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Abstract

Ultrashort pulsed electron bunches are of great interest in the field of ultrafast electron diffraction
(UED) where it is the goal to study features at the molecular level at a sub-picosecond time scale. To
determine the temporal resolution of UED experiments, a method for measuring the electron bunch
duration by using a standing wave of two laser pulses, also called a light grating, was proposed by
Hebeisen et al. in 2008. This method makes use of the ponderomotive force of the light grating that
acts upon the electrons. In a similar setup, if the beam quality of the electron bunches is sufficient,
the Kapitza-Dirac effect can be observed, which is the diffraction of electrons by a light grating.

An experiment designed to observe the ponderomotive force is presented. The electron source of
this experiment is a scanning electron microscope (SEM) which provides a continuous electron beam.
Because the ponderomotive force acts weak on the electrons, high light intensities are needed, and
therefore the light grating is produced by two sub-ps laser pulses at a rate of 1 kHz. Because the
light is concentrated in a short pulse, the intensities are high. However, the number of electrons that
interact with the short laser pulses is low. This leads to a large background signal, resulting in a signal
to background ratio (SBR) of 10−10. Most of this project focussed on increasing the SBR.

To reduce the background, an element was implemented into the experimental setup, called the
beam on demand (BOD). This element, in combination with a slit, chops the initial electron beam into
electron bunches. A method to obtain the bunch length of the bunches created by the BOD element
is presented. The measurements showed bunch lengths of 13 ± 7 ns to 52 ± 26 ns. This leads to an
increase of the SBR by a factor of roughly 104. To further increase the background the bunches will
be chopped into shorter bunches (∼100 fs) by a radio frequency (RF) cavity operating in the TM110

mode at a frequency of 3 GHz which finally results in a SBR of 10−3.
The second part of this project is focussed on the beam quality of the SEM which is expressed in

the normalized transverse emittance, εn,x. To observe the scattered electrons, the scattering angle of
the electrons by the light grating must be larger than the divergence of the beam (for a given spot
size). It is determined that a maximum emittance of εn,x = 20 nm·rad is allowed for observing the
ponderomotive force, and a maximum of εn,x = 0.2 nm·rad for observing the Kapitza-Dirac effect. A
method for measuring the emittance, called a waist scan, is presented and the emittance of the SEM
is measured and found to be εn,x = (1.0 ± 0.1) nm·rad. It is therefore concluded that by looking at
the emittance, observing the ponderomotive force is possible, whereas for observing the Kapitza-Dirac
effect, a better electron source is necessary.

The main focus in this report is on reducing the background. For increasing the signal two
methods are proposed. By using longer laser pulses, more electrons will get scattered, but the intensity
of the laser pulses will consequently go down. Therefore higher laser pulse energy will be needed.
Time-dependently increasing the electron density of the beam by using another RF cavity, i.e., a
compression cavity, will lead to chopped bunches with approximately 100 times higher electron density
and consequently increase the SBR.

By decreasing the background by a factor 107 and increasing the signal by a factor 100, still the
measured signal will be low. Therefore, bunch length measurements using ponderomotive scattering
will still be challenging, but not impossible.
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Chapter 1

Introduction

This thesis will cover a master project in the Coherence and Quantum Technology group of
the department of Applied Physics of the Eindhoven University of Technology. The subject of
this thesis is the increase of the signal to background ratio (SBR) of the experiment that will
measure the ponderomotive force of a standing wave of light on ultrashort electron bunches.
From this experiment the length of the ultrashort electron bunches (in the sub-picosecond
regime) can be determined. Ultrashort electron bunches are of great interest in the field of
ultrafast electron diffraction (UED) experiments, where it is the goal to make the so-called
molecular movie. In a similar setup, if the electron bunches are of sufficient quality, which
means sufficiently low intrinsic angular spread, the Kapitza-Dirac effect can be observed.
This effect shows the diffraction of electrons by a grating of light, which gives a neat example
of the particle-wave duality of matter and light. The true nature of matter and light has
always been of great interest, which will be discussed in the first part of this chapter. In the
remaining part of this chapter, a brief review on previous work concerning the Kapitza-Dirac
effect and the ponderomotive force will be given, the experimental setup will be discussed,
and a quantitative description of the beam quality requirements for both effects is given.

1.1 Particle and Wave Nature of Light and Matter

For over centuries it has been a goal of philosophers and physicists to investigate the true
nature of matter and light. The belief that matter consists of particles, or “atoms”, from
the Greek word atomos (�tomo, which means indivisible) originates from early philosophers
of ancient India and Greece. The old Hindu school of philosophy Vaisheshika, which was
founded by the sage of Kanada who was believed to live in the fifth century BC [1], states
that matter is made up of indivisible particles, are spherical and has no cause [2]. Leukip-
pus (LeÔkippu, lived in the first half of the fifth century BC) and his pupil Democritus
(Dhmìkrito, ca. 460 - ca. 360 BC [3]) stated that matter consists of an infinite amount of
atoms which can move around in the void and which exist in different sizes and shapes and
these differences are the cause for the differences in the perception of matter [4].

Although these early descriptions of matter do not represent the observations made in
modern science with respect to, for instance, that atoms would be indestructible, yet they
inspired modern atomism in the sense of approaching matter to be made up of discrete
particles. More than two millennia later, John Dalton showed in 1808 in his atomic theory
that atoms of the same element are identical and different elements can combine to form
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Chapter 1. Introduction

chemical compounds [5]. This work is considered to be the beginning of the modern atomic
theory.

Atomism also was considered for the case of light. In 1704 Newton stated that light
consisted of corpuscles to explain the reflection, refraction and rectilinear motion of light
[6]. Huyghens however, introduced in 1690 the theory that light consisted of wavefronts that
propagate in a substance called the ether [7]. Because of Newton’s status in science his theory
was generally accepted and light was considered to consist of particles for about 200 years,
even though Newton’s theory could not explain, for instance, the interference of light. In 1804,
Young showed with his double slit experiment that light, as proposed by Huyghens, has a
wave nature [8] and the theory that light consisted of particles was since then rejected. About
a century later, Einstein showed in 1905 in his explanation of the photoelectric effect that
light also contains a particle behavior introducing energy quanta [9] which are called photons,
for which he received the Nobel Prize of 1921. In 1923 Compton showed that photons also
carry momentum [10], further verifying the particle behavior of light, for which he shared the
Nobel Prize with Charles Thomson.

Controversially, in the same year that Compton verified the particle behavior of light,
de Broglie proposed that matter, which always has been believed to have a particle nature
exclusively, also should posses a wave nature [11]. This prediction was experimentally verified
independently by Davisson and Germer showing diffraction of electrons on a nickel target [12]
and by George Thomson and Reid, showing diffraction of electrons on a thin foil of crystalline
aluminium [13]. In 1937 Davisson and Thomson shared the Noble Prize for their experimental
discovery of diffraction of electrons by crystals. These controversial observations that matter
and light behave both like particles and waves are classified as the wave-particle duality.

The property that matter also has a wave behavior has useful consequences when con-
cerning the wavelength of matter, which can be much smaller than the optical wavelength of
light. For instance at microscopy, where the limiting factor of the resolution of microscopes is
the wavelength, using electrons for imaging instead of light can significantly increase the reso-
lution. For instance the wavelength for optical light is about 10−7 m, whereas the wavelength
of an electron of 1 keV is 10−11 m and can further be decreased by increasing its energy.

Also interesting fundamental research on the wave-particle duality can be done, which
examines the behavior of matter or light. For instance, Wheeler’s delayed-choice gedanken
experiment is a variation of Young’s double slit experiment, where this time single photons
will travel through the slits, and the detection method (either detect the path of the photon,
or detect the interference with itself) can be changed after the photon has passed the slits.
Wheeler states that the choice of detection determines wether the photon behaves like a
particle or a wave [14]. Experiments have verified this prediction [15] showing the peculiar
behavior of photons.

1.2 Kapitza-Dirac Effect and Ponderomotive Force

Instead of looking at the interference of photons, interesting experiments concerning the
interaction between light and matter can be done. As already mentioned, the diffraction of
electrons by a crystal was showed many years ago, where the electrons were considered to
behave like waves. Concerning the particle-wave duality, in 1933 Kapitza and Dirac proposed
an experiment where instead of diffraction of electrons by a crystal, a grating of light intensity
produced by the interference of two light waves should cause the electrons to diffract [16]
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1.3. Experimental Setup for Ponderomotive Scattering

known as the Kapitza-Dirac effect. At the time of Kapitza and Dirac the light sources were
far too weak to observe this effect (only 1 in 1014 electrons would be scattered with the best
light source at that time) and it took about 70 years to experimentally verify the predictions
of Kapitza and Dirac, by Freimund et al. in 2001 [17].

The underlying mechanism that causes the electron and the light grating to interact can
be described by the ponderomotive potential. Boot and Harvie showed in 1957 [18] that
the net displacement of electrons in a non-uniform electromagnetic field can be described
in a time-averaged way, resulting in solving one force equation: the ponderomotive force.
The most important feature about the ponderomotive force is that charged particles, e.g.,
electrons, are expelled from the high-intensity regions towards the low-intensity regions, or
alternatively: F ∝ −∇I. Because this force is very weak, it took the development of modern
laser technology to observe the effects of the ponderomotive force. Besides fundamental
research about the particle-wave duality, the ponderomotive force working on electrons can
also be helpful to measure the temporal length of electron bunches, which for example are
in the sub-picosecond range for ultrafast electron diffraction experiments [19]. An all-optical
technique to measure the temporal length of ultrashort electron bunches, <100 fs, using laser
pulse ponderomotive potential to effectively sample the temporal envelope of the electron
pulse by sequentially scattering different sections of the pulse out of the main beam was
proposed by Siwick et al. in 2005 [20]. This method was experimentally shown by Hebeisen
et al. in 2006 [21] who improved this technique in 2008 by making use of the standing wave
produced by two counter-propagating femtosecond laser pulses, increasing the ponderomotive
force by two orders of magnitude [22].

As already mentioned, the ponderomotive force acts weak on the electrons, and only for
high intensity gradients supplied by the development of the laser, this force becomes apparent.
The challenge of this experiment is to obtain a high enough SBR by deflecting the electrons
that will not be scattered. This will reduce the background signal and therefore increase
the SBR. The goal of the research in this thesis is to develop new tools to suppress the
background and increase the SBR for the ponderomotive scattering experiment. When using
bunches with high beam quality and the SBR is sufficiently high, the experiment may even
show the Kapitza-Dirac effect.

1.3 Experimental Setup for Ponderomotive Scattering

The SBR is predominantly determined by the electron source and the laser system. The
electron source is a scanning electron microscope (SEM) which produces a continuous electron
beam by heating a tungsten filament by ohmic heating and accelerates the resulting emitted
electrons to 30 keV. The SEM is an XL-30 keV W-hairpin emitter, mounted in a Wehnelt
cylinder, originally built by Philips, and donated by FEI. Ideally, the laser responsible for
scattering the continuous electron beam should also be continuous. This case is schematically
shown in Figure 1.1a where the electron beam coming out of the SEM eventually reaches the
interaction regime where two counterpropagating continuous lasers will create a light grating.
When using high enough laser power, the grating of light will scatter every electron of the
beam. However to be able to see the effect, laser intensities in the order of 1016 W/m2 are
needed. This results in a very unrealistic laser power when considering continuous lasers.
However, this laser intensity can be reached when using ultrashort pulsed lasers, as is shown
in Figure 1.1b. The laser system responsible for creating these ultrashort laser pulses consists
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(a)
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(b)
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(d)

Figure 1.1 Schematic overview of the experimental setup for observing the ponderomotive force and
the steps that are made to increase the SBR. (a) Two counterpropagating continuous lasers which will
scatter every electron of the electron bunch (unrealistic). (b) A pulsed laser at a 1 kHz pulse rate will
scatter only the electrons that are in the interaction region at the same time as the laser pulses. The
other electrons will create a very high background signal. (c) The BOD in combination with the slit
reduces this background by creating 100 ns electron bunches at a 1 kHz rate. (d) To further reduce
the background the 100 ns bunches from the BOD will be chopped into 100 fs bunches at a 6 GHz
rate by the RF cavity.
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1.3. Experimental Setup for Ponderomotive Scattering

of a Coherent Mantis Oscillator [23] combined with a Coherent Legend Elite [24] amplifier
system, able to produce pulses at 1 kHz with a pulse length of 40 fs and an energy per pulse of
Ep = 2.7 mJ [25]. Since the grating now is created by ultrashort laser pulses, the interaction
regime of the electrons and the laser only exists at the time scale of the duration of the pulses,
at the repetition rate of the laser. Therefore, in contrast with the (unrealistic) continuous
laser scenario, dealing with laser pulses inherently lead to unscattered electrons, which will
give a background signal.

Because the laser operates at 1 kHz with a pulse length of ∼ 100 fs, and we have a
continuous electron beam, this results in a dramatically low SBR (about 1 in 1010 electrons
gets scattered, or SBR = 10−10).1 A way to decrease the background, is to deflect all the
electrons that will not interact with the laser pulses and only let the electrons pass that will
interact. To accomplish this, the DC beam is transformed into an AC beam by manipulating
the electrons before they reach the interaction region with the laser. This AC beam consists
of bunches of electrons which are created by chopping the DC beam. The chopping of the
DC beam is performed in several steps.

In Figure 1.1c these steps are schematically shown. First the continuous electron beam
passes a ‘beam on demand’ (BOD) unit which consists of two electrodes. The beam will
be deflected by applying a DC voltage in the order of 400-600 V to one of the electrodes,
to which we will refer as the ‘DC electrode’. The other electrode,to which we will refer as
the ‘AC electrode’, is connected to a high voltage (HV) pulse generator, which is able to
create a pulse with an amplitude in the order of 300-600 V and a pulse length in the order
of 100 ns at a 1 kHz rate. When the pulse is applied to the AC electrode, the electric field
in between the electrodes is a function of the settings of the HV pulse generator and can be
ideally set to zero by setting the amplitude of the pulse the same as the DC level of the DC
electrode. In this way the electrons that pass the BOD at the period the electric field is zero,
the beam is undeflected for a short time (in the order of 100 ns). So the BOD converts the
continuous beam into a streaked beam with, by far, most electrons in the deflected part of
the beam. Since the beam is now streaked, by picking out a part of this streak, bunches can
be created. This is done by putting a slit into the undeflected beam path, picking out only
the electrons that are not deflected by the applied DC electric field in between the electrodes.
So as is shown in Figure 1.1c, the electron beam is chopped into bunches of 100 ns duration
at a repetition rate of 1 kHz by the BOD, which is equal to the repetition rate of the laser
pulses. In this way already a large part of the unscattered electrons are left out, reducing the
background by a factor of 10000 (SBR = 10−6).

Since we have ∼100 fs laser pulses, and the beam is chopped into bunches with a bunch
length of ∼100 ns, there is still a large background with respect to the electrons that will
interact with the laser pulses. Therefore, after the BOD a radio frequency (RF) cavity, also
referred to as ‘streak cavity’, is placed and is shown in Figure 1.1d. This cavity was designed
to operate in the TM110 mode at a 3 GHz frequency resulting in bunches with a repetition rate
of 6 GHz and a bunch length of 100 fs per pulse [26]. In Figure 1.2 the current of every step
is shown schematically. As is shown in this figure, the final result of chopping the beam with
the BOD and the streak cavity is that we have a bunch of bunches at a 1 kHz rate, containing
∼100 fs electron bunches, which are about 170 ps separated from each other. Figure 1.1d is
the final setup of the ponderomotive experiment.

1Assuming every electron gets scattered when entering the interaction regime at the moment the standing
wave is present.
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Figure 1.2 Schematic of the current of the electron beam with respect to time. In (a) the initial DC
electron beam created by the SEM. In (b) this beam is chopped by the BOD with a repetition rate of
1 kHz into bunches of ∼100 ns. In (c) the beam is chopped by the BOD plus the streak cavity, where
the 100 ns bunches are chopped into ∼100 fs bunches with a repetition rate of 6 GHz (or equivalently
a period of ∼170 ps).

So if we assume that the BOD is able to create bunches of 100 ns, one of those bunches
contains 600 electron bunches of 100 fs each. Those 600 bunches will reach the laser pulse
interaction region with a 1 kHz rate. The femtosecond laser system also operates at a 1 kHz
rate, and therefore, when properly timed, 1 in 600 of the femtosecond electron bunches will be
scattered by the light grating, created by the counter-propagating laser pulses. Looking back
at the initial SBR, which was about 10−10, this is now increased to about 1/600 ≈ 2× 10−3

by chopping the beam with the BOD plus the streak cavity.

1.4 Beam Quality Requirements

Some typical numbers of the relevant parameters have already occasionally been mentioned,
and in this section it will be discussed what numbers, in the sense of beam quality, will be
needed to perform ponderomotive scattering and to observe the Kapitza-Dirac effect. Before
discussing the requirements necessary to perform the ponderomotive scattering experiment,
or even the Kapitza-Dirac effect observation, first a quantitative measure of the quality of
an electron beam is necessary and is given in the first subsection. Then the theory of pon-
deromotive scattering will be discussed in the second subsection and the requirements on the
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1.4. Beam Quality Requirements

beam quality for ponderomotive scattering will be given in the third subsection. The theory
of the Kapitza-Dirac effect will be discussed in the fourth subsection before discussing the
requirements on the beam quality for the experiment on the Kapitza-Dirac effect.

1.4.1 Emittance

The quality of a particle beam is intrinsically determined by the source of the beam. When
considering particles that are emitted from a source, each point of the source is emitting
particles with different initial magnitude and direction of the velocity vector. Therefore there
is always a spread in kinetic energy and velocity in a particle beam. This spread is called the
thermal velocity spread and remains present in the beam at any distance downstream from
the beam source.

The velocity spread of a particle beam may in practice be much greater than the ideal
thermal limit of the source, because other factor such as for instance nonlinear forces due
to external or space charge fields can affect the velocity spread and therefore deteriorate the
beam quality. The emittance provides a quantitative basis for describing the quality of a
beam.

Consider an ensemble of particles, and the motion of each particle can be defined by
three position coordinates (x, y, and z) and by three momentum coordinates (px, py, and
pz) at any given instance of time (t). An ensemble of particles forms a beam when the
average of the momentum component in the longitudinal direction is much larger than the
momentum components in the transverse directions (i.e., px, py ≪ pz). When the radius in
the longitudinal direction of the ensemble is much larger than the radius in the transverse
direction we have a continuous beam. When the radii are comparable we have a bunched
beam.

The behavior of the ensemble can be described by the distribution function depending on
the 6 coordinates and time: f(x, y, z, px, py, pz, t). When the ensemble moves at a constant
velocity, the distribution function is no longer dependent on t and when the coordinates in
every direction are uncoupled, the distribution function can be described by the product of 3
two-dimensional distribution functions:

f(x, y, z, px, py, pz, t) = fx(x, px)fy(y, py)fz(z, pz). (1.1)

The coordinates of this distribution function occupy a six-dimensional space, called phase
space. The smaller the volume of the ensemble in phase space, the better the quality of the
beam or bunch. In the field of charged particle beams it is customary to express the beam
quality in terms of the transverse normalized root-mean-square (rms) emittance, εn, [27] and
is in the x-direction defined as

εn,x ≡ 1

mc

√

〈x2〉 〈p2x〉 − 〈xpx〉2, (1.2)

with m the particle mass and c the speed of light in vacuum. The brackets 〈. . .〉 indicate
an average over the ensemble of particles in the beam or bunch. The term 〈xpx〉2 describes
a correlation between x and px, which for example occurs when the beam is diverging or
converging, and is zero at the waist of an ideal uniform beam. The transverse normalized rms
emittance is normalized to the kinetic energy of the beam and is therefore independent of the
beam energy in ideal systems (linear forces, no coupling). The normalized rms emittance for
the other directions are defined similar to eq. 1.2.
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Chapter 1. Introduction

As mentioned, when there is no correlation between the position and momentum coordi-
nates, 〈xpx〉 = 0, and when choosing the axes such that 〈x〉 = 0 and 〈px〉 = 0, eq. 1.2 reduces
to

εn,x =
1

mc
σxσpx (1.3)

where σx =
√

〈(x− 〈x〉)2〉 the rms bunch size, and σpx =
√

〈(px − 〈px〉)2〉 the rms momentum.
In practice, the emittance is not measured in phase space, but in the so-called trace space.

In trace space, not the spread in momentum is measured, but the angular spread of the
particles. The transverse momentum px can be related to the paraxial angle θ = dx

dz . The
paraxial approximation can be made when the velocity in the longitudinal direction is much
larger than the transverse velocities, i.e., vz ≫ vx, vy. Then βx = vx/c ≈ β vx

vz
= βθ, with

β = v/c ≈ vz/c = βz. The transverse momentum px can then be related to the paraxial angle
θ as

px = γmvx ≈ γβmcθ, (1.4)

with the Lorentz factor γ ≡ (1− β2)−1/2.
Substituting eq. 1.4 into the normalized rms emittance eq. 1.2 we get

εn,x =
1

mc

√

〈x2〉 〈p2x〉 − 〈xpx〉2 ≈ γβ

√

〈x2〉 〈θ2〉 − 〈xθ〉2 = γβεx (1.5)

where εx is called the geometrical emittance. Note that the geometrical emittance is not a
normalized quantity. Again, when there is no correlation between the position and the angle
of the particles, eq. 1.5 reduces to

εn,x ≈ γβσxσθ. (1.6)

1.4.2 Ponderomotive Scattering Theory

To be able to detect the scattered electrons in a ponderomotive experiment, the most impor-
tant requirement is that the angle of the scattered electrons, θpomo, is (much) larger than the
intrinsic angular spread of the electrons, σθ. This requirement sets a limit on the emittance
of the beam since the emittance is directly proportional to σθ. Therefore to determine the
requirement of the emittance of the electron beam, we must know how the electron scattering
angle depends on the interaction with the light grating.

For deriving the expression of the ponderomotive force, consider an electromagnetic stand-
ing wave, created by two electromagnetic waves traveling in the ±x-direction and are polarized
in the z-direction, for which the electric field can be expressed as E = Eyêy where êi denotes
the unit vector in direction i (from this point on, bold letters denote vectors) and

Ez = Ê cosωt cos kx (1.7)

with Ê the scalar real amplitude of the electric field, ω the angular frequency of the wave and
k = ω/c the wavenumber. From Faraday’s law

∇×E = −∂B

∂t
, (1.8)

we can obtain the magnetic field B:

∇×E = kÊ cosωt sin kxêy = −∂B

∂t
. (1.9)

8



1.4. Beam Quality Requirements

The resulting magnetic field in a standing wave is therefore B = −Byêy with

By = Ê
k

ω
sinωt sin kx =

Ê

c
sinωt sin kx = B̂ sinωt sin kx (1.10)

where B̂ ≡ Ê/c the scalar real amplitude of the magnetic field. Note that the electric and
magnetic field of the standing wave are 90◦ out of phase in space and time. The standing
wave is shown schematically in Figure 1.3.

When a charged particle with charge q enters this field it will move according to the
oscillating electric field, which leads to a velocity in the z-direction vz:

mz̈ = qEz → mvz =
qÊ

ω
sinωt cos kx. (1.11)

The dots above the symbols denote the derivative to time, i.e., vz ≡ ż = dz
dt and z̈ = d2z

dt2
. The

Lorentz force the particle undergoes due to the magnetic field is

mr̈ = q (ṙ×B) = −q2Ê2

mωc
cos kx sin kx sin2 ωtêx (1.12)

where r is the position vector in Cartesian coordinates, and the total Lorentz force on the
charged particle is then

F = q (E+ ṙ×B) = q

(

Ê cos kx cosωtêz +
qÊ2

mωc
cos kx sin kx sin2 ωtêx

)

. (1.13)

Since the standing wave is oscillating with angular frequency ω, the particle is accelerated
back and forth due to this oscillation. To find the net force acting on the particle we must
therefore average the Lorentz force of eq. 1.13 over a cycle T = 2π/ω of the electromagnetic
wave:

〈F〉 = 1

T

∫ T

0
Fdt

=
q2Ê2

2mωc
cos kx sin kxêx = Fxêx. (1.14)

Since we now know the net force on the particle we can introduce an effective potential, called
the ponderomotive potential Upomo, using

〈F〉 = −∇U, (1.15)

which leads to

Upomo =
q2Ê2

4mω2
cos2 kx. (1.16)

Because the intensity of the standing wave is expressed as

I =
1

2
cǫ0

(

Ê cos kx
)2

, (1.17)

with ǫ0 the permittivity in vacuum, the ponderomotive potential then can be expressed as a
function of the intensity as

Upomo =
q2

2ǫ0mcω2
I. (1.18)
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Fx

Fx

By

Ez

y

z

 E-Field

 B-Field

x

vz

t=5Fx

By

Ez

Fx

By

Ez

Fx

By

Ez

Fx

By

Ez

Fx

By

Ez

Fx

x2

Fx

By

Ezy

z
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vz

t=Fx

Ezy
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Figure 1.3 The electric and magnetic field components of the standing wave produced by two elec-
tromagnetic fields traveling in the ±x-direction and are polarized in the z-direction. The bottom half
is depicted at a time π/ω (half a period) later than the time depicted in the top half. In the figure, the
Ez field gives a velocity vz which then, using the Lorentz force and By yields Fx. The fields and forces
are given at position x1 and x2. An electron placed at x1 feels a Lorentz force in the same direction
at times separated by half a light period, even though the fields have switched direction. Averaging
over one period results in a net force in the x-direction, due to the phase difference of the electric and
magnetic fields.
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1.4. Beam Quality Requirements

Substituting this potential into eq. 1.15, we obtain the ponderomotive force Fpomo as function
of the intensity of the electromagnetic field as

Fpomo = − q2

2ǫ0mcω2
∇I. (1.19)

This is the general expression for the ponderomotive force, and by inspection of eq. 1.19
this force is directed towards regions of lower intensity, regardless of the sign of the charged
particle. In view of the experimental parameters, it is useful to express this force in terms
of the wavelength of the electromagnetic field λ. Considering this force acting on electrons,
which have a charge q = −e and a mass of m = me, the expression of eq. 1.19 results in

Fpomo = − e2λ2

8π2meǫ0c3
∇I. (1.20)

Until this point the mechanism of the formation of the standing wave by the counter-
propagating laser pulses is not taken into account. So instead of the intensity of eq. 1.17, we
must derive the intensity profile for the counter-propagating laser pulses.

The intensity profile of two counter-propagating laser pulses will produce a standing wave
when the pulses overlap (spatially and temporally). The intensity of two pulses propagating
in the positive and negative x-directions can be expressed as

I (r, t) =
I0
2

∣

∣

∣

∣

∣

exp

[

i(−ωt+ kx)−
(

t− x
c

)2

4σ2
t

]

+ exp

[

i(−ωt− kx)−
(

t+ x
c

)2

4σ2
t

]∣

∣

∣

∣

∣

2

×

exp

(

−y2 + z2

2σ2
r

)

, (1.21)

with I0 the peak intensity (before the beam is split to produce two pulses), σt the rms value
of the duration of the laser pulse and σr the rms value of the laser spot size. In Figure ?? the
intensity for the counter-propagating laser pulses is shown for different times t, i.e., from top
to bottom: t = −2δt, t = −δt, t = 0, t = δt, t = 2δt.

When writing out the terms inside the absolute sign of eq. 1.21 and substituting this into
eq. 1.20 the ponderomotive force in the x-direction Fx is obtained as

Fx(x, y, z, t) = − I0e
2λ2

16π2meǫ0c3
exp

(

−y2 + z2

2σ2
r

)

×

∂

∂x

[

exp

(

−
(

t− x
c

)2

2σ2
t

)

+ exp

(

−
(

t+ x
c

)2

2σ2
t

)

+

2exp

(

− t2

2σ2
t

)

exp

(

− x2

2σ2
t c

2

)

cos(2kx)

]

. (1.22)

Inside the brackets the intensity profile as a function of x and t is expressed. The first two
terms describe the two counter-propagating pulses, and the last term describes the part where
the pulses overlap and therefore is the part which describes the standing wave. The periodicity
of the standing wave is determined by the cos(2kx) term, and therefore when working out the
derivation of eq. 1.22, the derivative of the cosine is dominant and the ponderomotive force
in the x-direction can be approximated as

Fx(x, y, z, t) ≈
I0e

2λ

2πmeǫ0c3
exp

(

−y2 + z2

2σ2
r

)

exp

(

− t2

2σ2
t

)

exp

(

− x2

2σ2
t c

2

)

sin(2kx). (1.23)
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Figure 1.4 Formation of the standing wave produced by two counter-propagating laser pulses. The
intensity is shown, with between each picture a time difference of δt, from top to bottom: t = −2δt,
t = −δt, t = 0, t = δt, t = 2δt. The orange arrows are a guide for the eye and represent the
propagation direction of the pulses. Note that for picture purposes, the number of fringes produced by
the interference of the two pulses was decreased. When using experimental values for the parameters,
the number of fringes is much higher (about 80 times higher), and therefore the distance between the
fringes is much shorter.
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1.4. Beam Quality Requirements

From this expression it can be seen that the ponderomotive force has a periodicity of λ/2 and
that the standing wave exists as long as the timescale of the single pulses.

Now we finally arrived at the point where we know how the electron will interact with a
standing wave produced by two counter-propagated laser pulses. The only parameter that is
needed is the peak intensity I0 which for Gaussian pulses can be obtained from

I0 =

√
ln 2Ep

τpσ2
rπ

3/2
, (1.24)

with τp = 2
√
2 ln 2σt the full width at half max (fwhm) of the laser pulse duration and Ep

the energy of the pulse (before the pulse is split into two pulses).

1.4.3 Requirements on the Emittance for Ponderomotive Scattering

The requirements for the emittance necessary for observing the ponderomotive scattering of an
electron beam with the light grating will now be discussed. As discussed, the ponderomotive
force is proportional to the gradient of the light grating intensity. Therefore, the angle of the
scattered electrons, θpomo, is determined by this gradient. Because the light grating has a
periodicity of λ/2, the ponderomotive force varies from a maximum in force in one direction
to a maximum in force in the opposite direction in a length scale of λ/4. The scattering angle,
θpomo, will be considered to be the angle the electrons make when experiencing the maximum
ponderomotive force, Fmax, on the electrons. Because the electron is a finite amount of time
inside the standing wave, it will have a displacement caused by the ponderomotive force in the
x-direction, while it is still inside the standing wave, expressed as ∆x. To assign the scattered
angle, θpomo, as the angle the electrons make by experiencing the maximum ponderomotive
force, it has to be made sure that the displacement inside the standing wave is smaller than
the typical length scale at which the force varies: ∆x < λ/4. For if this displacement will be
bigger, the electron will be be “bounced back” by the neighboring potential hills of the light
grating, which may result in a lower angle than the maximum scattered angle.

From eq. 1.23 it is shown that the electrons will experience a maximum ponderomotive
force Fmax of

Fmax =
I0e

2λ

2πmeǫ0c3
. (1.25)

When the experiment is performed with laser pulses with a pulse duration of τp = 100 fs,
a (modest) energy of Ep = 100 µJ, and a spot size of σr = 50 µm the peak intensity will
be about 6 × 1016 W/m2. Considering the wavelength of the laser pulse as λ = 800 nm the
maximum ponderomotive force is about 9× 10−13 N.

To calculate the displacement, first the interaction time of the electron must be known.
Since the electron will travel through the standing wave, and the standing wave also has a
finite duration, the interaction time is a product of the temporal envelope, σt, and the spatial
envelope crossed at the speed v of the electron, σs = σr/v:

1

σ2
e

=
1

σ2
t

+
1

σ2
s

. (1.26)

For the parameters given earlier this will result in σe ≈ 42 fs, or a fwhm value of τe =
2
√
2 ln 2σe ≈ 100 fs. For these parameters the interaction time is therefore still dominated by

13



Chapter 1. Introduction

the duration of the standing wave. The displacement inside the standing will be

∆x =
Fmax

2me
τ2e ≈ 1 nm. (1.27)

This is much smaller than λ/2 = 400 nm so the maximum force for these parameters will
result in a maximum scattering angle.

To determine the angle we assume that the momentum the electron experiences in the
x-direction, px, due to the force is approximately the force times the interaction time: px ≈
Fmaxτe ≈ 9 × 10−26 kg m/s. The scattering angle of the electrons will be, making the small
angle approximation tan θ ≈ θ,

θpomo ≈
px
pz

. (1.28)

The momentum in the longitudinal direction pz can be found by the acceleration voltage of
the SEM, which is 30 keV. This corresponds with a Lorentz factor of γ = 1+ Ekin

Erest
≈ 1.06, with

Ekin = 30 keV the kinetic energy of the electron in the z-direction and Erest = 511 keV the
energy of the electron in rest. From the Lorentz factor, β can be found and results in β ≈ 1/3,
which means that the electron velocity in the z-direction is vz ≈ c/3. From this it follows
that pz = γmevz ≈ 9× 10−23 kg m/s and that the scattering angle will be σpomo ≈ 1 mrad.

Coming back to the demand that the scattering angle should be larger than the intrinsic
angular spread of the beam, we can give an upper limit for the emittance of the beam. For
instance when we assume an electron beam with a spot size of σx = 50 µm, the normalized
rms emittance should not be larger than:

εn,x < γβσxσθ ≈ 20 nm · rad. (1.29)

1.4.4 Kapitza-Dirac Effect Theory

When trying to observe the Kapitza-Dirac effect, different, or stricter, requirements on the
electron beam quality hold. To determine these requirements first the theory of the Kapitza-
Dirac effect is needed.

Instead of treating the standing light wave as an electromagnetic field, the scattering of
electrons by a standing light wave can be treated quantum mechanically. The ponderomotive
potential expressed in eq. 1.18 with the intensity profile of eq. 1.21 acts as a diffraction grating
of light for the electron waves, reversing the traditional roles of light and matter, displaying
the wave duality discussed in the first section. The light grating has a period of a = λ/2, and
by using Bragg’s law the electrons will be scattered by the light grating into discrete angles,
θn, given by

sin θn = n
λe

a
= 2n

λe

λ
(1.30)

where n = 0, 1, 2, . . ., the diffraction order, and λe =
h
pz

the de Broglie wavelength (where h is
Planck’s constant) associated with the momentum of the electron in the longitudinal direction,
obtained from the velocity vz. Combining the expression for the de Broglie wavelength and
eq. 1.30 and using the small angle approximation, we can give an expression for the diffraction
angles as a function of pz and λ as

θn ≈ 2n
h

λpz
. (1.31)
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1.4.5 Requirements on the Emittance for the Kaptiza-Dirac Effect

From eq. 1.31 the nth order diffraction angles can be calculated. In order to observe the
diffraction peaks at these angles, the difference between the diffraction angles should be larger
than the intrinsic angular spread of the electron beam. When the beam quality is lower than
is needed for resolving the diffraction peaks, the electron motion can be described classically
again, as in section 1.4.2.

Considering an electron with an energy of 30 keV, the corresponding de Broglie wavelength
is λe ≈ 7 pm, which will result in diffraction angles of θn ≈ n × 17 µrad. To resolve the
diffraction peaks at these angles, the angular spread of the electron beam should be smaller
than these angles approximately by (at least) a factor two: σθ < θ/2 ≈ 9 µrad. This gives
a requirement for the normalized rms emittance of the electron beam when considering an
electron beam radius of σx = 50 µm of

εn,x = γβσxσθ < γβσxθ/2 ≈ 0.2 nm · rad. (1.32)

1.5 Scope of this Thesis

The main focus of this project is to describe an experiment which is designed to show the pon-
deromotive scattering of electrons using a light grating produced by the interference between
two counter-propagating laser pulses. When designing such an experiment several practical
challenges (e.g., sufficient SBR, proper alignment of the electron bunches and the laser pulses,
acceptable angular spread of the electrons) must be considered and if any problems, solutions
have to be found. In this report these challenges will be discussed and the feasibility of such
an experiment with the experimental equipment at the disposal of the research group will be
given.

First this thesis will focus on the signal to background ratio aspect of the experiment by
characterizing the ‘beam on demand’ element in the setup which is described in chapter 2.
This includes the characterization of the high voltage pulse generator, which is an important
apparatus of the beam on demand element. Then the beam quality aspect will be treated in
chapter 3 where by means of a magnetic quadrupole focussing lens a waist scan is performed
to measure the emittance of the continuous electron beam. In chapter 4 the outcome of the
previous chapters will be discussed and linked to the requirements discussed in the previous
section. Some possible improvements on the experiment will be discussed. Finally, in chapter
5 the conclusions of this thesis will be presented and a discussion will be given.
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Chapter 2

Beam on Demand

The beam on demand (BOD) element is put into the beam line to drastically decrease the
background signal, and therefore increase the SBR of the experiment. In short, this is done
by deflecting the electrons that will not get scattered by the ponderomotive force. The
voltage over the electrodes (the DC electrode and the AC electrode) is supplied by the HV
pulse generator, and will therefore determine the deflection of the electrons. The HV pulse
generator together with the electrodes is the BOD element and will, in combination with a
slit behind the electrodes, determine the shape and length of the electron bunches after the
slit. To be able to determine the actual increase of the SBR due to the BOD, the bunch
length must be determined. In this chapter the HV pulse generator will be discussed and the
method and results of determining the bunch length of the bunches as a result of the BOD
will be given.

2.1 Requirements

The requirement of the BOD is that it will provide an increase of the SBR by at least a factor
104, as discussed in section 1.3. This will correspond with bunches with a duration of 100 ns
at a 1 kHz rate. From this requirement, first the minimum angle of deflection of the electrons
is determined. Then the minimum voltage between the electrodes of the BOD is determined.

2.1.1 Minimum Angle of Deflection

To obtain a measure of the angle of deflection of the electrons the minimum angle is defined
as the angle of the electrons which will result in a decrease of the electrons going through the
slit by a factor of 10−4.

To get an expression for the minimum angle, consider a Gaussian electron density distri-
bution of the beam of the form

n(x, y) =
Ntot

2πσ2
r

exp

[

−
(

x2 + y2
)

2σ2
r

]

, (2.1)

with Ntot the total number of electrons and σr the standard deviation of the distribution. This
distribution is schematically shown in Figure 2.1. Also shown is the slit, placed at position
y = ys and has a thickness d.
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x

y

d

ys(t)

Figure 2.1 Gaussian electron density distribution. The slit is placed on position ys and has thickness
d.

The total number of electrons passing through the slit is determined by

Nslit =

∫ ys+d/2

ys−d/2

∫ ∞

−∞
n(x, y) dxdy

=

∫ ys+d/2

ys−d/2

∫ ∞

−∞

Ntot

2πσ2
r

exp

[

−
(

x2 + y2
)

2σ2
r

]

dxdy

=

∫ ys+d/2

ys−d/2

Ntot

2πσ2
r

√
2πσr exp

(

− y2

2σ2
r

)

dy (2.2)

=
Ntot

2

(

erf

[

d/2 − ys√
2σr

]

+ erf

[

d/2 + ys√
2σr

])

. (2.3)

with d the width of the slit.
As mentioned, the demand for the total amount of electrons passing through the slit when

the BOD is turned on is
Nslit < NtotalD (2.4)

with D the duty cycle of the BOD, D = 10−4. When substituting eq. 2.3 into eq. 2.4 the
following expression can be obtained:

1

2

(

erf

[

d/2 − ys√
2σr

]

+ erf

[

d/2 + ys√
2σr

])

= D. (2.5)

From this equation ys is desired but unfortunately there exists no analytical solution. This
solution can be found numerically or an approximation can be made to find this solution. The
approximation that can be made is that ys >> σr for D << 1. With this approximation eq.
2.2 can be considered as a very slowly varying function and therefore can be approximated as

Nslit =

∫ ys+d/2

ys−d/2

Ntot

2πσ2
r

√
2πσr exp

(

− y2

2σ2
r

)

dy ≈
√

2

π

Ntotd

2σr
exp

(

− y2s
2σ2

r

)

. (2.6)
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This solution can be solved analytically when substituted into eq. 2.4 as

ys ≈
√

− ln
(π

2

)

− 2 ln

(

σrD

r

)

σr. (2.7)

It should be noted that this approximation is an underestimation of the real value of ys, but
this expression can be used to get a quick estimate of the slit position. For a more precise
value the solution must be found numerically.

When the position of ys is found, the minimum angle of deflection of the electrons can be
determined by considering the geometry of the beam line:

αmin =
ys
L
, (2.8)

with L the distance from the electrodes of the BOD to the slit.

2.1.2 Minimum Voltage over the Electrodes

When the minimum angle of deflection of the electrons is determined by use of eq. 2.5 or
eq. 2.7 the minimum voltage to obtain this angle of deflection can be determined as follows.
Consider an electron with longitudinal momentum of

pz = γβmec, (2.9)

where γ and β can be expressed in terms of the accelerating voltage UA as γ = 1+ eUA

Erest
, and

β =
√

1− 1
γ2 . The transverse momentum, i.e., the momentum the electron obtains due to

the electric field, E (applied to the DC electrode), in between the electrodes of the BOD can
be approximated as

p⊥ =

∫ ∆t

0
Fdt =

∫ ∆t

0
eEdt ≈ eE∆t (2.10)

with ∆t the time the electrons experience the electric field:

∆t =
s

v
=

s

βc
(2.11)

with s the length of the electrodes and v the velocity of the electron in the longitudinal
direction.

The angle of deflection in terms of momentum can (for small angles) be described as

α =
p⊥
pz

=
eEs

γβ2mec2
(2.12)

and using the relation U = Ex with U the electric potential between the electrodes and x the
distance the electrodes of the BOD are apart, yields the following expression for the angle of
deflection due to the electric potential in between the electrodes:

α =
eUs

γβ2mec2x
. (2.13)

To determine the minimum electric potential, the angle of eq. 2.13 must be equal to the
minimum angle obtained by eq. 2.8 and therefore the minimum electric potential over the
electrodes is given by

Umin =
γβ2mec

2x

es

ys
L
. (2.14)
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2.1.3 The Numbers

Now that the demands are derived, the typical values for the setup will be determined. First
the minimum angle will be determined. Consider the thickness of the slit d = 150 µm and
an electron beam with σr = 50 µm. Using eq. 2.5 and solving it numerically the position
of the slit becomes ys ≈ 261 µm. The corresponding minimum angle is, for L = 20 cm,
α ≈ 1.3 mrad.

The minimum potential is determined by using eq. 2.14 with x = 5 mm, me = 9.1 ×
10−31 kg, c = 3 × 108 m/s, e = 1.6 × 10−19 C, s = 2 cm, UA = 30 kV and Erest = 511 eV.
This results in

Umin ≈ 19 V. (2.15)

2.1.4 Conclusion

To realize the requirement of increasing the SBR by a factor 104 a minimum angle of deflection
of the electron of αmin = 1.3 mrad is needed which results in a minimum voltage of the DC
electrode of Umin = 19 V assuming a Gaussian pulse according to eq. 2.1.

2.2 High Voltage Pulse Generator

The HV pulse generator uses ‘pulse shaping’ to generate its pulses. The theory of this method
is presented which results in a model for the output of the HV pulse generator. The output is
measured with the HV probes and compared with the model. Because the HV pulse generator
determines the streak of the DC beam, and therefore determines (in combination with the
slit and the current distribution of the beam) the bunch length, measurements are done for
various settings of the HV pulse generator.

2.2.1 Theory

The HV pulse generator converts a voltage signal that initially is considered a step function
to a voltage pulse with finite length using a pulse shaping method. The pulse shaping circuit
of the HV pulse generator is schematically shown in Figure 2.2 and consists of two capacitors,
C1 and C2, and two resistors, R1 and R2. The expression for the Laplace transform of the
transfer function of this circuit is given as

H(s) =
τ21s

1 + (τ1 + τ2 + τ21)s + τ1τ2s2
, (2.16)

with s = iω and the three different time constants are defined as τ1 = R1C1, τ2 = R2C2,
τ21 = R2C1. The unit step response of the system is given by

Y (s) =
1

s
H(s) =

τ21
1 + (τ1 + τ2 + τ21)s+ τ1τ2s2

, (2.17)

and in the time domain this is represented by the inverse Laplace transform

Y (t) = L
−1(Y (s))

=
τ21
τD

[

exp

(

−(τ1 + τ2 + τ21 − τD)

2τ1τ2
t

)

− exp

(

−(τ1 + τ2 + τ21 + τD)

2τ1τ2
t

)]

, for t ≥ 0,

(2.18)
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Pulse

C1

C2

R1

R2

1
s

τ21s

1+(τ1+τ2+τ21)s+τ1τ2s
2

Figure 2.2 Pulse shaping circuit of the HV pulse generator. A step function enters the shaping circuit,
and gets shaped into a pulse according to the transfer function of the circuit. The time constants are
defined as τ1 = R1C1, τ2 = R2C2, τ21 = R2C1.

with τD =
√

(τ1 + τ2 + τ21)2 − 4τ1τ2. The symbol L −1 denotes the inverse Laplace trans-
form.

When assuming R1 = R2 = R and C1 = C2 = C, or equivalently, τ1 = τ2 = τ21 = τrc, then
τD becomes τD =

√
5τrc and the expression for the step response given in eq. 2.18 reduces to

Y (t) = L
−1(Y (s)) =

1√
5

[

exp

(√
5− 3

2τrc
t

)

− exp

(

−
√
5 + 3

2τrc
t

)]

, for t ≥ 0. (2.19)

Considering an RC-time of τrc = 75 Ω × 100 pF = 7.5 ns and a step function as input,
the pulse coming out of the HV pulse generator according to the model represented by eq.
2.19 is shown in Figure 2.3 (solid black line), together with the outcome of a simulation
of the circuit with the equivalent values for the components, R = 75 Ω and C = 100 pF
(dashed red line). The simulation is done with the software product ni multisim 12.0 [28].
In this program the input can be easily changed from a step function to a more realistic input
given by the specifications of the Q-switch driver (which will be discussed further in the next
section). However, to compare the model with the simulation, in both a step function as
input is chosen. The figure shows that the model and the simulation are in good agreement
with each other. From Figure 2.3 the pulse length is shown to be ∼100 ns at a considered
RC-time of 7.5 ns.

2.2.2 Experimental Setup

In this section the experimental setup will be discussed that will be used to measure the output
of the HV pulse generator. As discussed in chapter 1, the BOD consists of two electrodes:
the DC electrode and the AC electrode. These electrodes are connected to the HV pulse
generator. In between, a measuring box is mounted where with the use of HV probes (two
Tektronix P6015A 1000× HV probes) the output of the HV pulse generator can be measured
using a fast oscilloscope, in this case the HP infinium 1.5 GHz oscilloscope. The HV probes
that are used are a 25 MHz bandwidth probe for the DC ouput and a 75 MHz bandwidth
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Figure 2.3 Theoretical output of the HV pulse generator for an RC-time of 7.5 ns and a step function
as input. The black solid line is a simulation of the circuit shown in Figure 2.2. The red dashed line
represents the outcome of the model expressed in eq. 2.19.

probe for the pulse output, which results in a detection limit in the rise and fall time, tr and
tf , of the measured pulse to be tr = tf = 4.7 ns, calculated from the bandwidth of the 75
MHz probe.

The HV pulse generator is schematically shown in Figure 2.4. It consists of two HV DC
sources, a fast HV Q-switch driver — the Behlke FQD 80-01 — operating in the on mode,
and two capacitors. One HV DC source is connected to a Q-switch driver which creates a
HV pulse with a rise time of tr = 4 ns, and a fall time of tf = 1.2 µs [29]. It is triggered
by a function generator which applies a pulse at a 1 kHz rate with an amplitude of 5 V for
10 µs and the rise and fall time of this pulse are tr = tf = 10 ns. The output impedance of
the Q-switch driver is 75 Ω. The output is connected to the two capacitors and eventually
to the 75 Ω resistor connected at the AC electrode. The relevant parts of Figure 2.4 are
the capacitors and the resistor, which represents the pulse shaping mechanism discussed in
the previous subsection, which now also contains the AC electrode. The difference with the
model in section 2.2.1 is that the shaping now is applied to the Q-switch driver output pulse,
instead of a step function. However, the pulse of the Q-switch driver can by approximation
be considered a step function, and therefore the final output pulse of the HV pulse generator
is expected to have a pulse length of ∼100 ns.

2.2.3 Method

To measure the output of the HV pulse generator, the HV probes discussed in the previous
subsection are used to determine the voltages over the two electrodes. The initial design of the
BOD also contained a diode over the electrodes, which was placed such that the voltage over
the electrodes should be approximately zero (not taking into account the threshold voltage)
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Figure 2.4 Schematic of the HV pulse generator. The AC and the DC electrode are driven by two
HV power supplies. The AC pulse is shaped by triggering the Q-switch driver which approximately
has a step function as output, which is shaped by the two capacitors into a pulse with a typical length
of 100 ns.

when the pulse of the AC electrode exceeded the DC level. When measuring the voltages
over such a configuration, the output would look like is shown schematically in Figure 2.5a.
The electron beam propagating through the BOD is therefore undeflected for the amount of
time W , defined by the length of the line connecting the two intersection points of the pulse
and the DC level, t1 and t2:

W ≡ t2 − t1. (2.20)

This W is then approximately the length of the electron bunches that will be created after
the slit. However, the diode was not fast enough to go into the forward mode, and the pulse
was unaltered by the diode. This results in an overshoot with respect to the DC level and
the width of this overshoot is defined in the same way as in eq. 2.20, shown schematically in
Figure 2.5b, only this time the width of the overshoot does not per se give the bunch length
of the electron bunch after the slit. For instance when the overshoot is too big, the electron
beam is deflected the opposite way it was before the pulse is applied, and the electron bunch
after the slit can then be shorter than W .

To determine how the electron bunch length depends on the settings of the HV pulse
generator, first it is determined how the width of overshoot W depends on these setting. To
obtain the width of overshoot, W , the HV probes are connected to the electrodes and to the
1.5 GHz oscilloscope and the waveforms are saved for various HV pulse generator settings.
From these measurements the overshoot of the pulse with respect to the DC level can be
determined and the width of this overshoot can therefore be determined.

First the output pulse of the HV pulse generator is measured and checked with the model
and the simulation, discussed in section 2.2.1. The correlation between the pulse height with
respect to the DC level and the width of the overshoot is also determined. This is done by
varying the pulse level at different DC levels. The results are shown in the next section.
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Figure 2.5 The width of the overshoot, W , is defined as the difference in time of the intersection
points of the pulse and the DC signal: W ≡ t2 − t1.

2.2.4 Results and Discussion

In Figure 2.6 a typical measurement of a pulse of the HV pulse generator is shown (black line).
This pulse is fitted with the expression of eq. 2.19 (red line). The corresponding RC-time of
this fit is τrc = 12.3 ns and the outcome of the simulation with that RC-time is also shown
(blue line). In the simulation this time, not a step function is taken as input, but the input
determined by the specifications of the Q-switch driver, with the rise time of 4 ns. It was
expected that the pulse should have an RC-time of 7.5 ns. The discrepancy in the RC-time
is probably due to extra resistance and capacitance of the pulse transmission lines towards
the electrodes of the BOD and the HV probes. However, this difference in RC-time is not
dramatically large and from the figure it is shown that the pulse indeed has a pulse length of
∼100 ns. It also shows that the model agrees reasonably well with the simulation.

The results of the measurement of the width of the overshoot W , which is defined as in
eq. 2.20, as a function of the setting of the HV pulse generator will follow next. A typical
measurement is shown in Figure 2.7. The signals are averaged over 256 measurements. The
DC level is (427 ± 1) V. The small oscillations on the DC level are due to noise picked up
from the AC pulse by the HV probes. The width of the overshoot can be determined from
the intersection points, and for this case it is determined to be W = (30.3 ± 0.3) ns. These
measurements are repeated for different AC pulse height values, also for different DC levels.
The results are plotted in Figure 2.8.

When looking at Figure 2.8 first it is noticed that the data points, for different DC levels,
all follow the same general trend. This means that the AC pulse and the DC level act
independently of each other, i.e., a change of the DC level does not affect the shape of the
AC pulse.

Second, as the DC level is increased, the maximum overshoot becomes smaller because
the AC level has a maximum. So when increasing the DC level by approximately 30 Volts,
the maximum of overshoot (by which is meant the maximum value the AC level can be set)
should drop by approximately 30 Volts, which indeed is the case for all data sets, as can be
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Figure 2.6 A typical output of the HV pulse generator (black line). The output is fitted with the
model (red line). Also the result of a simulation with the corresponding time constant obtained from
the fitted data is shown (blue line).
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Figure 2.7 AC an DC signal as a function of time. From these measurements the width, W , of the
overshoot can be determined. The inset shows a zoom in of the region where the two signals intersect.
From this measurement the width of overshoot is determined to be W = (30.3± 0.3) ns.
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Figure 2.8 The width of overshoot, W , plotted versus the overshoot of the AC pulse with respect to
the DC level.

seen in Figure 2.9 where the maximum overshoot versus the DC level is plotted. When the
fit has a slope of -1 it would correlate perfectly. The fit gives a slope of -1.04 ± 0.01 so there
is a 4% deviation of perfect correlation. This deviation is because the amplitude of the pulse
drops slightly when increasing the DC level, as is shown in Figure 2.10 where the maximum of
the pulse is plotted against the DC level. However this decrease of the amplitude is small and
therefore the pulse and the DC level can be considered to act independently of each other.

The third thing noticeable in Figure 2.8, the dependency between the overshoot width
and the overshoot value is most sensitive for low overshoot, i.e., for a small difference in
pulse height and DC level, which also is expected because this is at the maximum of the
pulse, where a small difference in overshoot results in a relatively large difference in overshoot
width.

Considering that the DC level is desired to be large because then the beam is deflected
most and therefore the most electrons are blocked in the off-mode of the BOD, the HV pulse
generator has a much smaller range than for a low DC level. In Figure 2.11 the minimum
and maximum DC levels of Figure 2.8 are picked out. When looking at the lowest DC level
(the black squares in Figure 2.11), the overshoot width of the HV pulse generator can be set
from 0 ns to ∼36 ns. For the highest DC level (the red squares in Figure 2.11) it can only be
set from 0 to ∼7 ns.

In Figure 2.12 the maximum overshoot width for all the measured DC levels is plotted.
Indeed it shows a decrease in maximum overshoot width for higher DC levels. This graph
shows that the HV pulse generator can generate pulses with an overshoot width, W , between
0 ns and ∼36 ns, when setting the DC level low. When increasing the DC level the maximum
W decreases according to Figure 2.12.
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Figure 2.9 The maximum overshoot to which
the AC pulse can be set is plotted versus the
DC level. The solid line is a linear fit with a
slope of -1.04±0.01.
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Figure 2.11 The overshoot width plotted versus the overshoot, for the lowest (black squares) and the
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Figure 2.12 Maximum overshoot width versus DC level. For higher DC levels the maximum width
of overshoot decreases.

2.2.5 Conclusion

The HV pulse generator creates pulses by pulse shaping with a typical pulse length of 100 ns
and a typical pulse height between 300 and 600 V. The figure of merit to compare the different
setting of the HV pulse generator is the width of overshoot, W . By changing the settings of
the HV pulse generator the width of overshoot can be set from W = 0 ns to W = ∼36 ns.
The maximum W that can be set is dependent on the DC level.

2.3 Bunch Length Measurement

In this section the bunch length will be determined by analyzing the shape of the signal
that comes from the detector. In this case the detector is a multichannel plate (MCP). The
MCP is a kind of electron multiplier, and behind the MCP a phosphor screen is placed. The
multiplied electrons are accelerated towards the phosphor screen, and will be collected onto
it. Because we have a chopped beam, the charge as function of time is pulsed, and a signal
amplifier will pick out the AC signal which is superimposed onto the accelerating voltage from
the MCP to the phosphor screen. In Figure 2.30 the schematic of the experimental setup with
the signal amplifier is shown. By analyzing the shape of the signal of the signal amplifier, the
bunch length can be determined.

2.3.1 Theory

To analyze the output of the signal amplifier first the working principle of the signal amplifier
itself should be understood. A schematic of the signal amplifier is shown in Figure 2.13. The
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Figure 2.13 Schematic of the signal amplifier.

charge that eventually will fall onto the phosphor screen will be fed into the signal amplifier.
The current of the phosphor screen, I(t), will be transformed by a convolution with the signal
amplifier’s transfer function, represented in the Laplace transform as

H(s) =
1

1 + τrcs
, (2.21)

with s = iω and τrc = RC the time constant. This transfer function (with unit gain) can also
be written in the time domain by applying an inverse Laplace transformation, which results
in

H(t) =
1

τrc
exp

(

− t

τrc

)

, for t ≥ 0, (2.22)

or, alternatively written

H(t) =
1

τrc
exp

(

− t

τrc

)

U(t) (2.23)

where U(t) represents the unit step function which is zero for t < 0 and unity for t ≥ 0. The
signal amplifier’s output signal will then be the convolution between H(t) and the initial pulse
Ii(t), where i stands for the kind of distribution of the initial pulse, which will be discussed
later in this section. The convolution between H(t) and Ii(t) results in S(t) which is defined
as

Si(t) = H(t) ∗ Ii(t) ≡
∫ ∞

−∞
H(τ)Ii(t− τ)dτ. (2.24)

Since Si(t) is the measured signal, and H(t) is, in principle, a known function, the initial pulse
can, in theory, be derived back by a deconvolution of the measured signal S(t). However,
in practice the deconvolution is much more difficult to do, i.e., any deviation (for example
noise picked up by the signal or deviation of the transfer function model) of the expected
convolution will reduce the accuracy of the deconvoluted signal dramatically because the
deconvolution is done numerically. Therefore a different approach will be taken.

Because the convolution is defined as eq. 2.24, a model can be derived for S(t) when an
assumption of the original pulse shape is made. The measured signal can then be fitted by
this signal and a bunch length of the original bunch can then be assigned. The estimate of the
initial bunch shape can be made by considering the working principle of the BOD, however it
is still not trivial which temporal shape the bunch will obtain after propagating through the
BOD. Therefore several cases will be considered, based on various physical beam properties
and BOD streaks.
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The BOD streaks that are considered are based on the following realistic scenarios. The
first one is based on the scenario where the HV pulse generator is set to cause a large over-
shoot. This will result in a streak with a constant streak velocity vy and the streak ys(t)
can be expressed as ys(t) = vyt. The constant streak is shown schematically in Figure 2.14.
The second one is based on a short or zero overshoot, where the streak can be considered
as the parabolic streak, defined as ys(t) = −at2 and is shown schematically in Figure 2.15.
The different beams that are going to be considered are the beam with a homogeneous cur-
rent distribution, and the beam with a Gaussian current distribution, which are both shown
schematically in Figure 2.16. The models that are derived from these considerations will be
discussed next.

Homogeneous Beam with Constant Streak Velocity

The first model that is going to be considered is that of a beam with a homogeneous current
distribution, IH , expressed as

IH =
It

πR2
, (2.25)

where It is the total current of the beam, R the radius of the beam, and has a circular cross
section with area πR2. This beam is streaked with a constant velocity in the y-direction over
a slit with thickness d. The current is normalized to its cross section. In Figure 2.16a this
configuration is shown. From this configuration a current pulse as function of time after the
slit can be derived as follows.

The part of the beam that will go through the slit as a function of time is called Ihc(t)
(the current for the homogeneous beam with constant streak velocity) and is given by

Ihc(t) = IH

x(ys)
∫

−x(ys)

dx

ys(t)+d/2
∫

ys(t)−d/2

dy, (2.26)
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Figure 2.16 The two considered configurations of the beam. The beam is streaked over the slit, and
the position of the beam with respect to the slit as a function of this streak is ys(t).

where x(ys) =
√

R2 − ys(t)2 with ys(t) the position of the beam with respect to the slit,
which is a function of time. Substituting eq. 2.25 into 2.26 it follows that

Ihc(t) =
2dIt
πR2

√

R2 − y2s . (2.27)

When considering that the beam is streaked with a constant velocity,

ys(t) = vyt =
2R

τ
t, (2.28)

where τ is the pulse duration, eq. 2.27 will take the following form:

Ihc(t) =
2dIt
πR

√

1− 4

τ2
t2. (2.29)

The corresponding charge distribution in time that will fall onto the detector is given by
integrating the current over time and applying the right initial condition, i.e., Q(−τ/2) = 0,
obtaining:

Qhc(t) =

∫

Ihcdt =



















0 t ≤ − τ
2

Itd
2πR

[

2t
√

1− 4t2

τ2 + τ arcsin
(

2t
τ

)

]

+ Itτd
4R − τ

2 ≤ t ≤ τ
2

Itτd
2R t ≥ τ

2

. (2.30)

Inspecting eq. 2.29, the pulse shape for a homogeneous current distribution with a constant
streak velocity will describe a semicircular arc which extends from t = −τ/2 to t = τ/2. The
current and charge pulse are shown in Figure 2.17, which are normalized to their maximum
values.
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Figure 2.17 Current and charge as a function of time after the slit for a beam with a homogeneous
current distribution and a constant streak velocity.

Homogeneous Beam with Parabolic Streak Velocity

In this case the streak considered does not have a constant velocity but sweeps towards the
slit, reaches a maximum when the center of the beam is aligned with the middle of the slit,
and the beam is streaked down again, schematically shown in Figure 2.15. The shape of this
sweep in this model is considered to be a parabola, which is a second order approximation of
any function when Taylor expanding, and is written as

ys(t) = −4R

τ2
t2, (2.31)

with τ the time it takes to sweep over the slit and to go back again.
Using eq. 2.27, but now substituting eq. 2.31 the pulse shape after the slit for a homo-

geneous beam with a parabolic shaped streak velocity will be given by

Ihp(t) =
2dIt
πR

√

1− 16t4

τ4
, (2.32)

and the charge pulse is obtained as

Qhp(t) =



































0 t ≤ − τ
2

2Itd
3πΓ(3/4)

[

t
√

1− 16t4

τ4 Γ
(

3
4

)

+

√
πτΓ

(

5
4

)

+ 2tΓ
(

3
4

)

F2 1

(

1
4 ,

1
2 ,

5
4 ,

16t4

τ4

)]

− τ
2 ≤ t ≤ τ

2

Itτd√
πR

Γ( 5

4
)

Γ( 7

4
)

t ≥ τ
2

, (2.33)

with Γ(z) the Euler gamma function, and F2 1 (a, b, c, z) the hypergeometric function. The
shapes of these pulses are plotted in Figure 2.18, normalized to their maximum values.
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Figure 2.18 Current and charge of the pulse as a function of time after the slit for a beam with a
homogeneous current distribution and a streak which shape can be described as a parabola.

Gaussian Beam with Constant Streak Velocity

Another case which now will be considered is that of a beam with a Gaussian current distri-
bution, IG, expressed as

IG =
It

2πσ2
exp

(

−x2 + y2

2σ2

)

(2.34)

with σ the root mean square (rms) value of the Gaussian distribution, and again It the total
current of the beam. The beam is normalized to its area.

The current that will go through the slit as a result of the streaking motion of the Gaussian
beam can be found analogous to eq. 2.26. Taking into account the relative dimensions of
the slit with respect to the beam dimensions, i.e., the slit is wider (in the x-direction) and
thinner (in the y-direction) than the diameter of the beam, we can write the Gaussian current
distribution experiencing a constant streak velocity as

Igc(t) =
It

2πσ2

∞
∫

−∞

exp

(

− x2

2σ2

)

dx

ys(t)+d/2
∫

ys(t)−d/2

exp

(

− y2

2σ2

)

dy

=
It√
2πσ

ys(t)+d/2
∫

ys(t)−d/2

exp

(

− y2

2σ2

)

dy

≈ Itd√
2πσ

exp

(

− y2s
2σ2

)

. (2.35)

For a constant streak velocity again eq. 2.28 can be substituted into eq. 2.35, which will
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give the following expression for the current of a Gaussian beam going trough the slit,

Igc(t) ≈
Itd√
2πσ

exp

(

−2R2t2

σ2τ2

)

, (2.36)

which is also Gaussian in time. To be able to compare the pulses resulting of a Gaussian
shaped beam with the pulses resulting of the homogeneous shaped beam, the rms value of
the Gaussian current distribution of eq. 2.34 and the radius of the homogeneous current
distribution of eq. 2.25 must be coupled. This is most easily done by equating the maximum
total current of both distributions, i.e.,

2

πR
=

1√
2πσ

, (2.37)

from which follows

σ =
1

2

√

π

2
R. (2.38)

Then eq. 2.36 becomes

Igc(t) ≈
2Itd

πR
exp

(

−16t2

πτ2

)

. (2.39)

Because this function is a Gaussian, a definition of the pulse length of such a shaped pulse
has to be given. The conventional definition is the full width at half maximum, and for eq.
2.39 is given by

τfwhm =
1

2

√
π ln 2 τ. (2.40)

The corresponding charge distribution is given by

Qgc(t) =
Itτd

4R

[

1 + erf

(

4t√
πτ

)]

(2.41)

The current and charge pulses are plotted in Figure 2.19 together with the charge of the
pulse as a function of time, normalized to their maximum values.

Gaussian Beam with Parabolic Streak Velocity

The last case which is considered is that of a Gaussian beam expressed as eq. 2.34 which is
swept over the slit in time, describing a parabola as in eq. 2.31. Substituting eq. 2.31 into
eq. 2.35 will obtain the expression for the pulse of a Gaussian beam going through the slit,
when following a parabolic motion in time over the slit:

Igp(t) ≈
Itd√
2πσ

exp

(

−8R2t4

σ2τ4

)

. (2.42)

Again by using the substitution of eq. 2.38 this becomes

Igp(t) ≈
2Itd

πR
exp

(

−64t4

πτ4

)

. (2.43)

The corresponding charge distribution for this current pulse is given by

Qgp(t) = − Itτd

4
√
2π3/4RΓ

(

−1
4

)

t

[

4
√
2π (t+ |t|) + |t|Γ

(

−1

4

)

Γ

(

1

4
,
64t4

πτ4

)]

, (2.44)

with Γ(a, z) the incomplete gamma function. The shape of these pulses is plotted in Figure
2.20 and are normalized to their maximum values.
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Figure 2.20 The current and charge pulse as a function of time after the slit for a Gaussian beam
with a streak described as a parabola.
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Figure 2.21 The current pulse (black) for a Gaussian beam with a constant streak together with its
corresponding charge (red) and convolution signal (green). The convolution is taken with the time
constant τrc = 1 and an initial pulse length of τ = 1.

Convoluted Signals

Up to now the convolutions were done with the unit step function U(t), which in principle
is not representative for the transfer function of the signal amplifier because it contains a
capacitor and therefore has the transfer function of the form of eq. 2.23. To obtain a
model of the complete signal, the convolution has to be taken with the transfer function
H(t) (defined as in eq. 2.23 by applying eq. 2.24) for the different expressions of the current
defined previously.

For example, when we choose to derive the complete output signal for the the model of
the Gaussian beam with a constant streak velocity, we get

Sgc(t) =

∫ ∞

−∞
H(τ)Igc(t− τ)dτ

=
Itτd

4Rτrc
exp

(

πτ2

64τ2rc
− t

τrc

)[

1 + erf

(

4t√
πτ

−
√
πτ

8τrc

)]

. (2.45)

In Figure 2.21 the current pulse for the Gaussian beam with a constant streak velocity for
an initial bunch length τ = 1 is shown, together with its charge signal en convoluted signal.
The convolution is taken with the transfer function H(t) with time constant τrc = 1. When
inspecting the charge pulse, Qgc(t), the amplitude of the signal corresponds with the total
charge of the bunch since this signal is the integration of the current pulse, Igc(t), over time.
When considering the convoluted signal, Sgc(t), this is not the case, i.e., the initial current
pulse gets transformed into a different signal, determined by H(t). The amplitude of the
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2.3. Bunch Length Measurement

signal is therefore not a direct measure of the total charge in the initial pulse because the
RC-time of the signal amplifier should be taken into account. This means physically that the
charge which is carried by the current pulse and is detected by the integrating part of the
transfer function, at the same time leaks away determined by the exponentially decreasing
part of the transfer function, with a time constant, τrc. Therefore to obtain the total charge
which is carried by the current pulse, the output signals have to be integrated with respect to
time, that is, the total area enclosed by the output signal and its baseline is a representation
of the charge. This means that integrating the convolution signal over time must yield the
same value as when taking the limit of Qgc(t) for t going to infinity of the charge signal, which
indeed is the case:

∫ ∞

−∞
Sgc(t)dt = lim

t→∞
Qgc(t) =

Itτd

2R
. (2.46)

Now that the expression for the convolution with the signal amplifier is known we want
to determine the initial bunch length out of this signal. To analyze this signal, first some
properties have to be discussed regarding the ratio between the RC-time and the initial bunch
length. When increasing τrc the amplitude of the output signals will drop, because the area,
which represents the charge, is conserved, and the fall time of the signal will become longer.
Nevertheless, when normalizing the signal to this τrc, and comparing it with the charge pulse,
Qgc, for increasing τrc it is shown in Figure 2.22 that, at least at the rising part, the signal
will approximate the charge signal. For large RC-times the initial bunch length determines
the shape of this part of the signal because the response function can then be approximated
as a step function. This is important behavior since the RC-time of the signal amplifier, τrc,
is typically 1000 times higher than the bunch length. Therefore the expressions for the charge
signal can be used to find the initial bunch length.

On the other hand, when the total charge of the pulse is of interest, the falling part of the
signal is dominant and determined by τrc and the rising part can be neglected. The charge
can then be found by just looking at the area underneath the exponentially decreasing part
of the signal.

Now that it is clear that the initial bunch length can be approximately obtained by the
charge signals determined by the different models, the method of determining the actual
bunch length out of the output signal must be described. A way to obtain the bunch length
is to fit the output signal with the analytical expression of the charge signal, but because of
the complexity of most of the expressions (which are given in earlier in this section by eqs.
2.30, 2.33, 2.41, and 2.44) this is not the desired method. The method which will be used
is the method based on the rise time of the signal, which is explained per model in the next
section.

2.3.2 Determining Bunch Length from Rise Time

Because the convolution of most of the considered models can not be analytically determined,
another measure of the initial bunch length must be derived. Since we have found analytical
expressions for the charge distributions of all models we can use these expressions to link the
full width at half maximum (fwhm) value of the initial bunches to the output signal. This
method must only be used for signals where the RC-time is much bigger than the initial bunch
length, i.e., τrc & 1000τ , since then the convolution can be approximated as a convolution
with a step function for the rising part of the signal. So when using both the analytical
expressions for the initial current and the corresponding charge pulse, and looking only at the
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Figure 2.22 The initial current pulse (black) together with its charge signal (red). The convoluted
signals (dashed green) are convoluted with different time constants, τrc = 1; 10; 100; 1000, indicated
in the graph. For τrc = 1000 the signal approximates the charge signal at this time scale. The initial
bunch length is for all the signals set to τ = 1.

rising part of the output signal, we can assign a rise time for each model by defining the rise
time as the time it takes to change from a specified low level to a specified high level. The
way we specify these values is by taking the values t− and t+ defined by fwhm = t+ − t− of
the initial current pulse, which can be analytically derived, and substituting these values into
the analytical expression of the charge pulse. In this way we get a rise time defined by the
time the signal takes to change from x% to y% of its final level. Now these x and y values
for each model will be determined.

Homogeneous Beam with Constant Streak Velocity

For the homogeneous beam with a constant streak velocity we have the following expressions
for the charge and current pulse:

Ihc(t) =
2Itd

πR

√

1− 4t2

τ2

Qhc(t) =
Itd

2πR

[

2t

√

1− 4t2

τ2
+ τ arcsin

(

2t

τ

)

]

+
Itτd

4R
for − τ

2
≤ t ≤ τ

2
. (2.47)

The time values at which the initial current pulse is at half its maximum are t+ = −t− =√
3τ/4. By substituting these values into the expression for the charge pulse and by dividing

this by the maximum of the charge pulse, i.e., the value of Qhc(τ/2), we get

Qhc(t−)

Qhc(τ/2)
=

1

6
−

√
3

4π
≈ 3% and

Qhc(t+)

Qhc(τ/2)
=

5

6
+

√
3

4π
≈ 97%. (2.48)
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2.3. Bunch Length Measurement

So when analyzing the output signal with the model of the homogeneous beam with a constant
streak velocity, we can obtain the fwhm value of the initial pulse by looking at the rise time
of the signal, defined by the time it takes for the signal to go from ∼3% to ∼97% of its final
value.

Homogeneous Beam with Parabolic Streak Velocity

For the homogeneous beam with the parabolic streak velocity the following charge and current
pulse are expressed as:

Ihp(t) =
2dIt
πR

√

1− 16t4

τ4

Qhp(t) =
2Itd

3πΓ (3/4)

[

t

√

1− 16t4

τ4
Γ

(

3

4

)

+ (2.49)

√
πτΓ

(

5

4

)

+ 2tΓ

(

3

4

)

F2 1

(

1

4
,
1

2
,
5

4
,
16t4

τ4

)]

for − τ

2
≤ t ≤ τ

2

with Γ(z) the Euler gamma function, and F2 1 (a, b, c, z) the hypergeometric function. For the
current pulse expression of eq. 2.49 we can again derive the time values at its half maximum,
and obtain

t+ = −t− =
31/4

2
√
2
τ. (2.50)

The corresponding percentages which will define the rise time for the homogeneous beam with
a parabolic streak velocity are:

Qhp(t−)

Qhp(τ/2)
≈ 1% and

Qhp(t+)

Qhp(τ/2)
≈ 99%. (2.51)

Gaussian Beam with Constant Streak Velocity

The Gaussian beam with a constant streak has the following current and charge pulse expres-
sions:

Igc(t) =
2Itd

πR
exp

(

−16t2

πτ2

)

Qgc(t) =
Itτd

4R

[

1 + erf

(

4t√
πτ

)]

.

(2.52)

The time values at half the maximum for this current pulse are t+ = −t− =
√
π ln 2τ/4. The

maximum level of the charge pulse is determined by

lim
t→∞

Qgc(t) =
Itτd

2R
(2.53)

and therefore the corresponding percentages for the Gaussian beam with a constant streak
are

Qgc(t−)

lim
t→∞

Qgc(t)
=

1

2

[

1− erf
(√

ln 2
)]

≈ 12% and

Qgc(t+)

lim
t→∞

Qgc(t)
=

1

2

[

1 + erf
(√

ln 2
)]

≈ 88%.

(2.54)
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Gaussian Beam with Parabolic Streak Velocity

Finally, for a Gaussian beam with the parabolic streak velocity the current and charge pulse
expressions are

Igp(t) =
2Itd

πR
exp

(

−64t4

πτ4

)

Qgp(t) =− Itτd

4
√
2π3/4RΓ

(

−1
4

)

t

[

4
√
2π (t+ |t|) + |t|Γ

(

−1

4

)

Γ

(

1

4
,
64t4

πτ4

)] (2.55)

with Γ(a, z) the incomplete gamma function. Again we can determine the time values at
which the current pulse is at its half maximum, obtaining t+ = −t− = τ

2
√
2
(π ln 2)1/4. The

maximum value of the charge pulse can be obtained by taking the limit of the expression for
the charge pulse for t goes to infinity, obtaining

lim
t→∞

Qgp(t) = −2π1/4Itτd

R
Γ

(

−1

4

)

. (2.56)

The corresponding percentages for the Gaussian beam with a parabolic streak velocity can
now be obtained:

Qgp(t−)

lim
t→∞

Qgp(t)
= −Γ

(

−1
4

)

Γ
(

1
4 , ln 2

)

8
√
2π

≈ 5% and

Qgp(t+)

lim
t→∞

Qgp(t)
= 1 +

Γ
(

−1
4

)

Γ
(

1
4 , ln 2

)

8
√
2π

≈ 95%.

(2.57)

Validation of the Models

In the previous section four models are given to determine the initial bunch length out of
the convoluted signal by means of the rise time. In order to determine the uncertainty in
the procedure with which the initial bunch length is determined, the validation of those four
models is going to be discussed. First the way the rise time itself will be determined is
discussed.

The rise time is determined by an algorithm built into the program OriginPro 8.5. This
algorithm is written to find a minimum and maximum value of the signal in a certain range
specified by the user. The rise time is then calculated by taking the time in between a low-
level and a high-level of this maximum value, also specified by the user. The percentages must
be put in are determined per model in the previous subsections. To check this algorithm, we
can use the model with the Gaussian beam with the constant streak velocity because for this
model we obtained an analytical expression for the convoluted signal, Sgc(t), given in eq. 2.45.
Using this expression we can numerically solve the maximum value for different initial bunch
lengths (at a fixed time constant, the ratio of the two is the only relevant parameter so one of
the two can be fixed), and call these values, Sn

max. For the charge expression, the maximum
is easily found from eq. 2.53 for the different initial bunch lengths and these values are called
Qmax. The difference in maximum value in percentage for the numerical determined solution
is then defined as

Numerical solution =
Qmax − Sn

max

Qmax
× 100 (2.58)
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Figure 2.23 The difference in maximum value of the convoluted signal and the maximum value of
the charge signal in percentage, obtained by two methods: numerical solving the analytical expression
of the convoluted signal (red line) and by the rise time algorithm (black squares).

and is shown in Figure 2.23 as the red line. To check the rise time algorithm, the maximum
levels for different initial bunch lengths is determined by this algorithm for both the convoluted
signal, called Sa

max, and the charge signal, called Qa
max. The difference in maximum value in

percentage for the rise time method is defined as

Rise time algorithm =
Qa

max − Sa
max

Qa
max

× 100 (2.59)

and is shown in Figure 2.23 as the black squares. This figure shows that the maximum levels
obtained by the algorithm agree very well with the maximum values solved numerically. So
the algorithm works and therefore can be used to obtain the rise time.

To determine the uncertainty in the rise time method for the model of the Gaussian beam
with the constant streak velocity, instead of the maximum level, the rise time is determined by
the rise time algorithm. Since we know what initial bunch lengths were put into the analytical
expression of the convoluted signal, eq. 2.45, we can compare these values with the determined
bunch length by the rise time algorithm. The relative deviation (RD) in percentage of the
initial bunch length and the determined bunch length is defined as

RD =
fwhm− tr

fwhm
× 100 (2.60)

where fwhm is the initial value put into eq. 2.45 and tr the rise time determined by the rise
time algorithm. In Figure 2.24 the rise time error as a function of the ratio between the
fwhm value and the time constant τrc is shown for both the convoluted signal S(t) and the
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Figure 2.24 The relative deviation in rise time determination for different ratios between the fwhm
value and τrc inputs, determined for the convoluted signal Sgc(t) and the charge signal Qgc(t).

charge signal Q(t). When first looking at the charge signal, there is a small constant error
when determining the fwhm value but this is because the levels at which the rise time is
determined were defined by the values in eq. 2.54, which are not exactly the right values for
translating the rise time to the fwhm initial pulse length. The offset is therefore caused by
rounding these values. When looking at the convoluted signal Sgc(t) we see an increase in the
error for a larger fwhm/τrc ratio, caused by the difference in the convoluted signal compared
with the charge signal. But even for a ratio of 0.1, which means that the initial fwhm pulse
length is only 10 times smaller than τrc, the error is about 7%, which is not dramatically high
considering the initial fwhm pulse length is most probably at least 100 times smaller.

To obtain the error for the other models which do not have an analytical expression for
the convoluted signal, a slightly different approach is needed. The convoluted signal can be
numerically determined, which is done for several initial pulse lengths, and by using the rise
time algorithm to these numerically determined convoluted signals an estimate of the relative
deviation of the other models can be made. To check wether this approach will yield reliable
results, we can first check this method by comparing the results with the analytical approach
from which the results are shown in Figure 2.24. In Figure 2.25 the results are shown of the
comparison between the analytical approach and the numerical approach for the model of
the Gaussian beam with a constant streak velocity. The relative deviation of the determined
fwhm value out of the rise time algorithm is plotted versus the ratio between the initial fwhm
and τrc. It is shown that the method where the convolution is done numerically is in good
agreement with the analytical results and therefore this method can be used for determining
the error in the other models.
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Figure 2.25 The comparison between the analytical approach and the numerical approach for the
model with a Gaussian beam and a constant streak. The relative deviation in the fwhm determination
by applying the rise time algorithm to the convoluted signals is determined and is plotted versus the
fwhm/τrc ratio.

The results of all four models are shown in Figure 2.26. Fist of all it is shown that the four
models can be grouped into a group where the current distribution is initially homogeneous
and a group where the current distribution is initially Gaussian. These two groups have a
distinct trend per group, i.e., the first group (represented by squares) shows a more linear
dependency than the second (represented by triangles). Inside each group a distinction can
be made when looking at the constant velocity streak versus the parabolic shaped streak.
The relative deviation for the constant velocity streak is in both groups significantly higher
than the relative deviation for the parabolic shaped streak. Also, when looking at the error of
Sgp(t), there is an offset in the error which causes the error to go to negative values for a ratio
going to zero. At the limit for the ratio going to zero the relative deviation also should be
going to zero because at that region the time constant is much bigger than the pulse length
and therefore the approximation that it can be treated as a step function holds the most at
that region (as explained at the end of section 2.3.1 under the header “Convoluted Signals”).
The reason for this difference is that for Sgp(t) the levels which are used for determining the
fwhm value out of the signal are 5% and 95%. These are approximate values (the exact values
can be found by evaluating the equations of (2.57)). When using percentages closer to the
exact values, the relative deviations should go to zero in the limit of the ratio going to zero.

In Figure 2.27 the relative deviation as function of the ratio fwhm/τrc of the numerical
convoluted signals are shown which are this time determined using the rise time algorithm
with values which are closer to the exact values, i.e., six significant digits. Indeed this time
also the relative deviation of Sgp(t) tends to go to zero for the ratio going to zero.

Since it is not known precisely what kind of current distribution the electron bunch will
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Figure 2.26 The relative deviation of the fwhm determination applying the rise time algorithm to
the numerically determined convolutions, versus the fwhm/τrc ratio for all four models.
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Figure 2.27 More accurate results of the relative deviation for the numerical determined convoluted
signals for all models.
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have after the slit, a sensible decision must be made. The way to determine which model
must be used is now going to be discussed. The relative deviation has been determined for
the models where the initial bunch shape was known, the next step is to determine how the
relative deviation of the models depends on the initial bunch shape. Consider for example
the model of the initially homogeneously distributed beam with a constant streak. We can
use this model (which basically means that the percentages entered in the rise time algorithm
are ∼3% and ∼97% according to eq. 2.48) to determine the rise times for the data of all four
models. Because for the data of all four models the fwhm value of the initial bunch shape is
known, we can determine the relative deviation of this model with respect to the data of, for
example, the homogeneous beam with a parabolic shaped streak. This relative deviation is
then defined as

RDhp =
fwhmhp − thcr

fwhmhp
× 100 (2.61)

where fwhmhp the fwhm of the homogeneous beam with a parabolic streak and thcr the rise
time determined by the model of the homogeneous beam with the constant streak velocity.
In Figure 2.28 the results of this analysis is shown. So when analyzing the data of the
homogeneous beam with the parabolic streak velocity, with the model of the homogeneous
beam with the constant streak velocity the relative deviation will be roughly between 5% for
small fwhm/τrc ratio and 12% for large fwhm/τrc ratio. This method can be repeated for all
four models and the results of all models are shown in Figure 2.29.

From Figure 2.29 the decision can be made with what model the unknown initial current
distribution of the electron bunch should be analyzed. To avoid confusion: Figure 2.29c shows
that, when using the assumption that the beam is Gaussian with a constant streak velocity,
for the analysis the ‘mistakes’ are made is less than 40%, when the beam in reality was
homogeneous with a parabolic streak velocity. Because the model of the Gaussian beam with
a constant streak velocity yields the lowest range in relative deviation of all the considered
models, i.e., roughly from 0% to 40%, this model will be used to analyse the data obtained
from the measurements.

2.3.3 Experimental setup

The experimental setup of the beam line with BOD has already been discussed in section 1.3.
In short, the SEM creates a continuous electron beam, which will be deflected by the DC
electrode for the majority of time, and will go through undeflected when the pulse generated
by the HV pulse generator is applied to the AC electrode. This mechanism results in a
streaked beam, and by placing a slit after the BOD the streaked beam will be chopped,
resulting in a beam of electron bunches (Figure 2.30).

After the slit a multichannel plate (MCP) is placed, which multiplies the arriving charge
by an unknown gain, roughly between 103 and 105, depending on the MCP settings [30].
After the MCP a phosphor screen is placed, which in this setup acts as a Faraday cup,
which basically is a charge collector. The phosphor screen is connected to the signal amplifier
discussed in the previous section 2.3.1, which transforms the current signal into a voltage
signal which can be read out by the oscilloscope.
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Figure 2.28 The relative deviation versus the fwhm/τrc ratio for the homogeneous beam with the
constant streak velocity model, applied to the data of the homogeneous beam with a parabolic streak
velocity.

2.3.4 Method

First a nice spot is made by tuning the settings of the SEM. Nice in this context means a
single, bright and well defined spot. To protect the MCP another phosphor screen is placed
in front it (just after the slit) on which the spot of the DC beam can be checked. When a nice
spot is made, the slit is turned into the beamline by means of a translation stage, such that
the beam will go through the slit when it is undeflected. When this is achieved the HV pulse
generator is turned on and the BOD is now streaking the beam. At this point the MCP must
be used to detect the chopped beam since the amount of charge is now too low to detect it
without multiplying the electrons. We made sure the undeflected beam is going through the
slit, therefore by changing the settings of the HV pulse generator, or equivalently by changing
W , bunches of different temporal lengths and different shapes are created. For instance, for
large W we get bunches with the shape of the case of a constant streak velocity, and for short
W we get bunches with the shape of the case for a parabolic streak velocity.

The measured signal is recorded by the 1.5 GHz oscilloscope, which is capable of recording
at a time resolution of 0.25 ns. Because the settings of the MCP must be set fairly high to
detect the low charge pulses coming out of the BOD, this results in so-called dark counts which
are distributed randomly in time and position. Because the dark counts are also pulsed, they
will contribute to the AC signal superimposed on the DC level and will be also detected by
the signal amplifier. These dark counts result in pulses of relatively high voltage compared to
the signal due to the charge pulses, but because they are random they will cancel out when
averaged over a sufficient number of measurements. The number of measurements over which
will be averaged is 265. Along with the averaged signal of the signal amplifier, the AC and DC
data of the HV pulse generator is recorded by the oscilloscope. In this way the corresponding
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Figure 2.29 The relative deviation in the fwhm bunch length determination using the rise time
algorithm versus the fwhm/τrc ratio. The relative deviation is determined for all four initial current
profiles per model: analysis using the assumption of a (a) homogeneous beam with a constant streak
velocity, (b) homogeneous beam with a parabolic shaped streak, (c) Gaussian beam with a constant
streak velocity, and (d) Gaussian beam with a parabolic shaped streak.
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Figure 2.30 Schematic of the beamline. The continuous beam is deflected by the BOD and is chopped
by the slit, resulting in electron bunches which will reach the MCP. The MCP multiplies the charge
which is collected on the phosphor screen which then is transformed in a voltage signal which can be
detected by the scope.

width of overshoot,W , can be linked to the output signal of the signal amplifier. This proces
is repeated for different HV pulse generator settings.

When the output signal is recorded, the data will be analyzed by the rise time method
explained in section 2.3.2 with the model of the Gaussian beam with a constant streak velocity,
which has the overal smallest relative deviation as also explained in that section. The results
are shown in the next section.

2.3.5 Results

A typical measurement is shown in Figure 2.31. This measurement corresponds with the HV
pulse generator data shown in Figure 2.7, which has a width of overshoot of W = 30.3±0.3 ns.
Looking at Figure 2.31 again, the decaying part of the signal is fitted by an exponential decay
function, to determine the time constant of the signal amplifier. The fit resulted in a time
constant of τrc = 12.5 µs. Because the signal amplifier was build with a resistor of R = 10 MΩ
and a capacitor of C = 10 pF, the theoretical time constant should be 10 µs. The fitted time
constant agrees fairly well with the theoretical value, considering the schematic is a simplified
version of the signal amplifier. In the actual design, more components are included which
for instance are added to protect the active components from the high voltage, and they can
also contribute to the time constant. In any case, this time constant is much larger than the
expected bunch duration. Therefore, the approximation that the convolution of the signal
with the signal amplifier’s transfer function can be considered the same as the expression for
the charge of the model is a valid one (see section 2.3.1) and we can use the rise time method
to determine the bunch length of the electrons as explained in section 2.3.2.

The part we are interested in when we want to know the bunch length, is the rising part of
the signal. When measuring at a time resolution of 0.25 ns and zooming in on the rising part
of the signal we get a result as shown in Figure 2.32a. In this figure also the result of the rise
time algorithm is shown. The data in the yellow area is considered by the algorithm. Before
and after the rising part of the signal, the data is averaged and the red lines show the low
and high level from which the rise time will be determined. The red squares are the values of
the data which are at the approximately 12% and 88% level, which are the percentages of the
Gaussian beam with a constant streak velocity (as derived in section 2.3.2). The time it takes
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Figure 2.31 A typical output signal of the signal amplifier (black line) with a fitted exponential decay
function (red line). The HV generator settings are as shown in Figure 2.7, from which is determined
that W = 30.3 ± 0.3 ns. The decay time is τrc = 12.5 µs. The measurement was done at a time
resolution of 2 ns.

to go from the lower red square to the upper red square is the rise time and this corresponds
with the fwhm value of the electron bunch of the considered model. In this particular case
the rise time, or equivalently the fwhm value, is determined to be 20 ns. The corresponding
W of this measurement was 26 ns.

Repeating this method for different settings of the HV pulse generator we get different
bunch lengths and the results are shown in Figure 2.33. In this figure three different sets of
measurements are shown, which are distinguished by color. The black data points are the
results of the measurements at a fixed DC level of (369 ± 3) V, the red data at a level of
(420± 3) V, and the blue data at a level of (469± 3) V, as is shown in the legend. Also, per
DC level and setting of the HV pulse generator, a measurement was done at a 500 MSa/s
rate (shown as circles), which is at a time resolution of 2 ns, and a measurement at a 4 GSa/s
rate (shown as squares), which is at a time resolution of 0.25 ns. The 500 MSa/s data was
measured to obtain the whole signal (like in Figure 2.31) so that the time constant of the
signal amplifier, τrc, could be determined. The 4 GSa/s data was measured because this gives
data with a better time resolution and the rising part of the signal will have more data points
than at the 500 MSa/s data.

The figure shows that at these settings of the HV pulse generator, the electron bunches
have a length between roughly 10 to 40 ns. Also the measurements at different DC levels
overlap, which was expected because the bunch length at the same W should be independent
of the DC level. In other words, a W at a DC level of 400 V should give the same bunch
length as the same W at a DC level of 500 V. Furthermore, at short width of overshoots
the data follows the expected trend, which has a slope of 1 (shown as the red dashed line in
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Figure 2.33). Then at higher values of W , the data shows a trend where the slope is bigger
than 1. This behavior is not yet understood since it was expected that the electron bunches
should get shorter again at higher values of W because the beam is streaked faster over the
slit at those settings. It was therefore expected that the faster streak should cause a decrease
in bunch duration. When looking at even larger W , there are a few data points outside any
trend. This is due to a limitation of the rise time algorithm. At these signals there was too
much noise for getting a proper rise time, since the signal was not a clear step function signal
anymore. Also at larger values of W the error bars increase significantly. The error bars were
obtained by looking at the rise time values for setting the level at the low level of the noise
and the high level of the noise. So for signals with a small SBR the error bars will be bigger
than for the signals with a high SBR. Since the electron beam gets streaked faster over the slit
for large values of W the signal will get weaker and therefore the SBR goes down, resulting
in bigger error bars.

In addition to the error caused by the method of processing the signal, also the rela-
tive deviation of the model from the other models should be taken into account, which was
explained in section 2.3.2, and is shown in Figure 2.29c. Therefore the values obtained by
the rise time method are an underestimation of the values since the model shows a relative
deviation of 0% to 40%. However the measurements show typical bunch durations of <100
ns, which gives a ratio of fwhm/τrc < 0.01 and the highest relative deviation around that
value is <30%. Therefore from these measurements a typical electron bunch duration is from
(10± 5) ns to (40± 20) ns when there is no uncertainty in the bunch shape, i.e., the bunch is
created by a Gaussian current distribution with a constant streak velocity. But because this
is not known, the bunch length duration is (in worst case) 30% higher and therefore will be
between (13± 7) ns and (52± 26) ns.

2.3.6 Conclusion and discussion

In order to determine the duration of the electron bunches, the MCP multiplies the electrons
in the bunch with a gain between 103 to 105. This charge is then collected on a phosphor
screen which is used as a Faraday cup, and the phosphor screen is connected to the signal
amplifier. The convolution of the charge pulse and the signal amplifier’s transfer function
gives a signal which can be analyzed to obtain the electron bunch duration. Because the time
constant of the signal amplifier is much larger than the typical electron bunch length, the
rising part of the convoluted signal can be approximated as the time integral of the charge
of the electron bunch. To determine the bunch length from this signal four models were
introduced: the model of an electron beam with a homogeneous current distribution with a
constant streak velocity, and with a parabolic streak velocity; and of an electron beam with
a Gaussian current distribution with a constant streak velocity, and with a parabolic streak
velocity. By considering these models, the bunch length was related to the rise time of the
signal, which was determined by the rise time algorithm. By validation and comparing of
the models an optimal model was chosen to analyze the measured data, which turned out
to be the model with the Gaussian current distribution with a constant streak velocity. The
measured bunch lengths were determined to be in between 13± 7 ns to 52± 26 ns. Looking
back at the requirement of the BOD which should increase the SBR by a factor of 104 by
producing electron bunches in the order of 100 ns it can be concluded that this requirement
is fulfilled.
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Figure 2.32 (a) Output signal of the signal amplifier, zoomed in at the rising part of the signal.
The result of the rise time algorithm is also shown: the yellow area is the part the algorithm takes
into account for obtaining the high and low levels of the signal (red lines), and the red squares are
at the ∼ 12% and ∼ 88% level. The time it takes to get from the lower to the higher square is
the rise time which is equal to the fwhm value of the electron bunch considering the model of the
Gaussian beam with the constant streak velocity. The fwhm value of the bunch is in this case 20 ns,
at W = (25.5± 0.3) ns. (b) This plot is zoomed in further, to show more clearly that the time from
the lower square to the higher square is 20 ns.

51



Chapter 2. Beam on Demand

-5 0 5 10 15 20 25 30 35 40
0

5

10

15

20

25

30

35

40

45

50

55

60

Fwhm bunch length versus HV pulse generator settings W

 (369 ± 3) V

 (369 ± 3) V

 (420 ± 3) V

 (420 ± 3) V

 (469 ± 3) V

 (469 ± 3) V

fw
hm

 (
ns

)

W (ns)

Figure 2.33 Results of the bunch length measurements for different HV pulse generator settings. The
data points of the same color are results of the measurements at the same DC level. The data points
represented by squares are measured at a sampling rate of 500 MSa/s, and the data points represented
by circles are measured at a sampling rate of 4 GSa/s. The dashed red line is a guide for the eye and
represents the expected trend which has a slope of 1.
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Emittance

To be able to observe the ponderomotive effect, the scattered angle of the electrons should
be bigger than the intrinsic angular spread of the electron beam, which in terms of emittance
means that the emittance of the beam should be sufficiently low. The emittance of the DC
beam is measured by use of a magnetic quadrupole lens. The magnetic quadrupole is used to
focus the beam in the transverse direction (one dimensionally), and the spot size of the beam
is measured at the detector for different settings (i.e. different focal lengths) of the magnetic
quadrupole. This method is known as a waist scan. From the waist scan the emittance can be
determined, but for this we need to know the focal length of the quadrupole as a function of the
current through the quadrupole. The magnetic field of the quadrupole therefore is measured
from which the focal length as function of the current is determined. In this chapter, first the
requirements on the emittance for observing the ponderomotive experiment and the Kapitza-
Dirac effect are summarized, followed by the quadrupole measurement and the measurements
on the emittance.

3.1 Requirements for Ponderomotive Scattering and the

Kapitza-Dirac Effect

In order to see the scattered electrons by the ponderomotive force, the angle of the scattered
electrons, θpomo, must be larger than the intrinsic angular spread of the electrons, σθ. This
requirement can be translated into an upper limit of the normalized transverse emittance of
the beam, in which the normalized transverse emittance is defined as

εn,x =
1

mec

√

〈x2〉 〈p2x〉 − 〈xpx〉2 ≈ γβ

√

〈x2〉 〈θ2〉 − 〈xθ〉2 = γβεx (3.1)

and can be approximated as

εn,x ≈ γβσxσθ, (3.2)

where in the case of the considered experimental setup the electrons have an energy of 30 keV,
and the product of γβ is approximately 1/3.

The angle of the scattered electrons can be expressed in terms of momentum, for which
the transverse momentum px is caused by the ponderomotive force:

θpomo ≈
px
pz

. (3.3)
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The transverse momentum can be expressed as

px = Fmaxτe =
I0e

2λ

2πmeǫ0c3
τe (3.4)

with Fmax the maximum force the electrons will experience and τe the interaction time of the
electrons. The longitudinal momentum is determined by the energy of the electrons, which
results in a longitudinal velocity of vz = c/3 and the longitudinal momentum therefore is

pz = γmevz (3.5)

and using the typical values for the experimental parameters (a laser intensity of I0 = 6 ×
1016 W/m2 and the wavelength of the laser λ = 800 nm), the scattered angle will be θpomo ≈
1 mrad.

To observe the ponderomotive effect, the angular spread of the electrons must therefore
be smaller than this angle, and this gives a demand for the emittance of

εn,x < γβσxθpomo ≈ 20 nm · rad. (3.6)

For observing the Kapitza-Dirac effect, the demand on the emittance is much stricter.
The limit for the emittance for observing the Kapitza-Dirac effect can be determined by
considering the diffraction angles:

sin θn = 2n
λe

λ
, (3.7)

where n is the order of the diffraction angle, λe is the de Broglie wavelength of the electrons,
and λ the wavelength of the light grating. Since the de Broglie wavelength is determined by
the energy of the electrons, we can write the nth order diffraction angles as

θn ≈ 2n
h

λpz
, (3.8)

where the small angle approximation is made. Considering the electron energy of 30 keV the
diffraction angles are

θn ≈ n× 17 µrad. (3.9)

Demanding that the angular spread of the electrons should be at least two times smaller than
the difference between the diffraction angles, we get the demand for the emittance of the
beam:

εn,x < γβσxθ/2 ≈ 0.2 nm · rad. (3.10)

3.2 Quadrupole Measurement

The magnetic quadrupole is used for focussing the beam (in one direction). When the beam
is focussed, the position of the waist of the beam will change, which results in a change in
spot size on the detector. Doing this for several focal lengths of the magnetic quadrupole lens,
this results in a waist scan from which the emittance can be derived. To obtain the transverse
normalized emittance, the focal length of the magnetic quadrupole must be known. In order
to obtain this relation, the theory of a magnetic quadrupole for focussing purposes will now
briefly be reviewed.
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Figure 3.1 Schematic of a quadrupole field. This field induces a force on the charged particles with a
velocity in the z-direction towards the center of the quadrupole when situated at the x-axis, and from
the center of the quadrupole when situated at the y-axis.

3.2.1 Theory

For an ideal shaped magnetic quadrupole, i.e., with infinite hyperbolic shaped magnetic poles,
the magnetic field components are (see Figure 3.1)

Bx = g0y, By = g0x (3.11)

with g0 the gradient of the magnetic field, i.e., g0 = B0/a with B0 the magnetic field measured
on the magnetic pole and a the minimum distance from the origin of the magnetic quadrupole
to the magnetic pole. This field should and does obey the Maxwell equations, as can easily
be checked that ∇ ·B = 0 and ∇×B = 0. From this field the force on the charged particles,
and eventually the focal length of the magnetic quadrupole acting as a magnetic lens, can
be derived by use of the Lorentz force, F = q(v × B) with q the charge of the particle and
v the velocity of the particle. This is equal to F = dp

dt = γmdv
dt with p the momentum of

the particle, γ the Lorentz factor, and m the mass of the particle. From these relations the
following equations of motion can be obtained

d2x

dt2
= −qvzg0

γm
x,

d2y

dt2
=

qvzg0
γm

y. (3.12)

In the paraxial approximation the time derivatives can be converted to spatial derivatives [31]
according to

d

dt
⇒ vz

d

dz
. (3.13)

When applying this conversion the equations of motion of 3.12 result in

x′′ = −κx, y′′ = κy (3.14)
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where a double prime denotes the second derivative to z and κ = qg
γmvz

. By solving the
equations of 3.14 and considering the boundary conditions

x(0) = xi x(l) = xf , y(0) = yi y(l) = yf (3.15)

x′(0) = x′i x′(l) = x′f , y′(0) = y′i y′(l) = y′f , (3.16)

where xi, yi, x
′
i, y

′
i are the initial positions and angles and xf , yf , x

′
f , y

′
f the final positions and

angles, the following transfers matrices for the x and y directions of a magnetic quadrupole
with length l are obtained:

Mx =

(

cos (
√
κl) sin (

√
κl) /

√
κ

−√
κ sin (

√
κl) cos (

√
κl)

)

My =

(

cosh (
√
κl) sinh (

√
κl) /

√
κ√

κ sinh (
√
κl) cosh (

√
κl)

)

.

(3.17)
From the transfer matrices the focal lengths can be obtained and result in

fx =
1√

κ sin (
√
κl)

≈ 1

κl
=

γmvz
qg0l

(3.18)

fy = − 1√
κ sinh (

√
κl)

≈ − 1

κl
= −γmvz

qg0l
(3.19)

where the approximations hold for κl ≪ 1.

Because of the shape of the quadrupole’s magnetic field, the force on the particles acts
independently of the x and y-directions which results in a focussing and a defocussing behavior
in opposite directions, as can be seen in eqs. 3.18 and 3.19 by looking at the signs of the focal
lengths. This means that a single quadrupole when for instance focusses in the x-direction,
automatically defocusses in the y-direction by the same amount.

Now an expression is derived for the focal length, f , of a magnetic quadrupole in terms
of the charge q, the mass m, the speed vz and the Lorentz factor γ of the particle which are
known and the only terms that have to be obtained are the length l and gradient g0 of the
quadrupole.

In practice a magnetic quadrupole has a finite length and therefore by definition is not an
ideal quadrupole. The gradient of the magnetic field for an actual magnetic quadrupole also
is not the same as in the ideal case (shown in the upper part of Figure 3.2), but the gradient
gradually increases when moving towards the quadrupole before reaching a maximum and
then decreases again when moving from the center of the quadrupole (shown in the lower
part of 3.2). Looking at the upper part of Figure 3.2 it is trivial to denote the length of the
quadrupole as l. However, when looking at the lower part of Figure 3.2 in this case denoting
a length to the quadrupole is more difficult. Just taking the physical length of the quadrupole
will lead to an underestimation of the force that will act upon the charged particles traveling
through the quadrupole since the field of the quadrupole also extends out of the quadrupole.
Therefore we introduce an effective length, which is longer than the physical length of the
quadrupole, and is defined as

leff =
1

g0

∞
∫

−∞

g(z) dz (3.20)

with g0 the gradient on z = 0. So by using the effective length the non-ideal gradient profile
is treated as it would be an ideal profile with a constant gradient, g0, for a length, leff, and
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Figure 3.2 Above: the magnetic gradient of an ideal quadrupole with length l and constant gradient
inside the quadrupole g0. Below: the magnetic gradient of a magnetic quadrupole which is not ideal.
The gradient gradually decreases when moving away from its magnetic center (on z = 0) and extends
also outside of the actual length, l. The effective length, leff, is a better measure for the length the
charged particles experience a force due to the magnetic field.

outside this length the gradient is zero. The resulting focus lengths of the quadrupole when
using eq. 3.20 will therefore be

fx ≈ γmvz
qg0leff

=
γmvz
q
∫

g dz
, fy ≈ − γmvz

qg0leff
= − γmvz

q
∫∞
−∞ g dz

. (3.21)

3.2.2 Results

From the previous section it became clear that when the gradient profile of the quadrupole is
known, the focal lengths can be determined. To obtain this profile the field of the quadrupole
was measured. It is most convenient to measure the field on the x and y-axis of the quadrupole
because on the axes the field has only one component. For instance when measuring on the
x-axis the field is in the y-direction and the field strength has a linear dependency on x. So by
measuring the field Bx at one position of z at different x positions on the x-axis, the gradient
on that position z is determined. By repeating these measurements at different positions
on z the gradient profile as a function of z, g(z), is then determined, which is needed for
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Figure 3.3 Black squares: measured magnetic field in the x direction at position z = 0 at a current
of 3 A. Red line: linear fit of the data which gives a gradient of g = 0.45 T/m.

determining the effective length, leff. A measurement at one position of z is shown in Figure
3.3. The measurements are acquired by means of a Gauss meter. The current through the
quadrupole was set to 3 A. The data is fitted linearly to obtain the gradient at that position
of z, in this case at z = 0 and has a value of g = 0.45 T/m. By repeating these type of
measurements at different z-positions the gradient profile is obtained at a current of 3 A.

In Figure 3.4 the gradient profile is shown for the quadrupole used in the setup at a current
of 3 A. The data resembles a Gaussian. In order to easily integrate the curve, it is fitted by a
Gaussian from which the effective length defined as in eq. 3.20 can be obtained. In this case
it results in an effective length of leff = 78 mm. This is 30% longer than the physical length
of the quadrupole, which is 60 mm.

To perform a waist scan, the magnetic quadrupole is used at different settings, i.e., different
currents through the quadrupole will result in different focal lengths. Therefore also the
gradient as a function of the current must be known in order to obtain the focal length of the
quadrupole as a function of the current. This is done by measuring the so-called excitation
curve of the quadrupole. The gradient is determined the same as is shown in Figure 3.3, but
now also for different settings of the current. The excitation curve is expected to be a linear
function of the current, until saturation is reached and the curve will flatten. In Figure 3.5
the data and a linear fit of the data is shown. Looking at these data it is clear that saturation
does not yet occur for currents below 3.3 A. The linear fit gives the relation of the gradient
and the current as g(I) = 0.146I + 0.00714 T/m.
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Figure 3.4 Black squares: obtained gradient profile for the considered quadrupole at a current of
3 A. Red line: Gaussian fit of the gradient profile to obtain the effective length of the quadrupole

Now that the effective length and the gradient as a function of the current is known, the
focal length of the quadrupole as a function of the current can therefore be expressed as

fx(I) ≈
γmvz

qg0(I)leff
, fy(I) ≈ − γmvz

qg0(I)leff
. (3.22)

These expressions can be used to analyze the waist scans and to determine the emittance.

3.3 Waist Scan

In a waist scan the spot size is measured at the position of the detector, as a function of the
focal strength of a focussing element. In this case, by varying the current through a magnetic
quadrupole the focal length changes and thereby the position of the waist of the beam varies.
This causes the spot size at the detector to change. In Figure 3.6 a simplified beam line is
shown with the magnetic quadrupole at a distance l1 from the SEM. The beam has an initial
spot size of σx,i, and a final spot size of σx,f at a distance l2 from the quadrupole.

To first order approximation, the beam will have a final spot size on the detector given by

σx,f =
σx,i
fx

√

ε2x
σ4
x,i

[(fx − l2)l1 + fxl2]
2 + (fx − l2)2 (3.23)

with εx the transverse geometrical emittance [32].
Equation 3.23 assumes the magnet to act like a thin lens, and that the beam has an

initial spot size σx,i. When using eq. 3.23 as a fit function for the data of the waist scan,
the source distance l1 and the initial spot size σx,i are not known, since these are inside the
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Figure 3.5 Excitation curve of the magnetic quadrupole. The linear fit resulted in the relation
g(I) = 0.146I + 0.00714 T/m.

fx

l1 l2

σx,i σx,f

detector

Figure 3.6 Simplified picture of the beam line including the magnetic quadrupole to perform a waist
scan from which the emittance of the beam can be obtained.
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Figure 3.7 Waist scan measurement by means of a magnetic quadrupole to determine the transverse
emittance of the DC beam. The black squares are measurements, and the solid red line is a fit of eq.
3.23.

SEM. Therefore these parameters have to be fit parameters as well, just like the emittance of
the beam. To illustrate that these parameters are not known, in eq. 3.23 we replace σx,i by a
virtual source of size σv and l1 by a virtual source distance lv. Then by using the equation to
fit the data it is assumed that the beam behaves as if it has originated from a virtual source
of size σv from a distance of lv from the quadrupole lens. The value of l2 is known (50 cm),
so plotting σx,f as a function of fx, will leave σv, lv, and εx the variables to be fit. The result
of the waist scan and the fit of the data according to eq. 3.23 is shown in Figure 3.7.

The fit resulted in a transverse geometrical emittance of εx = 2.9 nm·rad, a virtual source
with spot size σv = 21 µm and distance lv = 45 cm. From the geometrical emittance,
the normalized emittance can be determined by εn,x ≈ γβεx, as explained in section 1.4.1.
Therefore the normalized transverse emittance of the DC beam determined by a waist scan
is εn,x = 1.0 nm·rad.

3.4 Conclusion and Discussion

The demand on the normalized transverse emittance of the beam for observing the pondero-
motive force was determined to be εn,x = 20 nm·rad. For observing the Kapitza-Dirac effect,
even a better beam quality is required and was determined to be εn,x = 0.2 nm·rad.

The emittance of the DC beam was measured by means of a waist scan. The waist scan
was performed using a magnetic quadrupole as focussing element. The magnetic field of the
quadrupole was measured and the focal length of the quadrupole as a function of the current
was determined.

A model with which the measured data of the waist scan could be fitted was given, from
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which the emittance of the DC beam could be determined. The results of the waist scan and
a fit of the model resulted in a normalized transverse emittance of εn,x = 1.0 nm·rad.

Looking back at the demands on the emittance of the DC beam, it is clear that the
emittance is sufficiently low for observing the ponderomotive force. However, considering the
demand for the Kapitza-Dirac effect, the emittance is about an order of magnitude too high
to observe this effect. It is therefore not expected to see the Kapitza-Dirac effect without
trying to increase the quality of the beam.

Increasing the quality of the beam can for instance be achieved by clipping the beam using
pinholes, which strips the beam from its outer electrons, leaving only the electrons with a low
angular spread to pass the pinhole. This will decrease the emittance of the beam. Another
improvement can be made by using another cathode, such as a Schottky field emission electron
source, which compared to the tungsten hairpin emitter gives about a 100 times better beam
quality [33].
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Outlook

Up to now, only reducing the background signal of the experiment was considered to increase
the SBR. Since eventually the signal itself is most important, it will now be discussed what is
expected to be measured, taking into account all the elements of the experimental setup. This
will only be done for the ponderomotive force experiment, since in section 3.3 it was shown
that with the current emittance of the beam the Kapitza-Dirac effect will not be observed.
Two ways to increase the signal will be given which will further increase the SBR, i.e., using
a compression cavity, and using longer laser pulses. The detection of the signal will also be
discussed, along with the issues and possible solutions. Besides the conceptual challenges
of the experiment, also some practical issues which may be encountered will be mentioned.
Furthermore, an improvement on the BOD element will be suggested which may reduce the
background signal even further. In the last part, the experiment on the Kapitza-Dirac effect
will briefly be discussed.

4.1 Ponderomotive Scattering Signal

To determine the signal that will be measured we must first determine how many electrons
are present in each bunch. This is done by considering the initial emitted current of the
SEM, which will be typically 1 µA, and the bunch length, which after the streak cavity is
100 fs. This results in a charge per bunch of 10−19 C which is equivalent to ∼ 0.6 electrons
per bunch.1 Considering the longer bunches that come out of the BOD, and taking a bunch
length of approximately 20 ns, these bunches will contain approximately 120 shorter bunches,
each with ∼0.6 electrons per bunch. So, per 20 ns bunch, after the streak cavity, only 50-100
electrons are left, from which only 1 100 fs bunch containing ∼0.6 electrons can get scattered.
Therefore, the absolute value of the measured signal will be very low.

Since the bunches and the laser have a 1 kHz repetition rate, this means that per second
more than 600 electrons will get scattered and is equivalent to a current of roughly 10−16 A,
which for a single MCP typically is too low to measure. Therefore an increase in signal has
to be accomplished.

1It may sound peculiar that there are less than 1 electrons in an electron ‘bunch’, but this is of course a
statistical average. As far as the word ‘bunch’ is concerned, it may be better to use the words ‘wave packet’,
as in ‘a 100 fs electron wave packet’, when considering single (or less) electrons. However, since in the rest of
this thesis ‘bunch’ is used (for any bunch duration), this will be continued.
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4.2 Increasing the Signal

Increasing the signal can be done by means of another RF cavity, operating in the TM010

mode, which is called a compression cavity. The compression cavity is able to compress
electron bunches (hence the name compression cavity) in the longitudinal direction, resulting
in a shorter electron bunch, with a higher electron density. Van Oudheusden et al. showed
the compression of bunches from 10 ps to 100 fs, resulting in a compression of 100 times the
original bunch duration [34]. The principle of the compression cavity is shown in Figure 4.1.

This method could be implemented into the experimental setup described in section 1.3.
The position of the compression cavity should in this setup in any case be before the streak
cavity. Because the streak cavity produces bunches which are about 170 ps apart, compression
of these bunches after the streak cavity will serve no use. On the other hand, since the
compression cavity also operates at a frequency of 3 GHz, the largest initial bunch size to
be compressed is about 170 ps. Since the bunches created by the BOD were measured to
be about 20 ns it is clear that the bunches after the BOD are too long to be compressed
individually by a 3 GHz compression cavity. However, the compression cavity will in this case
still compress some parts of the 20 ns bunch, resulting in a modulated bunch, with regions
with a higher electron density and regions with a lower electron density, at a period equal to
half the wavelength of the operating frequency. When the system of the laser and the two
cavities are synchronized properly, i.e., the streak cavity will chop the 20 ns bunch into 100 fs
bunches at the positions where the electron density is the highest, the final electron bunches
will have roughly a 100 times higher electron density.

Another way of increasing the signal is by using longer laser pulses, which then results
in a longer duration of the standing wave. With 100 femtosecond laser pulses the standing
wave only exists for 100 femtosecond and bunches longer than the timescale of the standing
wave are not scattered completely. When using longer laser pulses, longer electron bunches
will get scattered which means more scattered electrons per shot and therefore a higher
signal. For instance, by using picosecond pulses, the interaction time of the electrons in the
standing wave will be roughly 10 times longer. The downside of using longer pulses is that the
intensity gradient of the standing wave will be lower, leading to lower forces. However, since
the calculation which considered 100 femtosecond pulses was done with a very modest pulse
energy (100 µJ, which is about 10 times lower than the maximum energy the laser system
can deliver), using picosecond pulses with a higher pulse energy, the intensity gradient of the
standing wave will still be sufficient to observe the ponderomotive effect. Furthermore, since
the interaction time is longer, the electrons will longer experience the ponderomotive force
which is beneficial to the signal.

4.3 Electron Detection

By adding the compression cavity, the signal increases roughly by two orders of magnitude,
resulting in a signal of 10 fA. In combination with a MCP, which is able to amplify the signal
by a factor 104, the signal after the MCP will be about 100 pA. If the 10 fA signal is still not
sufficient for the MCP to amplify, it is recommended using a double MCP which should be
able to measure single electrons.

A scannable charge multiplier in combination with a slit or pinhole such as a channeltron
may be another alternative. A channeltron can then be used to detect single electrons at a
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Figure 4.1 Principle of longitudinal compression of an electron bunch with the compression cavity.
This figure is adopted from [34], which considered electron bunches which are expanding (indicated
by the blue velocity vectors) due to a Coulomb explosion. In our case the electron density in a bunch
is much lower and therefore will not expand. However, by ignoring the initially expanding bunches,
the principle of the compression cavity still can be understood from this picture. From top to bottem
the same cavity is shown at increasing phase of a single RF cycle. (top) The bunch enters the cavity
when the force (black arrows) exerted by the RF field is decelerating. (center) While the bunch
travels through the cavity, the RF field goes through zero and wil change sign. (bottom) As a result
electrons at the back of the bunch are accelerated, such that they will overtake the front electrons in
the subsequent drift space, resulting in a compression of the bunch.
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particular x-position by moving the channeltron along the x-axis. This kind of measurement
would require more labor than using a MCP, which (when there is sufficient charge) measures
at multiple x and y positions in one instance.

4.4 Experimental Challenges

Apart from the conceptual challenges like the ratio between the scattered and unscattered
electrons, or just the absolute number of scattered electrons, some practical issues should also
be considered.

The most important challenge is the alignment of the bunches with the laser pulses. This
should be done both spatially and temporally. Spatial alignment can be accomplished by
means of a pinhole, which is put into the beam line rotated by an angle of 45◦ with respect
to the electron beam and the laser pulses, allowing both to go through the pinhole. When
this is the case, the beams are aligned spatially. Achieving temporal alignment can be a bit
more difficult.

Aligning the three beams temporally can be accomplished by inserting a TEM grid at the
place where spatial alignment was achieved (at the position of the pinhole). By focussing one
of the laser beams onto the TEM grid, a plasma will be created due to the high intensity of
the laser at the focus. When the electron bunch is present at the same time as the plasma
and will go through this plasma, a shadow is observed at the detector. When the plasma is
not present, no shadow is detected which is an indication that there is no overlap. Because
the plasma is present for much longer times then the 100 fs of the laser pulse (in the order
of nanoseconds), it will be easier to find. By scanning backwards in time, the onset of the
plasma can be determined. This should be repeated for the other laser beam, and when
succeeded the spatial and temporal overlap of the three beams is accomplished. Using this
method, a minimum of two delay lines must be employed; one to temporally overlap the two
laser pulses, and one to temporally overlap the pulses with the electron bunches.

Another challenge that might be encountered is that for observing the ponderomotive
force, a rather long drift length (∼1 m) between the interaction of the laser and the electron
to the detector is needed. In this drift length the electrons may encounter external forces due
to for instance external electromagnetic fields, or the earth magnetic field, which will influence
the trajectory of the electrons towards the detector. Since the drift length is relatively long,
small forces can result in relatively large effects observed on the detector. Although steering
magnets can be used to make small corrections to electron beam trajectory, for obtaining nice
results, it should be made sure that the beam line is free from electromagnetic disturbances
due to surrounding devices such as vacuum pumps or electronics.

4.5 BOD

The background signal of the electrons was predominantly decreased by the BOD element.
This element was already designed before the start of this research, and was designed to
operate at high voltages. However, in section 2.1 it was calculated that the minimum voltage
that was needed only was about 20 V. Operating at much lower voltages, allows for faster
electronics and simpler designs of the electronic circuits. Faster electronics (such as a diode
over the electrodes), in the context of the experiment means shorter bunch creation by the
BOD and an even lower background signal. Therefore, redesigning the electronics for the
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BOD would be a first recommendation when trying to perform the experiment. It should be
noted that by designing the new electronic circuit, the voltage over the DC electrode should
be able to set to a few times the minimum voltage, allowing more alignment freedom for the
electron beam to go through all elements.

4.6 Kapitza-Dirac Effect

As mentioned earlier, the Kapitza-Dirac effect should be observable when the emittance of
the electron beam is decreased, either by stripping those electrons that have a high angular
spread using a pinhole, or by using a better electron source, such as a Schottky emitter.

Another option for observing the Kapitza-Dirac effect is to increase the diffraction angle.
Because the diffraction angle is proportional to the de Broglie wavelength of the electrons,
and the de Broglie wavelength is inversely proportional to the momentum of the electron and
therefore the accelerating voltage of the SEM, using a lower accelerating voltage will result
in larger diffraction angles, which allows for higher beam emittance. On the other hand, the
emittance is also inversely proportional to the accelerating voltage, so a lower accelerating
voltage will lead to larger angles, but higher emittance. However, there might be an optimum
at a certain accelerating voltage, and at this voltage, in combination with stripping of the
unfavorable electrons the Kapitza-Dirac effect may become apparent. Assuming sufficient
emittance and/or bigger diffraction angles, still some considerations on how to perform the
experiments should be made.

When performing an experiment for observing the Kapitza-Dirac experiment, this can
manifest into two regimes, i.e., the diffraction regime, and the Bragg regime. The boundary
between Bragg and diffractive scattering is separated by the value of the uncertainty ∆φ in
the direction of the interacting photons. The waist w and the ∆φ are related to the position-
momentum uncertainty principle. When ∆φ is large (much larger than the diffraction angle
2λe/λ), the laser waist w is narrow, which allows for scattering of many orders. This is called
the diffraction regime. Alternatively, when the laser waist is wide, this results in that ∆φ
will be much smaller than the diffraction angle, and the electron can not interact with the
photons unless a special angle is chosen, such that the momentum is conserved. This special
angle is at the Bragg angle, and therefore is called the Bragg regime.

In any case the shape of the waist of the laser determines in which regime the Kapitza-
Dirac effect will be. At the Bragg regime, which is at a wide laser waist, it is critical at what
angle the electrons enter the waist of the laser, and therefore the Kapitza-Dirac effect will be
harder to observe in this regime than at the diffraction regime. This should be kept in mind
when trying to observe the effect.
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Conclusion and Discussion

In this project the feasibility of observing the ponderomotive force and the Kapitza-Dirac
effect, performed at an experimental setup using a scanning electron microscope (SEM) as
electron source, has been studied. The ponderomotive force is the force charged particles
experience inside an inhomogeneous electromagnetic field, and is directed away from regions
of high intensity, towards regions of low intensity. The Kapitza-Dirac effect is the phenomenon
of diffraction of electrons by a standing electromagnetic wave, also called, a light grating.

The feasibility has been studied by looking at the signal to background ratio (SBR) of the
experiment, and by looking at the beam quality necessary to be able to make a distinction
between the scattered and the unscattered electrons, for both experiments. The element called
the beam on demand (BOD) was implemented into the setup which decreases the background
by creating short electron bunches. A model and measurements of the voltages produced by
the high voltage (HV) pulse generator was presented. A method to measure the electron
bunch durations were presented in this thesis, providing information about the reduction in
background signal. The beam quality expressed as the normalized transverse emittance was
measured by means of a waist scan.

5.1 Beam on Demand

The first part of this thesis has focussed on the creation of the short electron bunches by the
BOD. The BOD consists of two electrodes; one electrode at which a DC voltage is applied
between 300 and 600 V, and an AC electrode at which a short pulse is applied with a pulse
length of about 100 ns and a voltage between 300 and 600 V at a 1 kHz rate. The voltages
supplied to the electrodes are coming from a high voltage (HV) pulse generator, which uses
a pulse shaping method to create the resulting pulses. The BOD deflects the electrons when
the pulse is not present due to the DC voltage. When the pulse is present, the electron
beam is streaked over a slit. The streak velocity is dependent on the setting of the HV pulse
generator. To give a figure of merit for the settings of the HV pulse generator, the width of
overshoot, W , was defined, which can be set between W = 0 ns and W = 36 ns.

The duration of the electron bunches created by the BOD element will partly determine
the decrease in background signal of the experiment. Therefore a method to measure the
electron bunch length after the BOD was developed. To measure the bunch durations, the
bunches first were amplified by a multichannel plate (MCP). The multiplied charge was
collected onto a phosphor screen, which was connected to a signal amplifier. The shape of
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the output of the signal amplifier was analyzed to obtain a bunch duration. The rise time
of the signal was translated into a bunch length. Four models for analyzing the output of
the signal amplifier were taken into account, which considered a homogeneous or a Gaussian
beam current distribution, with a constant or parabolic streak velocity. By validation of the
models, the model with a Gaussian current distribution and a constant streak velocity was
chosen to be the best model. Analyzing the data with this model resulted in bunch durations
of 13 ± 7 ns to 52 ± 26 ns. This translates into an increase in the SBR by a factor between
104 and 105.

It was shown that the BOD in combination with the streak cavity (a radio frequency (RF)
cavity operating in the TEM110 mode) has increased SBR from SBR = 10−10 to roughly
SBR = 10−3.

5.2 Emittance

The emittance was measured by means of a waist scan. The waist scan was performed by using
a magnetic quadrupole lens. The magnetic field of the quadrupole was measured to obtain
a gradient profile as a function of the position on the z-axis, in the propagation direction
of the electrons going through the quadrupole. From this profile the effective length of the
quadrupole was determined to be leff = 78 mm. This is 30% longer than the physical length
of the quadrupole, which was 60 mm. The excitation curve of the magnetic quadrupole
was also presented. From the effective length and a fit of the excitation curve the focal
length of the quadrupole lens as a function of the current was determined. By plotting
the spot sizes recorded on the detector versus the focal length, and fitting this with the
expected spot size, the normalized transverse emittance of the DC beam was determined to
be εn,x = (1.0± 0.1) nm·rad.

5.3 Discussion

To be able to observe the ponderomotive force, it was determined that the emittance should
not be bigger than εn,x = 20 nm·rad. With the current electron beam, it is therefore expected
that, when solely looking at the emittance, the ponderomotive force experiment should be
observable. For the Kapitza-Dirac effect it was determined that the emittance should not
be bigger than εn,x = 0.2 nm·rad. Therefore, when attempting to observe the Kapitza-Dirac
effect, the emittance of the beam should be decreased, and/or the diffraction angles of the
electrons should be increased.

Although the SBR is not dramatically low, the resulting signal was shown to be 10−16 A.
This current is too low to be detected by a single MCP. Therefore it is recommended to either
use at least two MCPs or an alternative electron detector, such as a channeltron, or increase
the signal. The SBR can further be increased by a factor 100 by implementing a (properly
synchronized) compression cavity (RF cavity operating in the TM010 mode).

It is shown that the experiment showing the ponderomotive force in principle is feasible
with the current experimental setup including the electron source, but still many obstacles
have to be overcome. For observing the Kapitza-Dirac effect, it is most probably necessary
to use a different kind of electron source, which yields a lower emittance.

Although the SBR can be increased by approximately 7 orders of magnitude, the measured
signal will be low which poses a considerable challenge for either experiment.
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