2

2σ2e dxdy

=
σTN0Ne

4π2σ20σ
2
e

∫ ∞
−∞

e
− y

2

2

(
1

σ20
+ 1

σ2e

)
dy

∫ ∞
−∞

e
−x

2

2

(
1

σ20
+ 1

σ2e

)
dx

=
σTN0Ne

4π2σ20σ
2
e

√
2π

1/σ20 + 1/σ2e

√
2π

1/σ20 + 1/σ2e

= N0Ne
σT

2π(σ20 + σ2e)
.

(B.5)

B.1 Calculating X-ray yield from suboptimal overlap of Gaus-
sian laser pulse and electron bunch

Figure B.1: Suboptimal overlap of laser pulse with σ0 and electron bunch with σe
displaced by a distance d.

The electron bunch is displaced by a distance d along the x-axis. Its density profile for a
given bunch length is:

ne(x− d, y) = ne,0 e
− (x−d)2

2σ2e e
− y2

2σ2e , (B.6)

where ne,0 is the electron density in the center of the bunch at (x, y) = (d, 0).
In a head-on collision between the laser pulse and displaced electron bunch, the number

of emitted X-ray photons as a function of the displacement d is given by (illustrated in
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Figure B.1)

Nx(d) =

∫ ∞
−∞

∫ ∞
−∞

σTnl(x, y)ne(x− d, y) dxdy

= σTnl,0ne,0

∫ ∞
−∞

∫ ∞
−∞

e
− x2

2σ20 e
− y2

2σ20 e
− (x−d)2

2σ2e e
− y2

2σ2e dxdy

=
σTN0Ne

4π2σ20σ
2
e

∫ ∞
−∞

e
− y

2

2

(
1

σ20
+ 1

σ2e

)
dy

∫ ∞
−∞

e
− 1

2

[(
x−d
σe

)2
+ x2

σ20

]
dx

=
σTN0Ne

4π2σ20σ
2
e

√
2π

1/σ20 + 1/σ2e

∫ ∞
−∞

e
− 1

2

[(
x−d
σe

)2
+ x2

σ20

]
dx

=
σTN0Ne

4π2σ20σ
2
e

√
2π

1/σ20 + 1/σ2e

√
2π

1/σ20 + 1/σ2e
e
− d2

2(σ20+σ
2
e)

= N0Ne
σT

2π(σ20 + σ2e)
e
− d2

2(σ20+σ
2
e) .

(B.7)

The distance d at which the X-ray yield has decreased by 10% is given by

Nx(d) = 0.9Nx(0)

e
− d2

2(σ20+σ
2
e) = 0.9

− d2

2(σ20 + σ2e)
= ln(0.9)

d =
√
−2 ln(0.9) · (σ20 + σ2e).

(B.8)

For the situation where σ0 = σe:

d =
√
−4 ln(0.9) · σ20 ≈ 0.65σ0. (B.9)

For σ0 = σe = 5µm, d ≈ 3.2µm.
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Appendix C

Calculating Gaussian peak fluence

Given is a Gaussian pulse with total pulse energy Epulse and beam radius wR = 2σw. The
intensity profile of the spot is given by

F (r) = F0 exp

(
−2r2

w2
R

)
= F0 exp

(
−r2

2σ2w

)
, (C.1)

with F0 the peak fluence (in J/m2) and r the radial distance from the center of the spot.
The total pulse energy Epulse is equal to

Epulse =

∫ 2π

0

∫ ∞
0

F (r) · rdrdθ

= 2πF0

∫ ∞
0

r exp

(
−2r2

w2
R

)
dr

= 2πF0 ·
w2
R

4

=
πw2

R

2
F0

(C.2)

Hence
F0 =

2Epulse
πw2

R

. (C.3)
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Appendix D

Calculating Gaussian peak power

Given is a Gaussian pulse with total energy Epulse and Gaussian pulse length τG = 2στ .
Just like the intensity, the temporal profile of the power is Gaussian and has the following
shape:

P (t) = P0 exp

(
−2t2

τ2G

)
= P0 exp

(
−t2

2σ2τ

)
, (D.1)

where P0 is the peak power (in J/s) and t is time. The total pulse energy Epulse is equal to

Epulse =

∫ ∞
∞

P (t)dt

= 2

∫ ∞
0

P (t)dt

= 2P0

∫ ∞
0

exp

(
−2t2

τ2G

)
dt

= 2P0
1

2

√
πτ2G

2

= P0

√
π

2
τG

(D.2)

Using the FWHM pulse duration τp =
√

2 ln(2)τG:

P0 =
Epulse√
π/2 · τG

=

√
2 · 2 ln(2)

π

Epulse
τp

= 2

√
ln(2)

π

Epulse
τp

(D.3)
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Appendix E

Relation between Gaussian standard
deviation and beam radius

The general form of a Gaussian (or normal) distribution is given by:

f(r) =
1

σ
√

2π
exp

(
−1

2

[
r − µ
σ

]2)
, (E.1)

where σ is the standard deviation and µ is the mean. A Gaussian intensity distribution in
laser physics is often described as:

I(r) = I0 exp

(
−2r2

w2

)
= I0 exp

(
−r2

2σ2

)
, (E.2)

where I0 is the intensity in the center of the laser spot, r is the radial position away from
the center and w is the beam radius. This immediately defines the beam radius as the
distance from the center where the intensity has been reduced by a factor 1/e2 with respect
to I0.

The relation between the standard deviation σ and the beam radius w can be derived
by comparing Equation (E.1) to Equation (E.2). By equating the two exponents and setting
µ = 0 we retrieve the following:

exp

(
−1

2

[
r − µ
σ

]2)
= exp

(
−2r2

w2

)
(E.3)

exp

(
−r2

2σ2

)
= exp

(
−2r2

w2

)
(E.4)

−r2

2σ2
=
−2r2

w2
(E.5)

w2 = 4σ2 (E.6)
w = 2σ. (E.7)

So when we are talking about a laser spot with a beam radius of w = 10µm, the standard
deviation σ = 5µm. To make the definition of terms complete, the root mean square (RMS)
radius is equal to the Gaussian standard deviation σ in the case that µ = 0:

rRMS = σ. (E.8)
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E.1 1D vs. 2D RMS

The RMS radius from Equation (E.8) is not directly used to create the random Gaussian
spot from section 4.2.1. The initial coordinates of the rays are created by generating the
x-coordinates and y-coordinates according to a random normal distribution, separately
from each other. The x-coordinates are normally distributed such that the RMS of the
x-coordinates xRMS equals

xRMS =

√√√√ 1

N

N∑
i

x2i , (E.9)

where N is the number of rays in the Gaussian spot. The same is done for the y-coordinates:

yRMS =

√√√√ 1

N

N∑
i

y2i . (E.10)

The standard deviation of the Gaussian spot σ, as defined in Equation E.2, is equal to the
radial RMS of the Gaussian spot rRMS (for µ = 0) and is given by:

rRMS =

√√√√ 1

N

N∑
i

r2i , (E.11)

where ri is the radial distance to the center of the spot for each ray. Using r2 = x2 + y2,
the quantities xRMS and yRMS are related to rRMS as

r2RMS =
1

N

N∑
i

r2i

=
1

N

N∑
i

(
x2i + y2i

)
=

1

N

N∑
i

x2i +
1

N

N∑
i

y2i

= x2RMS + y2RMS.

(E.12)

In the case that xRMS = yRMS, it follows that rRMS =
√

2xRMS.
A 2-dimensional Gaussian spot can also be described as

I(x, y) = I0 exp

(
−x2

2σ2x
+
−y2

2σ2y

)
, (E.13)

where σx is the standard deviation along the x-axis and σy is the standard deviation along
the y-axis. In the case of a circular spot (σx = σy), σx and σy relate to σ (defined by
Equation (E.2)) as

I(x, y) = I0 exp

(
−x2

2σ2x
+
−y2

2σ2y

)
= I0 exp

(
−x

2 + y2

2σ2x

)
= I0 exp

(
− r2

2σ2x

)
= I0 exp

(
− r2

2σ2

)
.

(E.14)
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Ergo, σx = σy = σ. The RMS values xRMS and yRMS are therefore NOT equal to the
standard deviations of the Gaussian spot along the x- and y-axis, σx and σy respectively.
They differ by a factor of

√
2:

σx =
√

2xRMS, (E.15)

σy =
√

2 yRMS. (E.16)
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Appendix F

Calculating 2D Gaussian intensity
properties

The 2D Gaussian intensity properties of a laser spot on a camera CCD can be quickly
calculated by summing up the rows and columns of the pixel array and fitting the summations
with a 1D Gaussian. Here it will be mathematically derived that the Gaussian properties
(the radius and center position) are unaffected by summing the rows and columns. The
assumptions for this method are:

1. The laser spot is a 2D Gaussian.
2. In the case of an ellipse, the minor and major axis are exactly parallel to the horizontal

and vertical axis of the pixel array.
Let the intensity value of a pixel in row n and column m be given by Inm:

Inm = I0 exp

[
−
(

(xn − x0)2

2σ2x
+

(ym − y0)2

2σ2y

)]
, (F.1)

where xn is the x-position of said pixel in row n and ym is the y-position of said pixel in
column m. Then x0 and y0 are the center x- and y-positions of the spot, and σx and σy
are the horizontal and vertical standard deviation.

The summation of all the rows is given by:

Im,1D =
∑
n

Inm = I0
∑
n

exp

[
−
(

(xn − x0)2

2σ2x
+

(ym − y0)2

2σ2y

)]
= I0 exp

[
−(ym − y0)2

2σ2y

]∑
n

exp

[
−(xn − x0)2

2σ2x

]
.

(F.2)

By assuming that the pixel size is small compared to the Gaussian, and that the center of
the spot is far away from the borders of the sensor, the summation can be approximated
by an integral over infinity:

In,1D =
∑
n

exp

[
−(xn − x0)2

2σ2x

]
≈
∫ +∞

−∞
exp

[
−(x− x0)2

2σ2x

]
dx =

√
2πσx. (F.3)

Then ∑
n

Inm ≈ I0
√

2πσx exp

[
−(ym − y0)2

2σ2y

]
≡ A exp

[
−(ym − y0)2

2σ2y

]
, (F.4)

where A is just a constant. This result means that the summation of the rows can be fitted
with Equation (2.1) and would yield the vertical center of the spot y0 and the standard
deviation σy. Repeating this for the columns would yield the horizontal parameters x0 and
σx.
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