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Abstract 
 

The Ultra Cold Electron Source is based on near threshold photoionization of a cloud of 

rubidium atoms trapped in a grating Magneto Optical Trap. This source delivers ultrafast 

electron bunches with a unique combination of high bunch charges and low transverse 

emittance. This compact UCES source utilizes a novel grating technique to achieve a four 

beam MOT using only one input beam, simplifying the alignment and operation. Therefore 

the UCES source represents a promising step towards a small and affordable setup for ultra-

fast single shot electron diffraction of proteins. The UCES source provides electron bunch 

energies up to 𝑈𝑒 = 10.2 ± 0.4 keV, as measured using a time of flight method. The 

normalized transverse emittance has also been measured using a waist scan, resulting in 휀⊥̂ =

1.9 nm·rad corresponding to a source temperature of 𝑇 = 25 K, demonstrating the ultracold 

nature of the electrons. A twostep ionization scheme provides unprecedented control over the 

3D shaping of the electron extraction volume, opening up new possibilities such as micro 

bunching of the initial electron distribution. This 3D shape of the extraction volume also 

causes the back of the electron bunch to be accelerated more than the front. This results in a 

self-compression point in which the electron bunch is temporally compressed. The electron 

bunch length in this self-compression point has been measured using a laser created, short lived 

plasma which can disturb the transverse profile of the electron bunch. This resulted in a temporal 

electron bunch length of 𝜎 = 3.97 ± 0.49 ps and a plasma decay time of 𝜏 = 37.5 ± 2.1 ps in 

agreement with literature. This bunch length is close to the typical plasma creation time 

reported in literature. Therefore this measurement provides an upper limit to the electron 

bunch length. A higher resolution bunch length measurement using ponderomotive scattering 

of the electron bunch is prepared and simulated. These simulations showed a maximum 

scattering angle of 𝜃𝑚𝑎𝑥,𝐺𝑃𝑇 = 36.8 mrad compared to the undisturbed electron bunch 

angular spread of 3𝜎𝜃,𝐺𝑃𝑇 = 4.1 mrad, demonstrating that a ponderomotive bunch length 

measurement should be possible. 
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1 Introduction 
 

The ultimate goal of the Ultra Cold Electron Source (UCES) project is to achieve ultra-fast 

single shot protein electron diffraction using electrons created by near threshold 

photoionization of a cloud of atoms trapped in a Magneto Optical Trap (MOT). This unique 

source cools a cloud of rubidium atoms to micro kelvins using a novel grating technique to 

achieve a four beam MOT using only one input beam, greatly simplifying the alignment and 

operation. This atom cloud is then photo-ionized using a near threshold twostep ionization 

process utilizing two perpendicular laser beams. This gives unprecedented control over the 

3D shape of the initial electron extraction volume. The whole MOT is situated inside a DC 

accelerator to instantly start accelerating the electrons when they are created, providing the 

electron bunch from a very compact source. The UCES project uses near threshold ionization 

in combination with an already ultra-cold cloud of atoms to obtain electrons with a very small 

thermal velocity spread. This ensures a high enough beam quality to resolve the diffraction 

orders in ultra-fast electron diffraction. To achieve single shot ultra-fast electron diffraction, a 

lot of electrons per shot are needed. A MOT can yield much more electrons per shot 

compared to a traditional source while conserving the quality of the electron beam because 

the electrons can be extracted from a much bigger 3D volume. Therefore an Ultra Cold 

Electron Source is a promising step towards a small and affordable setup for ultra-fast single 

shot electron diffraction of macromolecular crystals. 

In this introduction the importance of an Ultra Cold Electron Source will be discussed 

through its applications and requirements, after which different pulsed electron sources will 

be introduced and a general overview of the UCES source and the main experiment will be 

provided. 

1.1 Applications of an Ultra Cold Electron Source 

The biggest promise of ultracold electron sources is their ability to provide high quality 

electron beams with much more charge per pulse compared to conventional sources. 

Therefore they have a great potential to be applied in a variety of applications such as in 

electron microscopes, injectors of particle accelerators and x-ray generation sources such as 

free-electron-lasers. However one of the most promising applications lies in electron 

diffraction. Because of the unique combination of high beam quality and high beam charge, 

UCES sources could potentially be used to perform ultra-fast electron diffraction that can 

provide results that are now only achievable at large X-ray Free Electron Laser facilities, 

providing more availability to these kinds of research tools. 

1.1.1 Ultrafast electron diffraction 

In the past decade tools have been developed to study structural dynamics at spatial and 

temporal resolutions down to 0.1 nm and 100 fs, mainly made possible by X-ray 

crystallography using Free Electron Lasers (XFELs) [1]. These XFELs enable single-shot 

femtosecond X-ray diffraction of protein crystals [1-4]. However XFELs also have big 

disadvantages, mainly their costs and size originating from the requirement of very high 



Master Thesis – Ultra cold electron source Technische Universiteit Eindhoven 

T.C.H. de Raadt - 6 -   

energy electron beams in the order of GeV to generate the X-rays [2, 5-7]. This results in 

limited access for everyday research. However the electron beam needed for an XFEL can 

also be directly used for Ultrafast Electron Diffraction (UED) or Ultrafast Electron 

Microscopy (UEM). These techniques can use much lower energy electron beams in the 

order of KeV [1, 8, 9]. This means a much smaller device at a fraction of the cost can be 

used. 

Ultrafast Electron Diffraction uses a short electron bunch (< 1ps) that is shot at a crystal like 

sample with a regular atomic pattern as illustrated in figure 1.1. The electron beam is 

diffracted by the atoms in the sample and interference results in diffraction orders analogous 

to a transmission grating. The diffraction pattern is captured with an electron detector 

downstream. From this diffraction pattern the original atomic structure of the sample can be 

reconstructed.  

  
Figure 1.1: Schematic representation of Ultrafast Electron Diffraction [10]. The electron pulse is shot at a sample with a 

regular atomic structure. The electron bunch diffracts of the atomic lattice creating a diffraction pattern downstream on the 

detector. A laser pulse which is synchronized to the electron bunch is used to initiate some process in the sample. By varying 

the delay between the laser pulse and the electron bunch, temporal information can be retrieved. 

Things start to get very interesting if not only the spatial structure of the sample can be 

reconstructed using the diffraction patterns but also the temporal behavior can be studied. 

This can be done using so called pump-probe experiments where an ultra-short laser pulse is 

starting some process in the sample that can be imaged with the synchronized electron pulse 

as illustrated in figure 1.1. By varying the delay between the laser and electron pulse a 

‘movie’ can be made of the dynamics of the sample at an atomic scale [2, 4, 11]. This can be 

used to study for instance the folding of biological protein molecules. Resolving the temporal 

behavior of protein structures is a very important research area because the shape of protein 

molecules largely determines their functionality [2, 4, 7]. Therefore studying the folding 

behavior can give insight in the working principles of proteins and in some cases might 

provide new ways to develop medicines. 

However UED needs very high quality electrons beams as will be shown in section 1.3. 

Conventionally this can only be achieved at the cost of electron beam charge which means 

many stroboscopic shots are needed to create a diffraction pattern [9]. This gives a lot of 

issues, mainly being sample damage due to repeated shots [3, 8, 9]. The Ultra Cold Electron 

Source aims at resolving those issues by supplying more charge while maintaining beam 

quality enabling for single shot electron diffraction. This would mean the sample can be 

allowed to be destroyed by the electron beam because the single diffraction pattern would 

already contain the structural information, eliminating the sample damage problem. 
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UED can be applied in many areas such as physics, biology and chemistry [7, 11-13]. In 

chemistry and physics UED can for instance be used to study time-resolved solid liquid phase 

transitions [7, 12-15], shock propagation [7, 13, 16] or transient structures during chemical 

reactions [7, 12, 13, 17, 18], all of which do not suffer from sample damage. This makes 

especially solid liquid phase transition experiments one of the first applications of UED that 

has been developed that can benefit from stroboscopic measurements. 

1.1.2 Transmission electron microscopy 

Transmission Electron Microscopy (TEM) can be used to make high resolution images of 

thin (~100 nm) samples [13, 19]. It differs from UED in the fact that TEM creates direct 

magnified images of the sample on the detector as opposed to a diffraction pattern that can be 

traced back to the original structure. A TEM image is made by a very similar setup as figure 

1.1, but includes some additional magnetic lenses to image the plane of the sample onto the 

electron detector, comparable to a back lit optical microscope. While the electrons pass 

through the sample they get absorbed in different degrees depending on the local sample 

structure. This means that when the plane of the sample is imaged on the electron detector the 

counts on each pixel of the detector represent the amount of ‘transparency’ of one local spot 

on the sample. In this way a full picture of the sample is created such as the example image of 

figure 1.2. 

 
Figure 1.2: An example of a Transmission Electron Microscopy image of CcdA2 and CcdB2 proteins including the DNA that 

made them [20]. The red arrow points at a segment of DNA folded in a loop. 

A TEM can be used in many fields like physics, material science, biology and chemistry [12, 

13, 19]. TEM and UED can be used side by side to study similar phenomena. However a 

TEM does not require a crystalline structure but can directly image the sample. For a TEM a 

high quality beam is essential as will be discussed in section 1.3 [1, 21]. 

Because the TEM image is obtained from a steady state electron beam, it can be created using 

a single electron pulse with sufficient charge. This means a TEM can have temporal 

resolution when using electron pulses instead of a continuous beam [12, 13, 19]. An Ultra 

Cold Electron Source can provide more charge per electron bunch without sacrificing beam 

quality. Therefore a Dynamic Transmission Electron Microscope (DTEM) can benefit from 

using a UCES as electron source as opposed to a conventional source [12, 21]. 

1.1.3 X-ray generation & particle accelerators 

An UCES can be used as injector for an accelerator after which the bunch can be used in an 

undulator to accomplish an X-ray Free Electron Laser (XFEL) [1-3, 12, 21-23]. The high 

quality of the electron bunches from an UCES can benefit the XFEL [23]. Besides, the UCES 

50 nm 
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provides a unique capability to shape the initial electron distribution in 3D. This could 

potentially enable a method to achieve pre-micro bunching, increasing the efficiency of the 

XFEL. 

This same capability to control the initial electron distribution can be very promising for fully 

coherent light generation through inverse Compton scattering [22-24]. This technique 

requires ultrafast high quality beams to be efficient, making an UCES an ideal source to 

develop such techniques [18, 22]. Furthermore, the ability to micro-bunch the electron beam 

could potentially be used to achieve coherent amplification of the Compton scattering. This 

could potentially boost the amount of light being generated. 

The UCES source can also be used as injector for a Laser Plasma Accelerator or Linear 

collider [21, 22]. The low emittance of an UCES source can benefit such accelerators due to 

the increased ability to focus the electron beam. Besides, the UCES source can provide the 

ultra-short electron bunches needed for such accelerators. However the electron bunch charge 

will likely need to be increase before such applications become viable [23]. 

1.2 Electron bunch sources 

To compare the different electron bunch sources it is important to quantify the electron beam 

properties to assess the quality of the bunches produced by the various sources. One of the 

most important quantities to describe the beam quality is the normalized root-mean-squared 

(rms) emittance 휀�̂� [1, 18, 25]: 

휀�̂� ≡
1

𝑚𝑒𝑐
√⟨𝑥2⟩⟨𝑝𝑥

2⟩ − ⟨𝑥𝑝𝑥⟩, [1.1] 

where 𝑚𝑒 is the electron mass, 𝑐 is the speed of light, 𝑥 is the position of each electron with 

respect to the bunch center, 𝑝𝑥 is the momentum of each electron in the x-axis with respect to 

the average momentum in the x-direction and the ⟨ ⟩ indicate an average over all electrons in 

the bunch. This normalized emittance basically describes the combination of positional and 

momentum spread in one direction. A more detailed explanation of the normalized emittance 

and other electron beam properties will follow in section 2.1, where these properties will be 

derived and the relationship between the various quantities will be pointed out. 

Conventional electron sources capable of delivering ultrashort electron pulses often use 

sharp-tips that are sideways illuminated with a tightly focused fs laser pulse to create 

electrons through photoemission from the surface of the tip [1, 26]. A small emittance can be 

achieved because all electrons are extracted from a very small area. A magnetic lens can then 

be used to obtain a very parallel electron beam as illustrated in figure 1.3.a. However since 

the extraction surface is tiny, coulomb forces cause severe disorder induced heating whenever 

significant charge is extracted, ruining the beam emittance. These sharp-tipped sources are 

therefore often limited to less than one electron per pulse on average [1]. Alternatively rf-

chopping of a continuous electron source can be used to obtain ultrashort electron pulses [27-

29]. Although this can provide low emittance “bunches” these “bunches” often also contain 

on average less than one electron [1]. Therefore these methods are far away from enabling 

single-shot applications such as UED. 
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Figure 1.3: Comparison between the different source types. a) A sharp tip point-source extracts all its electrons from a single 

small point. This ensures a small emittance making a very parallel electron beam possible using a magnetic lens. However 

the total charge that can be extracted is limited by coulomb repulsion. b) An conventional extended photoemission source 

uses a larger area to extract its electrons from the cathode surface. However to extract the electrons from a solid surface a 

high energy laser pulse is needed resulting in a high electron temperature up to 5000 K [25]. This spoils the emittance 

resulting in a poor beam quality. c) An ultracold electron source uses laser cooling to obtain a high density cloud of cold 

atoms that can be precisely ionized in a controlled way just above threshold. This provides low electron temperatures down 

to 10 K [1, 8, 30], resulting in low emittances at the high beam charges of extended sources and therefore providing high 

beam quality. 

More charge in the electron bunch is conventionally realized by using an extended solid 

surface as photoemission cathode. However in order to extract the electrons from the solid 

surface a high energy laser pulse is needed resulting in a high electron temperature up to 5000 

K [25]. This spoils the emittance resulting in a poor beam quality as is indicated in figure 

1.3.b. Therefore these kinds of sources are in general not suitable for applications demanding 

high quality beams such as electron diffraction. 

The principle of the Ultra Cold Electron source is based upon achieving very low electron 

temperatures 𝑇𝑥 down to 10K at the source using near threshold ionization of a laser cooled 

cloud of atoms [1, 8, 30]. The normalized transverse emittance of the UCES source is small 

due to this low electron temperature as can be calculated using: 

휀�̂� = 𝜎𝑥√
𝑘𝐵𝑇𝑥

𝑚𝑒𝑐2, [1.2] 

where 𝜎𝑥 is the rms size of the extraction volume and 𝑘𝐵 is the Boltzmann constant. As can 

be seen from this equation a lower electron temperature at the source improves the emittance. 

This allows the UCES source to have a bigger extraction volume compared to conventional 

hot electron sources while keeping the emittance constant as is illustrated in figure 1.3.c. A 

bigger extraction volume means more electrons can be extracted at the same electron density. 

The electron density is limited due to coulomb forces causing disordered induced heating 

which can drastically increase the emittance. Furthermore the UCES source uses a 3 

 a) sharp tip point-source b) conventional extended 

photoemission source 

c) ultracold source 



Master Thesis – Ultra cold electron source Technische Universiteit Eindhoven 

T.C.H. de Raadt - 10 -   

dimensional extraction volume while a conventional sharp tipped source uses a 2 dimensional 

surface to extract its electrons. This extra dimension can drastically lower the electron density 

inside the electron bunch in the first few moments after bunch creation. Again allowing for 

more electrons to be extracted while preventing disorder induced heating. 

1.3 Requirements of the electron source 

The different applications as discussed in the section 1.1 all have their specific requirements 

on the electron beam. For instance Ultra-Fast Electron Diffraction mainly needs a low 

transverse emittance of the electron beam in order to be able to resolve the diffraction 

patterns. Furthermore the bunch length is important since it will determine the temporal 

resolution. At last the beam charge will determine the amount of shots needed to gather 

enough signal to construct the diffraction pattern. This is very important due to sample 

damage and repeatability of the experiment. Ultimately single shot operation would be ideal 

to circumvent sample damage and relax the repeatability constraints. Sample damage is 

circumvented by trying to diffract before destroying the sample just after the single electron 

bunch has passed through the sample. This is possible if the time scale of the electron bunch 

is much smaller than the time scale of the processes that cause damage to the protein. For 

single shot protein diffraction an electron bunch charge of about 0.1-1 pC [31, 32] would be 

needed combined with an emittance smaller than 2 nm·rad as will be derived in section 2.1. A 

smaller emittance is equivalent to a higher coherence length which also means that a smaller 

sample can be used to obtain the diffraction pattern. This is specifically important with 

protein electron diffraction because such samples are hard to make homogeneous at scales 

larger than 50 m [3, 9]. A smaller sample does entail a higher dose to the sample to obtain 

the diffraction image and therefore more damage to the sample. This provides another 

incentive to develop single-shot electron diffraction. UED can be performed at relatively low 

electron energies compared to other applications discussed, making it one of the first 

applications of Ultra Cold Electron Sources. Other beam parameters such as the energy 

spread are of lesser importance for UED. 

Contrary to UED, Transmission Electron Microscopy needs a very low energy spread to 

prevent chromatic aberrations in the many magnetic lenses of a TEM combined with a high 

beam energy in the order of 100 keV. This makes it a more challenging application for UCES 

sources. Still TEM is possible since the relative energy spread can greatly be reduced using a 

clever combination of compression and acceleration cavities as will be further discussed in 

section 2.1. A low emittance is necessary to preserve the spatial resolution by preventing 

spherical aberrations in the magnetic lenses. While a high bunch charge is needed to achieve 

ultrafast single shot DTEM.  

New applications such as light generation using inverse Compton scattering mainly need very 

low emittance, high bunch charge, ultrashort pulses and would specifically benefit a lot from 

pre micro-bunching at the source. Furthermore those applications would require higher beam 

energies implying the need for further RF-acceleration. 
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Some other applications will not be suitable for Ultra Cold Electron sources. For instance 

Scanning Electron Microscopy (SEM) makes an image of the surface of a sample by focusing 

the electron beam at one small spot on the sample and measuring the secondary electrons, 

photons and other reaction products being expelled from the surface as a result of the electron 

beam spot hitting the surface. The electron beam spot is then scanned across the surface to 

construct an image of the surface. One of the main advantages of SEM is its ability to study 

the surface of thick samples while UED and TEM can only investigate thin samples since 

transmission through the sample is essential. Because a SEM image is constructed pixel by 

pixel, single-shot ultrafast temporal resolution is not achievable since the detectors have to be 

electronically read-out at each pixel limiting the temporal resolution to the ns electronics time 

scale. Since a full image typically consists of thousands of pixels a realistic temporal limit 

would be something in the order of ms to s. A SEM would therefore probably not benefit 

from an UCES source since continuous electron beams will in general contain much more 

average beam charge than pulsed sources. However Ultrafast Scanning Electron Microscopy 

(USEM) is possible for highly repeatable experiments with limited sample damage using the 

stroboscopic method to achieve temporal resolutions in the order of fs [33, 34], for this 

specific case an UCES source could be beneficial due to its high focusability and relative 

high bunch charge. In general an UCES source can be beneficial for ultra-short pulsed 

applications since the UCES source provides relatively more charge for a given emittance. 

1.4 Overview of the Ultra Cold Electron Source 

The Magneto Optical Trap (MOT) of the UCES source is constructed using a linear polarized 

780 nm cw trapping laser emanating from an optical fiber. The beam is collimated using a 

lens and is made circularly polarized by a quarter-wave plate as can be seen in figure 1.4. 

This trapping laser light passes through a transparent cathode onto a linear reflection grating 

that is made up of 3 equal semi-triangular parts, lying in plane with a relative 120° orientation 

as presented in the right of figure 1.4. The three first order diffraction beams pointing towards 

the central axis of the grating overlap with the incoming trapping laser beam to form a 

diamond shaped overlap volume. Within this overlap volume the radiation pressure from the 

4 laser beams balances out in all directions such that a MOT can be formed creating a high 

density (~1016 m-3 [1]) cloud of cold atoms. 
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Figure 1.4: Schematic setup of the UCES source [35]. The Magneto Optical Trap is constructed using 4 trapezoidal 

configured laser beams. The input trapping beam shines on the grating which provides the other 3 beams from the first order 

diffractions. Twostep near threshold ionization of the high density cloud of laser cooled atoms creates the electrons. These 

electrons are immediately accelerated using a 20 kV DC potential between the transparent cathode and the grounded grating 

surface. The electrons pass through a small hole in the center of the grating creating the electron beam. 

To obtain the electron beam from a well-defined extraction volume the trapping laser is 

briefly turned off such that all trapped atoms relax back to the ground state. From the side 

two perpendicular laser beams are used to ionize a small part of the MOT in two steps as is 

illustrated in the left and center of figure 1.4. The 780 nm excitation beam first excites a 

cylinder of atoms in the MOT and the 480 nm ionization beam then ionizes the exited atoms 

in a small spherical overlap volume. The created electrons are immediately accelerated using 

a 20 kV DC potential between the transparent cathode and the grounded grating surface. The 

electrons pass through a small hole in the center of the grating creating the electron beam. 

The MOT coils around the vacuum cube as illustrated in figure 1.5 are asymmetrically driven 

and generate two opposing fields to obtain a magnetic quadrupole field with the zero point 

overlapped with the position of the MOT. This magnetic quadrupole field causes the required 

Zeeman splitting to enable compression of the atom cloud. The transparent cathode at -20 kV 

needed to accelerate the electrons is situated outside the vacuum with the electric field 

passing through a vacuum window towards the grounded grating. There is a 10 mm gap 

between the surface of the grating and the vacuum window. The propagation directions of the 

incoming trapping laser, excitation and ionization laser are shown in figure 1.5, all 

overlapping at the position of the MOT. The electron beam passes through the hole in the 

grating along the magnetic axis of the MOT coil such that the electrons travel parallel to the 

strong magnetic field preventing large Lorentz forces.  
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Figure 1.5: Global overview of the UCES setup. The MOT coils around the vacuum cube generate the magnetic quadrupole 

field required for magneto optical compression. The transparent cathode is situated outside vacuum forming the accelerator 

together with the grounded grating holder. The propagation directions of the incoming trapping laser, excitation and 

ionization laser are shown, all overlapping in the MOT. The created electron beam passes through the hole in the grating 

along the beamline. It can then be focused using a solenoid magnetic lens and can be imaged using a Micro Channel Plate 

(MCP) electron detector combined with a phosphor screen imaged with a CCD camera. 

After the electron bunch passes through the hole in the grating it propagates through the 

beam-line where it can be focused using a solenoid magnetic lens and can finally be imaged 

using a Micro-Channel Plate (MCP) electron detector combined with a phosphor screen 

which is imaged onto a CCD camera. This provides the transverse profile of the electron 

beam. An uncalibrated transimpedance amplifier connected to the phosphor screen gives an 

indication of the total charge in the beam and provides the arrival time of the electron beam at 

the detector. 

1.5 The experiment 

An important goal of this experiment is to measure all three emittances of the electron bunch 

in order fully characterizing the UCES source quality. Specifically this report will focus on 

the longitudinal emittance and especially the electron bunch length. This bunch length will be 

measured in a so called temporal self-compression point. This point exists because the 

electrons created at the back of the accelerator gain more energy but need to travel a longer 

distance. Therefore at some point they overtake the slower front of the electron pulse creating 

a temporal self-compression point. 

The electron bunch length will be measured using the interaction between a laser pulse and 

the electron bunch that are synchronized to each other. The femtosecond laser pulse can be 

focused in vacuum just behind the grating holder at the self-compression point as illustrated 

with the red line in figure 1.5. At first the laser will be shot at a copper TEM grid where the 

electron bunch passes through. When the laser and electron bunch arrive at the same time at 

the grid the plasma created by the laser hitting the copper will disturb the electron beam 

which can be measured on a downstream electron detector. By changing the delay between 
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MOT coils 
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MCP detector C

a
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the laser and the electron beam a bunch length measurement can be performed. However this 

method is limited by the creation time of the plasma as will be discussed in section 5. 

In order to make more precise measurements the simulations and preparations will be made 

to do ponderomotive measurements of the bunch length. In this measurement the laser pulse 

is shot directly at the electron bunch in vacuum. The high peak intensity of the laser pulse 

will cause the electrons to oscillate and eventually be pushed away from the high intensity 

peak of the laser pulse. This deflection of the electrons can be measured as function of delay 

time between the laser pulse and electron bunch as is presented in the example of figure 1.6 

measured at the university of Toronto [36]. Several experiments have already demonstrated 

successful pulse length measurements of electron beams from conventional sources using this 

ponderomotive method [36-42]. 

Figure 1.6: Example of a bunch length measurement using ponderomotive scattering performed at the university of Toronto 

[36]. From the left to the right the delay between the laser pulse and electron beam is scanned in steps of 300 fs. An image of 

the undisturbed beam has been subtracted from each image [36]. The effect of the ponderomotive scattering that pushes the 

electrons outward can clearly be seen when the electron bunch and laser pulse are temporally overlapped in the center image. 

1.6 Outline 

This report continues in chapter 2 with a fundamental background. In this chapter, the properties 

used for quantifying the electron source will be derived, the principle of laser cooling is 

explained, the details of a grating MOT are discussed and the ionization process used to create the 

electron bunch is investigated. Chapter 3 will go into the details of operating the Ultra Cold 

Electron Source. It will explain the complications of an accelerator module outside vacuum, 

detail the experiments conducted to discover the cause of these complications, outline the 

measures taken to resolve these complications and finally present the electron bunch 

characterization as measured with a stable electron source. Chapter 4 will focus on the temporal 

electron bunch length measurements. First the self-compression point will be analytically 

characterized and investigated using simulations. The ponderomotive force will then be explained 

and the properties of the ponderomotive laser pulse will be measured. An analytical model for the 

ponderomotive scattering of the electron bunch will be derived and the simulation model of the 

ponderomotive scattering will be explained. Simulations will then be compared to the analytical 

model to investigate all relevant aspects of the ponderomotive scattering inside the self-

compression point. Finally a successful electron bunch length measurement inside the self-

compression point will be presented in chapter 5. 
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2 Ultra Cold Electron Source fundamentals 

2.1 Quantifying electron beam quality 

The main goal of the Ultra Cold Electron Source project is to develop a high quality electron 

source that can be used in a variety of applications as is discussed in the introduction. In order 

to develop the UCES source it is of critical importance to quantify the quality of the electron 

beam in order to have a benchmark to improve the source. To provide some measurement of 

beam quality the normalized root-mean-squared (rms) transverse emittance 휀�̂��̂�
 is introduced 

[1, 18, 25]:  

휀�̂��̂�
≡

1

𝑚𝑒𝑐
√⟨𝑥�̂�

2⟩⟨𝑝𝑥�̂�
2⟩ − ⟨𝑥�̂�𝑝𝑥�̂�

⟩, [2.1] 

where 𝑚𝑒 is the electron mass, 𝑐 is the speed of light, 𝑥�̂� is the position of each electron with 

respect to the bunch center, 𝑝𝑥�̂�
 is the momentum of each electron in the 𝑥�̂�-direction with 

respect to the average momentum in the 𝑥�̂�-direction and the ⟨ ⟩ indicate an average over all 

electrons in the bunch. This normalized emittance represents the area of the ellipse that 

defines the electron bunch in position-momentum phase space as is indicated in figure 2.1. 

The subscript index indicates the direction in which the emittance is calculated, 𝑥�̂� can be the 

x-, y- or z-direction. The emittance is equivalent for all axes and therefore the equations in 

this section can be used for each direction. 

 
Figure 2.1: Example of a position-momentum phase space of an electron bunch in which the ellipse represents the rms 

standard deviation contour [8]. At the left the initial phase space of the electron bunch as it is created is presented. At the 

accelerator exit the back of the electron bunch has gained more energy giving a linear correlation in phase space. While 

drifting the back of the electron bunch starts to overtake the front resulting in a self-focus after which the drift continues to 

stretch the bunch. 

The initial longitudinal (𝑧, 𝑝𝑧)-phase space of the electron bunch as it is created in the 

extraction volume is presented in figure 2.1.a. As can be seen in figure 2.1.a, initially the 

phase space is uncorrelated. The accelerator then accelerates the electron bunch and 

accelerates the back of the electron bunch a bit more than the front as will be discussed in 

section 4.1. This results in a linear correlation as can be seen in figure 2.1.b. When the 

electron bunch drifts, the back of the electron bunch will start to overtake the front of the 

electron bunch, corresponding to a clockwise rotation of the phase space. Eventually this 

results in a self-focus point as is presented in figure 2.1.c. The rotation in phase space will 

continue after the self-focus, stretching the pulse as is presented in figure 2.1.d. 
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Inside a waist the phase space of the electron beam is per definition flat1 meaning there is no 

correlation between position 𝑥�̂� and momentum 𝑝𝑥�̂�
 as is the case in figure 2.1.a. Therefore 

equation 2.1 can be reduced to: 

휀�̂��̂�
≡

1

𝑚𝑒𝑐
√⟨𝑥�̂�

2⟩⟨𝑝𝑥�̂�
2⟩. [2.2] 

This equation can be further simplified using the definition of the rms standard deviation 𝜎𝑥�̂�
: 

𝜎𝑥�̂�
≡ √⟨𝑥�̂�

2⟩ − ⟨𝑥�̂�⟩2.  [2.3] 

The emittance is defined with respect to the center of the electron bunch and therefore the 

average position ⟨𝑥�̂�⟩ and average momentum ⟨𝑝𝑥�̂�
⟩ are per definition zero. Using equation 2.2 

and 2.3 combined with this fact gives a simple form of the normalized transverse emittance in 

a waist: 

휀�̂��̂�
=

𝜎𝑥�̂�
𝜎𝑝𝑥�̂�

𝑚𝑒𝑐
. [2.4] 

Note that this equation is only valid in a waist where position and momentum are 

uncorrelated. The initial electron extraction volume is such a waist where, at the moment the 

bunch is created, there are no correlations. The initial momentum distribution follows a 

thermal distribution, in which the transverse electron source temperature 𝑇𝑥�̂�
 is dominated by 

the excess energy the electrons gain from the finite bandwidth of the ionization laser [8] as 

will be discussed in detail in section 2.4: 

𝜎𝑝𝑥�̂�
= √𝑚𝑒𝑘𝐵𝑇𝑥�̂�

, [2.5] 

where 𝑘𝐵 is the Boltzmann constant. Combining equation 2.4 and 2.5 gives the normalized 

emittance of an Ultra Cold Electron Source [1]: 

휀�̂��̂�
= 𝜎𝑥�̂�

√
𝑘𝐵𝑇𝑥�̂�

𝑚𝑒𝑐2 . [2.6] 

An alternative to the normalized emittance to describe the electron beam quality is the 

relative coherence 𝐶𝑥�̂�
. The relative coherence is also Lorenz invariant and can be calculated 

inside a waist according to [30]: 

𝐶𝑥�̂�
=

ℎ

2𝜋𝜎𝑥�̂�
𝜎𝑝𝑥�̂�

,  [2.7] 

where ℎ is the Planck constant. When equation 2.4 is compared to this equation it is apparent 

that the relative coherent length 𝐶𝑥�̂�
 and normalized emittance 휀�̂��̂�

, are totally equivalent and 

are each other’s inverse with the reduced Compton wavelength ƛ𝑐 as prefactor: 

                                                 
1 Flat means the ellipse defining the electron beam in phase space has its axes parallel to the 𝑥�̂� and 𝑝𝑥�̂�

 axes. 
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𝐶𝑥�̂�
=

ℎ

2𝜋𝑚𝑒𝑐

1

̂𝑥�̂�

=
ƛ𝑐

̂𝑥�̂�

. [2.8] 

The local coherence length 𝐿𝑥�̂�
 can be obtained by multiplying the relative coherence with the 

beam size at that position [30, 43]: 

𝐿𝑥�̂�
= 𝜎𝑥�̂�

𝐶⊥. [2.9] 

A direct expression of the local coherence length can be obtained by substituting equation 2.7 

for the relative coherence [44]: 

𝐿𝑥�̂�
=

ℎ

2𝜋𝜎𝑝𝑥�̂�

.  [2.10] 

This report will express beam quality preferably in emittances instead of coherence lengths. 

Now that the fundaments for quantifying electron bunch quality have been discussed, let us 

investigate the requirements for ultra-fast electron diffraction. In order to understand electron 

diffraction the electrons can best be viewed as waves with a de Broglie wavelength 𝜆𝐵: 

𝜆𝐵 =
ℎ

𝑝𝑧
, [2.11] 

where the paraxial beam approximation has been made in which the transverse velocities are 

negligible compared to the longitudinal propagation velocity of the bunch. These electron 

waves diffract of a crystal lattice with lattice constant 𝑎 when passing through the sample 

with a total size ∆𝑥. The crystal lattice acts as a transmission grating and diffracts the 

electrons under an angle 𝜃 as presented in the left of figure 2.2. 

       

Figure 2.2: Schematic representation of electron diffraction of a crystalline sample with lattice constant 𝑎 and a total sample 

size ∆𝑥. The electrons are diffracted under an angle 𝜃 resulting in a diffraction pattern on the detector. On the left an ideal 

electron bunch is presented while on the right the electron beam has some angular spread resulting in partial blurring of the 

diffraction pattern. 

The diffraction angle of the electrons can be calculated using Bragg’s law: 

sin(𝜃) =
𝑛𝜆𝐵

𝑎
,  [2.12] 

where 𝑛 is the order of the diffraction peak. If the electron bunch has some angular spread ∆𝜃 

the diffraction pattern will be partially blurred out, as illustrated in the right of figure 2.2. In 

order for the diffraction pattern to still be resolvable the angular spread of the electron beam 

needs to be much smaller than the diffraction angle, as can be seen in the right of figure 2.2: 

∆𝜃 ≪ 𝜃. [2.13] 

𝑝𝑥 

𝑝𝑧 
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In order to resolve the strongest first order diffraction peaks the following inequality must 

hold, as can be seen by combining equation 2.12 and 2.13: 

∆𝜃 ≪
𝜆𝐵

𝑎
, [2.14] 

where the paraxial approximation sin(𝜃) ≈ 𝜃 is made because the angles that are obtained 

with electron diffraction are very small. The angle an electron makes with the propagation 

direction can be obtained using the paraxial approximation from the ratio between the 

transverse momentum 𝑝𝑥 and the longitudinal momentum 𝑝𝑧 as can be seen in figure 2.2. 

Since the longitudinal momentum is much bigger than the transverse momentum the angular 

spread is the ratio between the transverse momentum spread 𝜎𝑝⊥
 and the longitudinal 

momentum 𝑝𝑧: 

∆𝜃 =
𝜎𝑝⊥

𝑝𝑧
. [2.15] 

Combining equations 2.14 and 2.15 and substituting the Broglie wavelength of equation 2.11 

gives: 

𝜎𝑝⊥
≪

ℎ

𝑎
. [2.16] 

The spread in transverse momentum can now be replaced by the transverse coherence length 

of equation 2.10: 

ℎ

2𝜋𝐿⊥
≪

ℎ

𝑎
.  [2.17] 

Rewriting this inequality reveals the requirement to resolve the electron diffraction pattern; 

the transverse coherence length needs to be much larger than the lattice constant of the 

crystal: 

𝐿⊥ ≫
𝑎

2𝜋
. [2.18] 

This inequality can be rewritten in terms of normalized emittance using equation 2.8 and 2.9: 

휀⊥̂ ≪
ℎ

𝑚𝑒𝑐

𝜎⊥

𝑎
. [2.19] 

The total size of the sample crystal will limit the maximum transverse size of the electron 

beam 𝜎⊥ that can be used in order to not waste part of the beam. As discussed in the 

introduction it is difficult to make large homogeneous samples restricting the size of the 

sample 𝑑: 

𝜎⊥ ≤ 𝑑. [2.20] 

This gives the final inequality for the transverse emittance that needs to be satisfied in order 

to perform electron diffraction on a sample: 

휀⊥̂ ≪
ℎ

𝑚𝑒𝑐

𝑑

𝑎
, [2.21] 
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where the prefactor equals the Compton wavelength: 𝜆𝑐 =
ℎ

𝑚𝑒𝑐
. A typical protein has a lattice 

constant larger than 5 nm and typically the sample size is smaller than 50 m. The 

requirement of equation 2.21 then dictates that a normalized transverse emittance smaller 

than 2 nm·rad is required. Similar to equation 2.18, the longitudinal coherence length also 

needs to be much bigger than the characteristic longitudinal length scale; the Broglie 

wavelength: 

𝐿∥ ≫ 𝜆𝐵. [2.22] 

With the help of equations 2.10 and 2.11 this inequality can be rewritten in terms of 

momenta: 

𝜎𝑝𝑧

𝑝𝑧
≪

1

2𝜋
. [2.23] 

Using the definition of kinetic energy of an electron in a non-relativistic beam 𝐸𝑘𝑖𝑛 =
𝑝𝑧

2

2𝑚𝑒
, 

the longitudinal requirement can be rewritten in terms of beam energy [44]: 

𝜎𝐸𝑘𝑖𝑛

𝐸𝑘𝑖𝑛
≪

1

𝜋
. [2.24] 

This means the relative energy spread of the electron beam must be much smaller than 1 in 

order to satisfy the longitudinal requirement for electron diffraction. As will be seen in 

equation 4.12 of section 4.1 the relative energy spread of the UCES source is just the ratio 

between the distance from the MOT to the accelerator exit and the longitudinal size of the 

extraction volume. Therefore an energy spread of 1% is easily achievable for the UCES 

source, satisfying this requirement. 

The three emittances of an electron bunch in the two transverse and the longitudinal direction 

can be combined together with the charge in the bunch to obtain a single number to quantify 

the electron bunch quality. This property is called the 6D phase space density 𝑓 [25]: 

𝑓 ≡
𝜕6𝑁

𝜕𝑥𝜕𝑦𝜕𝑧𝜕𝑝𝑥𝜕𝑝𝑦𝜕𝑝𝑧
, [2.25] 

where 𝑁 is the amount of electrons in the bunch representing the beam charge. This beam 

charge is very important because it will determine the rate at which measurements can be 

conducted or determine the yield. Equation 2.25 can be simplified by assuming Gaussian 

distributions for the positions and momenta in a waist of the electron bunch: 

𝑓 =
𝑁

(2𝜋)3𝜎𝑥𝜎𝑦𝜎𝑧𝜎𝑝𝑥𝜎𝑝𝑦𝜎𝑝𝑧

. [2.26] 

This 6D phase space density can be rewritten in terms of the emittances using equation 2.4: 

𝑓 =
𝑁

(2𝜋)3(𝑚𝑒𝑐)3 ̂𝑥 ̂𝑦 ̂𝑧
. [2.27] 
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The theoretical 6D phase space density of the UCES source can now be calculated using 

equation 2.27 and 2.6: 

𝑓 =
1

(2𝜋)3(𝑘𝐵𝑚𝑒)3/2 ∙
𝑁

𝜎𝑥𝜎𝑦𝜎𝑧√𝑇𝑥𝑇𝑦𝑇𝑧
. [2.28] 

The source size expressed as the rms standard deviations 𝜎𝑥, 𝜎𝑦, and 𝜎𝑧 in equation 2.28, are 

determined by the size of the excitation and ionization lasers that form the extraction volume, 

as further discussed in section 2.4. The amount of electrons in the bunch 𝑁 will be 

determined by the atomic density of the MOT, the size of the extraction volume, the energy 

in the ionization laser pulse, the detuning of the ionization laser pulse with respect to the 

ionization threshold and the excited state fraction as a result of the excitation laser power. 

Finally the source temperature 𝑇𝑖 will be determined by the excess energy the electrons gain 

from the photo ionization process as will be further discussed in section 2.4. Note that since a 

directional external electric field is applied inside the extraction volume, it is not apparent 

that the source temperature is equal in all directions and in fact it is probably different in the 

longitudinal direction [30]. 

The 6D phase space density of equation 2.28 is conserved throughout the whole beamline for 

all conservative forces, such as ideal accelerators, focusing solenoids, steering dipoles etc. 

Therefore the quality of the electron beam is fully determined at the source where the 6D 

phase space density gets its fixed value. Afterwards smart electron beam “optics” can be used 

to exchange positional and momentum spread keeping the emittance constant or even 

exchange emittances from one axes to the other, but the total 6D phase space density will 

remain the same. This means the initial quality of the source can be divided over the required 

properties of the electron beam as desired so to speak. For instance if a very short pulse is 

required for some application that is not sensitive for energy spread, the bunch length (𝜎𝑧) 

can be decreased at the cost of an increase in energy spread (𝜎𝑝𝑧
) with a compression cavity. 

Lowering both the bunch length and the energy spread at the same time can however only be 

done by improving the source. Note that the 6D phase space density describes the absolute 

values of the spreads in momenta and position. Therefore there are still “tricks” that can be 

applied to reduce the relative spreads. For instance a compression cavity can be used to 

obtain a very short bunch with a relative big energy spread at the center of a second cavity 

that can then accelerate those electrons to high energies. This will result in a short bunch 

length with the same absolute value of energy spread. However since the beam energy can be 

increased for instance by a factor of 10, the relative energy spread will then decrease tenfold, 

with the 6D phase space density and normalized emittances remaining constant. 

Another commonly used measure for the total beam quality is the average 6D brightness �̅� 

also referred to as spectral brightness or brilliance and is defined as [25]: 

�̅� ≡
𝐼

∆𝐴∆𝛺∆𝑈
, [2.29] 

where 𝐼 is the beam current, ∆𝐴 is the cross-sectional area of the beam, ∆𝛺 is the solid angle 

defining the beam divergence and ∆𝑈 is the energy spread of the beam. �̅� is mostly used for 
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continuous electron beams and is an average over the local 6D brightness 𝐵 that can be used 

for pulsed electron beams: 

𝐵 =
𝜕6𝑄

𝜕𝑥𝜕𝑦𝜕𝑥′𝜕𝑦′𝜕𝑡𝜕𝑈
, [2.30] 

where 𝑄 is the total beam charge, 𝜕𝑡 is the derivative to time and 𝑥′ is the angle of the beam 

an individual electron makes in the transverse x-direction with respect to the longitudinal 

propagation direction of the bunch:  

𝑥′ ≡
𝑣𝑥

𝑣
, [2.31] 

where 𝑣𝑥 is the velocity in the x-direction of an individual electron and 𝑣 is the average 

velocity of the bunch. Equation 2.30 can be rewritten in terms of position and momentum 

using the assumption that 𝑣 ≈ 𝑣𝑧 ≫ 𝑣𝑥  , 𝑣𝑦 and the relativistic equation for momentum 𝑝𝑖 =

𝛾𝑚𝑣𝑖 [25]: 

𝐵 = 𝛽2𝛾2𝑚𝑒
2𝑐2 𝜕6𝑄

𝜕𝑥𝜕𝑦𝜕𝑧𝜕𝑝𝑥𝜕𝑝𝑦𝜕𝑝𝑧
 [2.32] 

where 𝛾 is the Lorentz factor defined as 𝛾 ≡
1

√1−𝛽2
, with 𝛽 ≈

𝑣𝑧

𝑐
. The local 6D brightness 𝐵 is 

however not a Lorentz-invariant property, meaning that the local 6D brightness changes 

when accelerating the beam. Therefore the peak normalized 6D brightness �̂�𝑛 is introduced 

that is Lorentz-invariant: 

�̂�𝑛 ≡
1

𝛽2𝛾2 𝐵. [2.33] 

Combining equation 2.32 and 2.33 for a 6D Gaussian phase space distribution with its 

ellipsoid axes parallel to the x, y and z axes gives: 

�̂�𝑛 =
𝑚𝑒

2𝑐2

(2𝜋)3

𝑄

𝜎𝑥𝜎𝑦𝜎𝑧𝜎𝑝𝑥𝜎𝑝𝑦𝜎𝑝𝑧

. [2.34] 

Using equation 2.4 this can be rewritten in terms of the normalized emittances giving the 

preferred form of the peak normalized 6D brightness [25]: 

�̂�𝑛 =
1

(2𝜋)3𝑚𝑒𝑐

𝑁𝑒

̂𝑥 ̂𝑦 ̂𝑧
, [2.35] 

where 𝑒 is the elementary electron charge. This gives a quantitative number for the quality of 

the electron bunches being created. The peak normalized 6D brightness is in principle 

conserved throughout the electron beamline just like the 6D phase space density. By 

comparing equation 2.27 and 2.35 the relationship between the peak normalized 6D 

brightness and the 6D phase space density is evident: 

�̂�𝑛 = 𝑒(𝑚𝑒𝑐)2𝑓. [2.36] 
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The 6D phase space density and the 6D normalized peak brightness are equivalent and only 

differ in a physical constant prefactor as can be seen in equation 2.36. The rest of this report 

will focus on the 6D phase space density as opposed to the 6D normalized peak brightness, 

because the definition of brightness suggests a continuous beam due to the current I being 

present in the definition of equation 2.29. Pulsed and continuous electron beams are in a 

different ballpark and therefore incomparable. Continuous beams can provide orders of 

magnitude more charge per second than pulsed beams. However when dynamic behaviors are 

studied with a continuous beam the shutter time of the electron detector limits the time 

resolution from ms to s opposed to a time resolution up to fs for pulsed electron beams 

which is up to 12 orders of magnitude better. There is also little point in trying to calculate 

the longitudinal positional spread 𝜎𝑧 of a continuous beam. Therefore it is bad practice to 

compare the peak brightness of continuous and pulsed electron beams. 

Yet another commonly used property of an electron bunch is its geometrical emittance 휀𝑥�̂�
, 

which expresses the focusability of the electron beam [44]: 

휀𝑥�̂�
≡ √⟨𝑥�̂�

2⟩⟨𝑥�̂�
′2⟩ − ⟨𝑥�̂�𝑥�̂�

′⟩, [2.37] 

where 𝑥�̂� is again the position of individual electrons and 𝑥′ is the angle an individual 

electron makes with the propagation direction of the total bunch as expressed in equation 

2.31. Equivalent to the derivation of the normalized emittance, equation 2.37 can be 

simplified if the beam is in a waist: 

휀𝑥�̂�
= 𝜎𝑥�̂�

𝜎𝑥�̂�
′ , [2.38] 

where the angular spread 𝜎𝑥�̂�
′ inside a waist, also indicated by ∆𝜃, is defined as: 

𝜎𝑥�̂�
′ ≡

𝜎𝑝𝑥�̂�

𝑝𝑧
. [2.39] 

Note that the caret of equation 2.4 indicates the normalized emittance 휀�̂��̂�
 and that the 

geometrical emittance 휀𝑥�̂�
 lacks this caret. The normalized emittance 휀�̂��̂�

 concerns the phase-

space while the geometric emittance describes the trace space of an electron bunch. As can be 

seen from equation 2.39, the geometrical emittance is not conserved when the beam is for 

instance accelerated as opposed to the normalized emittance that is Lorentz invariant. 

Therefore the normalized emittance will be preferred in this report. Using the full expression 

for the relativistic momentum and rewriting the results in terms of 𝛽 gives: 

𝜎𝑥�̂�
′ =

𝜎𝑝𝑥�̂�

𝛾𝑚𝑒𝑣𝑧
=

𝜎𝑝𝑥�̂�

𝛾𝛽𝑚𝑒𝑐
 [2.40] 

Combining equation 2.38 with equation 2.40 gives a nicer form of the geometric emittance: 

휀𝑥�̂�
=

1

𝛾𝛽

𝜎𝑥�̂�
𝜎𝑝𝑥�̂�

𝑚𝑒𝑐
. [2.41] 
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Comparing equation 2.4 with equation 2.41 provides the relationship between the geometric 

emittance and the normalized emittance: 

휀 =
̂

𝛾𝛽
. [2.42] 

This report will focus on the longitudinal characterization of the electron beam. The 

transverse normalized emittances of the UCES source have been measured using a waist-scan 

method as is presented in ref. [1]. To obtain the full 6D phase space density and therefore the 

actual quality of the UCES source, the longitudinal normalized emittance needs to be 

characterized. This can be done by measuring both the energy spread (𝜎𝑝𝑧
) of the beam and 

the bunch length (𝜎𝑧) inside a “longitudinal waist” of the electron beam where the 

longitudinal position and momenta are uncorrelated. The UCES source provides a unique 

opportunity to measure the bunch length in a virtual source point called the self-compression 

point as will be further explained in section 4.1. This experiment will focus on measuring the 

bunch length in this self-compression point in order to further characterize the UCES source 

quality. 
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2.2 Laser cooling and compression 

One of the key concepts of the Ultra Cold Electron Source (UCES) is laser cooling and 

compression to create a cold dense cloud of atoms2. In 1997 the great success of laser cooling 

led to a Nobel prize for Steven Chu, Claude Cohen-Tannoudji and William Phillips [46].  

Laser cooling has developed many applications such as greatly improve the caesium atomic 

clocks used all over the world to set the standard of time [46]. 

The laser cooling in the UCES source utilizes three principles; Doppler cooling, magneto 

optical compression and sub-Doppler Sisyphus cooling. First the atom cloud is cooled down 

and compressed using the optical molasses technique also known as Doppler cooling. These 

techniques will be explained in this section. sub-Doppler Sisyphus cooling can then cool the 

cloud to even lower temperatures inside the UCES source. However this additional cooling is 

not essential for the operation of the UCES source and therefore will not be detailed in this 

report. More information about sub-Doppler Sisyphus cooling can be found in ref. [45]. 

Before going into the details of magneto-optical compression, first the optical molasses 

technique will be explained because magneto-optical compression is based upon this 

principle with the addition of a magnetic field. 

2.2.1 Optical molasses technique 

The optical molasses technique uses the momentum of light to slow atoms down and thereby 

cooling them. The principle of cooling requires some form of dissipation of energy from the 

atoms. This means that absorption of laser light alone cannot be enough to cool the atoms. 

Photon emission from the atoms is therefore also necessary. 

When a photon with the proper wavelength “hits” an atom it can be absorbed by the atom. 

The photon carried some momentum before it was absorbed and the conservation of 

momentum prescribes that this momentum cannot be lost. Therefore the atom gets a little 

kick of momentum when it absorbs the photon. The atom gets in an exited state after 

absorbing the photon. Shortly after that, the atom will fall back to its ground state emitting a 

new photon in a random direction. This will again involve a momentum change called the 

recoil. If the atom is placed inside the laser beam, photons keep repeatedly “hitting” the atom. 

Every time the kick of momentum from absorption is in the same laser direction while all 

recoil kicks are in random directions and average out to zero. Effectively this implies a force 

on the atom caused by the laser called the scattering force.  

This scattering force can be used to cool atoms down. Doppler cooling uses two opposing 

identical laser beams incident on the atom that needs to be cooled as illustrated in figure 

2.3.a. The laser frequency is tuned just below the resonance frequency of the atomic 

transition. If the atom is stationary, the scattering forces from both laser beams balance each 

other out and there is no net force. If the atom moves in for instance the positive z direction, 

the Doppler shift takes the frequency of the opposing laser beam closer to resonance and the 

other laser beam further from resonance as illustrated in figure 2.3.b. This unbalances the 

scattering forces and results in a force opposing the movement of the atom. This slows the 

                                                 
2 This section is based on the Bachelor Thesis of T.C.H. de Raadt [45]. 
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atom down and effectively cools it. The energy is dissipated through the photons that are 

emitted in all directions which have a miniscule Doppler shift carrying away the energy. With 

six laser beams the atom can be cooled in all directions as illustrated in figure 2.3.c. 

Figure 2.3: Using the scattering force to cool atoms. a) Two opposing laser beams shine on the atom both just under 

resonance with the transition. The scattering forces balance. b) If the atom moves in the positive z direction the Doppler shift 

results in the opposing laser beam getting closer to resonance and the other laser beam getting farther from resonance. That 

leads to an increase in the scattering force opposing the movement and therefore slowing the atom down. c) With six laser 

beams this can be done in every direction cooling the atom in all directions [45, 46]. 

2.2.2 Magneto-optical compression 

With the addition of a quadrupole magnetic field the atoms can not only be cooled but also 

compressed and confined in one spot. This is called magneto-optical compression and uses 

the Zeeman shift to create a position dependent imbalance in the scattering force. In all 3 

dimensions this makes a Magneto-Optical Trap (MOT). A quadrupole magnetic field is 

created using two coils, that are centered with the lasers from the optical molasses technique 

as is illustrated in figure 2.4.a and 2.4.c. The magnetic field at the center is 0 and moving 

away from the center the magnetic field increases. This causes the atomic energy levels to be 

perturbed linear as is illustrated in figure 2.4b. In this example there are 3 energy levels 𝑀𝐽 =

−1, 0 and 1. The  𝑀𝐽 = 0 level is not effected and the  𝑀𝐽 = −1 and  𝑀𝐽 = 1 are effected 

mirrored. As before the frequency of the lasers is just beneath the resonance frequency. The 

laser light is circular polarized and two opposing beams are polarized as − and +, −can 

only excite to the 𝑀𝐽 = −1 state and + only to the 𝑀𝐽 = 1 state3. 

                                                 
3 The circular polarization direction is defined relative to the fixed positive axis instead of the laser direction. 

a) b) 
c) 
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Figure 2.4: Magneto-optical compression using the Zeeman shift. a) The quadrupole field that is created by the two coils. At 

the center 𝐵 = 0 and moving away from the center 𝐵 increases. b) The Zeeman shift of the energy levels of the atoms as 

function of the z position. In this example there are 3 energy levels 𝑀𝐽 = −1, 0 and 1 that are perturbed by the magnetic 

field. As before the frequency of the lasers is just beneath the resonance frequency. The laser light is circular polarized and 


−

can only excite to the 𝑀𝐽 = −1 state. c) The magnetic and laser configuration together [45, 46]. 

When the atom is in the middle of the trap there is no Zeeman shift. Both laser beams are 

equally far from resonance and the scattering force is balanced. When the atom moves in the 

positive z direction out of the center of the trap, the 𝑀𝐽 = −1 level is lowered and the 𝑀𝐽 = 1 

level increases due to the Zeeman shift from the magnetic field as illustrated in figure 2.4b. 

This means the − light gets closer to resonance and the + light moves further from 

resonance. This increases the − scattering force and decreases the + scattering force. This 

imbalance in the scattering forces results in a net force in the negative z direction, back to the 

center of the trap. This effectively compresses and traps the atoms in the center of the 

quadrupole field. Note that the directionality of the compression force comes from the 

gradient in the magnetic field, not the direction of the magnetic field. 

Using magneto-optical compression the atoms can be cooled to the Doppler cooling limit 𝑇𝐷 

[46]:  

𝑇𝐷 =
ℎ

2𝑘𝐵
,  [2.43] 

where  is the natural line width of the cooling transition4. This is the minimum temperature 

that can be reached with magneto-optical compression. For rubidium-85 the line width of the 

transition is 𝑅𝑏 = 6.07 MHz [47]. Using equation 2.43 this gives a Doppler cooling limit of 

146 μK. However Sisyphus cooling could reduce this temperature further towards the recoil 

limit of 0.37 μK for rubidium-85 [45]. 

2.2.3 The transitions of Rb-85 

The transitions of rubidium 85 between the 5 𝑆1/2 
2  and the 5 𝑃3/2 

2  state including the 

hyperfine splitting are illustrated in figure 2.5. This transition is called the D2 transition of 

Rb-85. All bold words in this subsection refer to figure 2.5. 

                                                 
4  is defined as a frequency as opposed to an angular frequency in this report. 

a) b) c) 



Master Thesis – Ultra cold electron source Technische Universiteit Eindhoven 

T.C.H. de Raadt - 27 -   

 
Figure 2.5: The transitions of rubidium 85 between the 5 𝑆1/2 

2  and the 5 𝑃3/2 
2  state including the hyperfine splitting. This 

transition is called the D2 transition of Rb-85. The transition frequency between the different energy levels is indicated in 

this figure, note that the energy difference between the 5 𝑆1/2 
2  and the 5 𝑃3/2 

2  state is not on scale with the hyperfine 

splitting. The hyperfine splitting itself is depicted on scale with the total angular momentum quantum number F. The 

relevant transitions that are pumped by the laser are illustrated with their corresponding emissions. 

The laser cooling as described in this section is done on the transition between the 5 𝑆1/2 
2 𝐹 =

3 and the 5 𝑃3/2𝐹 = 4 
2  state, as is indicated by the longest red arrow. These atoms then fall 

back to the original 5 𝑆1/2 
2 𝐹 = 3 state with the emission of a photon as is indicated by the 

green arrow. The cooling is achieved through dissipation of energy that is carried away with 

this emitted photon indicated by the green arrow. 

Due to the 6 MHz natural line width of the D2 cooling transition [47] some atoms are also 

exited to the lower lying 5 𝑃3/2𝐹 = 3 
2  state as is indicated by the shorter red arrow. 

Although the 𝐹 = 3 state is about 20 FWHM (8.5 𝜎) away still some atoms end up in this 

state since an extremely large amount of scattering events are needed to cool down an atom. 
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These atoms can then fall back to one of the 5 𝑆1/2 
2  ground states with the emission of a 

photon indicated by the blue arrows. These unwanted transitions result in some atoms being 

in the 5 𝑆1/2 
2 𝐹 = 2 state which cannot be cooled by the cooling laser due to the large gap of 3 

GHz and would therefore be lost. A repump laser is needed to get those atoms back to the 

5 𝑃3/2𝐹 = 3 
2  state, as is indicated by the pink arrow, where they have again a change to fall 

back to the right 5 𝑆1/2 
2 𝐹 = 3 ground state. This repump laser is derived from the cooling 

laser beam using an Electo Optic Modulator (EOM). 

Some other transitions between the states of figure 2.5 may occur with lower probabilities 

that are not indicated. These transitions will eventually result in the atom being in one of the 

5 𝑆1/2 
2  ground states. Therefore these atoms can be cooled again or repumped to the right 

state. 

In this experiment an external DC electric field is applied to accelerate the created electrons. 

This electric field causes a significant Stark shift of the atomic potential. The 5 𝑆1/2 
2  ground 

states shift differently than the 5 𝑃3/2 
2  exited states due to a non-zero tensor polarizability [1]. 

Therefore the frequencies of the cooling and repump laser need to be detuned to compensate 

for this Stark shift using an Acousto Optic Modulator (AOM). For an typical accelerator 

potential of 20 kV the cooling lasers need to be detuned about 12 MHz [1]. 
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2.3 Grating MOT 

Instead of the traditional six beam Magneto Optical Trap (MOT) as explained in the previous 

section, the UCES source utilizes a grating MOT as already mentioned in the introduction. 

This has the advantage of only having to align a single laser beam compared to six with a 

traditional MOT. The MOT is constructed using a linearly polarized 780 nm continuous wave 

trapping laser beam emanating from an optical fiber. The beam is collimated using a lens and 

is made circularly polarized by a quarter-wave plate as can be seen in figure 2.6. This 

trapping laser light is diffracted by a linear reflection grating that is made up of 3 equal semi-

triangular parts, lying in plane with a relative 120° orientation as presented in figure 2.6. The 

three first order diffraction beams pointing towards the central axis of the grating overlap 

with the incoming trapping laser beam to form a diamond shaped overlap volume as is 

illustrated in figure 2.6.  

                          
Figure 2.6: Schematic setup of the UCES grating MOT [35]. The MOT is constructed using a linear polarized 780 nm 

trapping laser from an optical fiber that is collimated using a lens and circularly polarized by a quarter-wave plate. This 

trapping laser light is diffracted by a linear reflection grating that is made up of 3 equal triangular parts, lying in plane with a 

relative 120° orientation as presented in the right of this figure. The three first order diffraction beams pointing towards the 

central axis of the grating overlap with the incoming trapping laser beam to form a diamond shaped overlap volume. Within 

this overlap volume a MOT can be formed creating a high density cloud of cold atoms. 

The volume of this diamond shape 𝑉𝑜𝑣𝑒𝑟𝑙𝑎𝑝 can be calculated using some geometry: 

𝑉𝑜𝑣𝑒𝑟𝑙𝑎𝑝 =
√3

8
𝑟3cot (𝜃), [2.44] 

where 𝑟 is the radius of the trapping laser which is 12.5 mm (1/𝑒2) in this experiment and 𝜃 

is the diffraction angle of the grating equal to 30° for this experiment. This gives an overlap 

volume of about 732 mm3 in which the MOT can form. Note however that the height of this 

overlap volume is 22 mm, while the actual gap between the grating and the vacuum window 

is only 10 mm as given in picture 2.7 were the gap and the MOT are imaged. Therefore only 

half of the total overlap volume can be used to form a MOT. The number of atoms 𝑁 in the 

MOT empirically scales with the overlap volume according to 𝑁 ∝ 𝑉1.2 [1, 48]. According to 

Nshii et al. [35] about 2 ∙ 107 atoms can be trapped in an overlap volume of 570 mm3. The 

UCES source has reached about 2.4 ∙ 106 atoms in the MOT with the accelerator field turned 

on, using a grating with a diffraction angle 𝜃 = 61° [1]. 
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Figure 2.7: The UCES MOT formed inside the gap between the grating and the vacuum window. 

2.3.1 The grating 

The grating used in the UCES source is developed and supplied by the University of 

Strathclyde, Glasgow [35]. It has a grating period of 𝑑𝑔 = 1560 nm which results in a first 

order diffraction angle of 30° for the 𝜆 = 780 nm trapping laser light according to Bragg’s 

law. Higher order diffractions are cut-off because 𝑑𝑔 ≤ 2𝜆. The grating chip has a square size 

of 28 x 28 mm and is made of silicon with a 100 nm top layer of aluminum that reflects the 

780 nm trapping light. The grating chip is made using electron beam lithography and has a 

50:50 duty cyle with an 𝜆/4 = 195 nm etch depth to optimize diffraction efficiency [1, 35, 

49]. This grating is not blazed; blazing could be used in the future to further optimize the 

power distribution over the positive and negative first order diffractions. A SEM image of the 

center of the UCES grating at different magnifications is presented in figure 2.8.  

 Figure 2.8: SEM images of the center of the UCES grating at different magnifications and angles. 

As can be seen in figure 2.8 a hole is laser cut in the center of the grating to allow the 

electrons to pass through the grating. This hole is approximately round with a diameter of 

0.51 mm. The hole has no negative impact on the atom number that can be trapped in this 
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experiment. It could even have a positive influence since it removes part of the zeroth order 

diffraction that actually decompresses the MOT instead of compressing because it has the 

wrong polarization as will be explained in section 2.3.3. 

2.3.2 Doppler cooling force balance 

Within the overlap volume formed by the tetrahedral configuration of the 4 laser beams, the 

radiation pressure should balance out in all directions. In this way a high density cloud of 

cold atoms can be formed. In other words, in the center of the MOT there should be a force 

balance creating a stable equilibrium for atoms with no velocity. As can be seen from 

equation B.9 the basic scattering force �⃗�𝑠,𝑗 of a laser beam j is linear with its intensity 𝐼𝑗 as 

derived in the appendix B: 

�⃗�𝑠,𝑗 ∝ 𝐼𝑗�̂�𝑗 , [2.45] 

where �̂�𝑗 is the propagation direction of laser beam j. For the transverse x and y directions 

these forces balance automatic since all three diffracted beams have equal intensities and 

angles with respect to the x and y axis. For the longitudinal z direction the force coming from 

the incoming laser beam is opposed by the 0th order reflection and the 3 diffracted beams: 

𝐹𝑠,𝑧 ∝ 𝐼0 − 𝑛0𝐼0 − 3�̂�1 ∙ �̂�𝐼1, [2.46] 

where �⃗�𝑠,𝑧 is the resulting force along the z direction, 𝐼0 is the intensity of the incoming 

laser beam, 𝑛0 is the 0th order reflection efficiency and 𝐼1 is the intensity of a single 

diffracted beam. All three diffracted beams make an angle with the z axis equal to the 

diffraction angle 𝜃, as can be seen in figure 2.6: 

𝐹𝑠,𝑧 ∝ 𝐼0 − 𝑛0𝐼0 − 3cos (𝜃)𝐼1. [2.47] 

The diffracted beams are compressed in one direction as is illustrated in figure 2.9. This 

increases the intensity of the diffracted beams. 

 
Figure 2.9: Intensity increase due to diffracted laser beam compression on a grating [49]. 

Together with the diffraction efficiency of the positive first order diffraction 𝑛1, the intensity 

of the diffracted beams 𝐼1 can be calculated from the intensity of the incoming beam 𝐼0: 

𝐼1 =
𝑛1𝐼0

cos (𝜃)
. [2.48] 
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Note that for a non-blazed grating the diffraction efficiency 𝑛1 can never be larger than 

0.5 since the laser energy is divided over the positive and negative first order 

reflections. Substituting equation 2.48 in 2.47 gives: 

𝐹𝑠,𝑧 ∝ (1 − 𝑛0 − 3𝑛1)𝐼0. [2.49] 

Note that the diffraction angle of the laser beam cancelled out in this force balance. This is 

due to the intensity increase from the laser beam compression. The total scattering force 𝐹𝑠,𝑧 

should be zero to obtain a stable MOT; therefore the reflection grating should be constructed 

in such a way that the following relation holds for the diffraction efficiencies: 

3𝑛1 = 1 − 𝑛0 [2.50] 

In McGilligan et. al. [49] this force balance is expressed as the 
3𝑛1

1−𝑛0
 ratio for a broad range of 

different grating chips. If this ratio equals 100% there is perfect force balance, if the ratio is 

smaller there is too much light coming from the top and if it is bigger there is too much light 

in the diffracted and 0th order beams. The grating chip used in this experiment has a force 

balance ratio of about 112.6%. Fortunately this imbalance can be compensated by the 

magnetic compression force as will be described in the next section. In a future experiment 

this force balance can be improved by decreasing 𝑛1 which can be done by blazing the 

grating. 

The force balance as discussed in this section assumes a flattop intensity profile of the 

trapping laser. The trapping laser used in this experiment was diverged and clipped at the 

sides to obtain a flattop like profile. However Gaussian beam profiles are more common and 

also often used. With a Gaussian input laser beam the center of the input laser beam that hits 

the MOT has a higher intensity than the diffracted beams that originate from the sides of the 

input beam where the intensity is lower as is illustrated in figure 2.10. 

 
Figure 2.10: Effect of the laser profile on the force balance. The diffracted laser beams originate from the sides of the grating 

where the incoming laser light has a lower intensity in case it has a Gaussian beam profile, while the incoming laser has a 

high intensity at the central position of the MOT indicated with the green circle. 

This may play an important role in the force balance since the intensity of the diffracted 

beams is lowered, comparable with a lower diffraction efficiency 𝑛1. This could limit the 
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places where an MOT can be formed inside the overlap volume. One of the indications of this 

phenomenon is the observation of a MOT in which the atom density is split up in two 

partially overlapping Gaussians if viewed from the side. This likely indicates a toroidal shape 

of the MOT which can arise when the diffracted beams are weaker than the incoming beam 

due to the Gaussian beam profile. The MOT will then avoid the central axis of the overlap 

volume due to the force imbalance and split up to the sides where the incoming beam is also 

less intense to restore the force balance, giving rise to the split up MOT. 

This beam profile effect can also be used as an advantage. A liquid crystal display (LCD) just 

like in most computer displays can potentially be used to get a matrix of tunable absorption 

filters to shape the intensity profile of the incoming laser beam. Using this LCD, the intensity 

of the diffracted beams originating from the sides of the incoming beam and the center of the 

incoming beam could be controlled independently. Therefore the diffraction efficiency 𝑛1 

could effectifly be controlled and tuned to obtain optimal force balance in the MOT. 

More research into the effect of the beam profile on the force balance using ray-tracing 

simulations and possible control over the beam profile could lead to new insights to improve 

the atom density in the MOT.  

2.3.3 Magneto optical compression balance 

With the force balance of Doppler cooling one might get away with decomposing the 3 

diffracted beams in the x, y and z directions as Doppler cooling only requires intensity 

balance of the laser beams in all directions. However when the magneto optical compression 

force is taken into account the polarization of the laser beams and propagation direction with 

respect to the magnetic field also become of importance. Therefore the laser beams cannot be 

decomposed anymore, only the forces exerted by these laser beams can be decomposed to a 

Cartesian coordinate system. 

As can be seen from the equation B.20 derived in appendix B, the magnetic compression 

force of laser beam j is linear with the intensity while the coupling to the 𝑀𝐽 states, and 

therefore the parity, depends on the polarization of the laser beam and the inner product of 

the propagation direction of the laser and the magnetic field vector at the position of the atom 

[50]: 

�⃗�𝑀𝐶,𝑗 ∝ −𝐼𝑗  𝑠𝑗(�⃗⃗�𝑗 ∙ �⃗⃗�)�̂�𝑗 . [2.51] 

where 𝐼𝑗 is the intensity, 𝑠𝑗 the polarization with respect to the laser propagation which is +1 

for right circular and -1 for left circular, �⃗⃗� the magnetic field vector, �⃗⃗�𝑗 the wave vector and 

�̂�𝑗 the unitary propagation direction of the laser. For an atom displaced in the positive z 

direction with respect to the magnetic center of the quadrupole field, the magnetic field points 

in the positive z direction as can be seen in figure 2.4. Therefore the total force due to 

magneto optical compression of all beams j equals: 

𝐹𝑀𝐶,𝑧 ∝ ∑ −𝐼𝑗𝑠𝑗(𝑘𝐵�̂�𝑗 ∙ �̂�)�̂�𝑗 ∙ �̂�𝑗 . [2.52] 
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The �̂�𝑗 ∙ �̂� inner product of the incoming laser is – 1, for the 0th order reflection it is +1 and 

for the 3 diffracted beams it is +cos(𝜃). This gives a total force due to magneto optical 

compression for respectively the 3 diffracted beams, the 0th order reflection and incoming 

laser beam: 

𝐹𝑀𝐶,𝑧 ∝ −(3𝐼1𝑠1cos2(𝜃) + 𝑛0𝐼0𝑠0 + 𝐼0𝑠𝑖𝑛)𝑘𝐵, [2.53] 

where 𝐼1 is the intensity and 𝑠1 the polarization of the diffracted beams, 𝐼0 the intensity of the 

incoming beam, 𝑠0 the polarization of the 0th order reflection and 𝑠𝑖𝑛 the polarization of the 

incoming laser beam which is right circular (𝑠𝑖𝑛 = 1). When the laser beam is reflected by 

the grating the absolute orientation of the electric field (polarization) does not change with 

respect to a fixed coordinate system. However the propagation direction of the laser flips, 

therefore the polarization of the laser beam with respect to the propagation direction changes 

sign. So the first order diffracted laser beams and the 0th order reflection all have left circular 

polarization (𝑠 = −1) as is illustrated in figure 2.6. In general gratings do not perfectly 

preserve polarization [50] and the diffracted and reflected beams will have a large fraction 𝑃− 

in the left circular polarization and a small fraction 𝑃+ in the right circular polarization (𝑠 =

𝑃+ − 𝑃−) [50]. To keep the equations clear these fractions will be neglected for now: 

𝐹𝑀𝐶,𝑧 ∝ −(−3𝐼1cos2(𝜃) − 𝑛0𝐼0 + 𝐼0)𝑘𝐵. [2.54] 

The intensity of the first order diffracted beams 𝐼1 is given by equation 2.48 and the magnetic 

field can be linearized around the quadrupole magnetic field center: 

𝐹𝑀𝐶,𝑧 ∝ −(1 − 𝑛0 − 3𝑛1cos(𝜃))𝐼0𝑘
𝜕𝐵

𝜕𝑧
𝑧. [2.55] 

Since the incoming laser intensity 𝐼0, laser wave number 𝑘 and magnetic field gradient 
𝜕𝐵

𝜕𝑧
 are 

all positive constants, the parity of the “restoring” magneto optical trapping force depends on 

1 − 𝑛0 − 3𝑛1cos(𝜃). From this it is easy to see that the incoming trapping laser has the 

correct polarization for magneto optical compression in the longitudinal z direction, however 

the 0th order reflection and first order diffraction beams all have the wrong polarization and 

therefore decompress instead of compressing. Since intensity balance for the basic scattering 

force should hold according to equation 2.50, the magnetic compression can be rewritten to:  

𝐹𝑀𝐶,𝑧 ∝ −(1 − cos(𝜃))(1 − 𝑛0)𝐼0𝑘
𝜕𝐵

𝜕𝑧
𝑧. [2.56] 

From this it is clear that magneto optical compression along the z direction becomes worse 

for smaller diffraction angles and that the 0th order reflection is unwanted since it 

decompresses the MOT in the longitudinal z direction. Therefore the etch depth of the grating 

has been designed such that destructive interference occurs for the 0th order reflection, 

minimizing 𝑛0 [35, 49]. 

Now that the longitudinal compression has been investigated, the transverse compression will 

be calculated in a similar manner. For an atom displaced in the positive x direction with 

respect to the magnetic center of the quadrupole field, the magnetic field points in the 
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negative x direction as can be seen in figure 2.4. Similar to equation 2.52 the transverse 

magneto optical compression force can be calculated using: 

𝐹𝑀𝐶,𝑥 ∝ ∑ −𝐼𝑗𝑠𝑗(𝑘𝐵�̂�𝑗 ∙ −�̂�)�̂�𝑗 ∙ �̂�𝑗 . [2.57] 

One of the diffracted beams is chosen to lie in the xz plane directed in the positive x 

direction, as is the case in figure 2.6. The unitary wave direction �̂� of all three diffracted 

beams can then be written in Cartesian coordinates using a spherical coordinate 

transformation: 

�̂�1,1 = (
sin (𝜃)

0
cos (𝜃)

)      �̂�1,2 = (

sin (𝜃)cos (120°)
sin (𝜃)sin (120°)

cos (𝜃)
)      �̂�1,3 = (

sin (𝜃)cos (−120°)
sin (𝜃)sin (−120°)

cos (𝜃)
). [2.58] 

Therefore the inner product of the wave vector and magnetic field vector, which is parallel to 

the x axis, can easily be calculated: 

�̂�1,1 ∙ �̂� = sin (𝜃)        �̂�1,2 ∙ �̂� = −
1

2
sin (𝜃)        �̂�1,3 ∙ �̂� = −

1

2
sin (𝜃). [2.59] 

These inner products can be combined with equation 2.57 and the previous explained fact 

that all polarizations are left circular (𝑠 = −1) and the intensities are equal for the diffracted 

beams, to obtain the transverse magneto optical compression force: 

𝐹𝑀𝐶,𝑥 ∝ −
3

2
𝐼1𝑘𝐵 sin2(𝜃). [2.60] 

The intensity of the first order diffracted beams 𝐼1 is again given by equation 2.48 and the 

magnetic field can again be linearized around the quadrupole magnetic field center: 

𝐹𝑀𝐶,𝑥 ∝ −
3

2
sin(𝜃)tan (𝜃)𝑛1𝐼0𝑘 |

𝜕𝐵

𝜕𝑥
| 𝑥. [2.61] 

Since both the sinus and tangent are strictly positive and increasing for diffraction angles 

between 0 and 90° there is always compression in the transverse direction. This illustrates 

that the diffracted beams have the correct polarization for transverse compression and that the 

strength of the compression increases for bigger diffraction angles. The magnetic gradient in 

the longitudinal direction is twice as big as in the transverse direction since the total 

divergence of the magnetic field needs to be zero (∇ ∙ �⃗⃗� = 0) according to Maxwell’s 

equations: 

𝜕𝐵

𝜕𝑧
= 2

𝜕𝐵

𝜕𝑥
. [2.62] 

The ratio between longitudinal compression and transverse compression strengths can now be 

calculated using equations 2.56 and 2.61 and rewriting the trigonometric functions: 

𝐹𝑀𝐶,𝑥

𝐹𝑀𝐶,𝑧
=

3

4

𝑛1

1−𝑛0
(1 +

1

cos (𝜃)
). [2.63] 
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Using the condition of intensity balance expressed in equation 2.50 this can be 

simplified to: 

𝐹𝑀𝐶,𝑥

𝐹𝑀𝐶,𝑧
=

1

4
(1 +

1

cos (𝜃)
). [2.64] 

This would result in a ratio from 1/2 to ∞ for diffraction angles from 0 to 90° and an equal 

compression for a diffraction angle of about 70.5°, assuming perfect intensity balance. For 

the grating used in this experiment 𝑛1 ≈ 0.375, 𝑛0 ≈ 0.001 and 𝜃 = 30° [49]. This grating 

has an intensity imbalance with more intensity in the upward direction away from the grating. 

Therefore relation 2.50 does not hold and equation 2.56 is not applicable. The compression 

ratio can then be calculated by dividing equations 2.55 and 2.61: 

𝐹𝑀𝐶,𝑥

𝐹𝑀𝐶,𝑧
=

3

4

sin(𝜃)tan (𝜃)𝑛1

(1−(𝑛0+3𝑛1cos(𝜃)))
≈ 3.2 [2.65] 

As mentioned before the grating in this experiment does not preserve the polarization 

perfectly. The fraction of the light with left circular polarization is about 𝑃− ≈ 0.994, leaving 

a fraction 𝑃+ ≈ 0.006 in the right circular polarization [49]. Incorporating this fractional 

polarization from equation 2.54 onward gives a compression ratio: 

𝐹𝑀𝐶,𝑥

𝐹𝑀𝐶,𝑧
=

3

4

(𝑃−−𝑃+) sin(𝜃)tan (𝜃)𝑛1

(1−(𝑃−−𝑃+)(𝑛0+3𝑛1cos(𝜃)))
≈ 2.2  [2.66] 

As can be seen from comparing equations 2.65 and 2.66 even a very small polarization loss 

can have a big impact on the compression ratio. This is caused by the imbalance of the 

grating chip used in this experiment that only barely provides longitudinal compression. 

Because 𝐹𝑀𝐶,𝑧 is very close to zero a small parameter change can have big impacts on the 

compression ratio. For instance, if the first order diffraction efficiency 𝑛1 would be changed 

from 37% to 39% there would actually be decompression in the longitudinal direction instead 

of compression. The intensity imbalance of the grating chip used in this experiment causes a 

small imbalance in the basic scattering force. The resulting force pushes the MOT away from 

the magnetic zero until an equilibrium position is reached where the magnetic compression 

force compensates this intensity imbalance. Future experiments could benefit from a grating 

chip that has a better force balance and therefore also greater longitudinal compression. 

In conclusion; the first order reflection should be minimized by tuning the etch depth as it 

decompresses in the longitudinal direction due to an incorrect polarization. The diffracted 

beams have the wrong polarization for longitudinal compression and the right polarization for 

transverse compression. Due to the directional coupling of the magnetic field vector and 

wave vector (�⃗⃗�𝑗 ∙ �⃗⃗�) the diffracted beams decompress weaker than the incoming beam 

compresses, therefore still resulting in longitudinal compression. Bigger diffraction angles 

improve the longitudinal and transverse compression. Moreover if the grating does not fully 

maintain the polarization the longitudinal compression improves while the transverse 

compression decreases. 
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2.4 Ionization processes 

In order to create electrons from the high density cloud of cold atoms in the MOT a two-step 

ionization process is employed as illustrated in figure 2.11. First the trapping laser is briefly 

turned off such that all trapped atoms relax back to the ground state. From the side two 

perpendicular laser beams are used to ionize a small part of the MOT in two steps. The 780 

nm excitation beam excites a cylinder of atoms in the MOT using the same transition as the 

trapping laser. Next the 480 nm ionization laser beam ionizes the exited atoms in a small 

well-defined spherical overlap volume. The size and shape of this extraction volume can be 

tuned by changing the shape and size of the excitation and ionization laser beams. 

  
Figure 2.11: Schematic setup of the ionization processes. To obtain the electron beam from a well-defined extraction volume 

the trapping laser is briefly turned off such that all trapped atoms relax back to the ground state. From the side two 

perpendicular laser beams are used to ionize a small part of the MOT in two steps. The 780 nm excitation beam excites a 

cylinder of atoms in the MOT and the 480 nm ionization beam then ionizes the exited atoms in a small spherical overlap 

volume. The created electrons are immediately accelerated using a 20 kV DC potential between the transparent cathode and 

the grounded grating surface. The electrons pass through a small hole in the center of the grating creating the initial electron 

beam. 

The atomic transitions during this two-step ionization process are schematically illustrated in 

figure 2.12b. Besides this preferred two-step ionization process, other unwanted ionizations 

can occur. Mainly double photon ionization as illustrated in figure 2.12a can be a problem 

with fs ionization laser pulses. With double photon ionization two 480 nm photons ionize the 

rubidium atom from the ground state. This causes a lot of excess energy (~1 eV) and 

therefore very ‘hot’ (~ 8 ∙ 103 K) electrons giving rise to a bad emittance of these electrons. 

Furthermore since both photons come from the single ionization laser, the control of the 

extraction volume is lost in one dimension. Double photon ionization will be discussed 

further in section 2.4.3. Finally the bandwidth of the ionization laser can cause excitation to 

Rydberg states just below the ionization threshold [8]. These Rydberg states could be ionized 

due to collisions with other atoms in the MOT and can manifest as electrons coming from the 

extraction volume at much longer time-scales than the two-step ionization process [8]. Since 
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these electrons did not cause significant problems and often were not observed during these 

experiments they will not be discussed further. 

Figure 2.12: The atomic transitions for 3 different ionization processes and the Stark shifted atomic potential [8]. a) Double 

photon ionization. b) Two step ionization. c) Rydberg excitation that could potentially ionize through collisions. d) The 

undisturbed and Stark shifted atomic potentials including the contributions to the excess energy from the Stark shift 𝐸𝐹 and 

ionization laser wavelength 𝐸𝜆. 

2.4.1 Ionization excess energy 

The total excess energy an electron obtains when being ionized largely determines the 

resulting electron source temperature 𝑇 which in term determines the transverse emittance of 

the electron source according to equation 2.6 [30]. The excess energy therefore plays a major 

role in the quality of the electron beam that can eventually be achieved. Besides the excess 

energy, coulomb forces resulting in electron-ion heating and electron-electron disorder 

induced heating can potentially lead to an increase in source temperature as is the key 

problem with conventional sharp tip electron sources. However at the typical electron 

densities (~ 1016 m-3 [1]) in the extraction volume of the UCES source, disorder induced 

heating is negligible compared to the excess energy contribution to the emittance [23, 30, 51].  

The total excess energy 𝐸𝑒𝑥𝑐 can be divided into two contribution; one originating from an 

excess energy of the ionization photons compared to the zero-field ionization threshold 𝐸𝜆, 

and the other related to the Stark shift of the atomic potential 𝐸𝐹: 

𝐸𝑒𝑥𝑐 = 𝐸𝜆 + 𝐸𝐹 .  [2.67] 

This is illustrated in figure 2.12.d, where the potentials of an undisturbed Rb-85 atom and a 

Stark shifted Rb-85 atom are presented. The contribution to the excess energy from the 

wavelength detuning 𝐸𝜆 with respect to the ionization transition is simply the difference 

between the photon energies of the laser photon 𝜆 and a resonant photon 𝜆0 and can therefore 

be expressed as [1, 8, 30]:  

𝐸𝜆 = ℎ𝑐 (
1

𝜆
−

1

𝜆0
), [2.68] 

with 𝜆 the wavelength of the laser and 𝜆0 the zero-field ionization laser wavelength threshold 

which is equal to 479.06 nm for rubidium-85 atoms in the 5𝑃 state used in this experiment. 
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Note that 𝐸𝜆 can be negative if the laser is detuned with a wavelength above the zero-field 

ionization wavelength threshold 𝜆0, as is done in this experiment to compensate for the Stark 

shift. The contribution to the excess energy from the Stark shift of the atomic potential 𝐸𝐹 can 

be calculated according to [1, 8, 30]: 

𝐸𝐹 = 2𝐸ℎ√
𝐹

𝐹0
,  [2.69] 

where 𝐸ℎ = 27.2 eV is the Hartree energy which is an atomic unit of energy, 𝐹0 = 5.14 ∙

1011 V/m the atomic unit of field strength and 𝐹 the external electric field strength that 

causes the Stark shift. Note that this Stark shift is not specific to the rubidium atom but rather 

general [30]. 

The total excess energy 𝐸𝑒𝑥𝑐 can be related to the expected source temperature in a first order 

approximation according to the equipartition theorem: 

𝐸𝑒𝑥𝑐 =
3

2
𝑘𝐵𝑇.  [2.70] 

However it turns out this is only partly valid at very low excess energies [30]. At excess 

energies 𝐸𝑒𝑥𝑐 ≈  
1

2
𝐸𝐹 the source temperature is almost independent of the excess energy [30]. 

At large excess energies the electron does not see the Stark shift of the atomic potential 

anymore and only sees the average potential [30]. This results in a source temperature 

depending only on 𝐸𝜆 for large excess energies: 

𝑇 = {

2

3𝑘𝐵
𝐸𝑒𝑥𝑐     𝑖𝑓   𝐸𝑒𝑥𝑐 ≪ 𝐸𝐹

2

3𝑘𝐵
𝐸𝜆         𝑖𝑓   𝐸𝑒𝑥𝑐 ≫ 𝐸𝐹

.  [2.71] 

This behavior originates from the electron trajectories around the atomic core when they are 

being ionized. At low excess energy the electron can only exit the coulomb potential of the 

atom in the direction of the electric field5, limiting the angles of the electron trajectories at 

which the electron can be ‘ionized’. However at high excess energy the electron can move 

away from the atomic core in all directions to the point where it does not feel the complex 

coulomb potential of figure 2.15 anymore. Therefore it can be ‘ionized’ in all directions were 

the electron will just make an orbit around the atom if it exits the atom in the opposing 

direction of the electric field. More detailed information can be found in ref [30]. 

The 800 nm femtosecond laser used in this experiment has a pulse length of about 25 fs. Such 

an electromagnetic wave packet is in essence made up of infinitely long sinusoidal oscillating 

fields of different frequencies that together form a localized pulse packet. The more 

frequency components are superimposed the more localized the pulse packet can become. 

Fourier transforming the temporal electromagnetic wave packet therefore gives the spectrum 

of frequencies of the laser light. This Fourier transform defines a relation between the 

minimum pulse length ∆𝑡 and minimum spectral bandwidth ∆𝑓 of the laser. The laser pulses 

                                                 
5 Towards a positive potential as the electron is negatively charged. 
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used in this experiment are close to a bandwidth-limited pulse. The product of the pulse 

length in seconds and the spectral bandwidth in hertz is called the time-bandwidth product 

and is about 0.44 for a Gaussian laser pulse [52]: 

∆𝑓 ∙ ∆𝑡 = 0.44 [2.72] 

This equation can be rewritten in terms of wavelength using the derivative of the wave 

equation: 

∆𝑓 =
𝑐

𝜆2 ∆𝜆. [2.73] 

Combining equation 2.72 and 2.73 gives the bandwidth of the laser as function of the pulse 

duration: 

∆𝜆 = 0.44
𝜆2

𝑐∆𝑡
. [2.74] 

Using a wavelength of 800 nm and a pulse duration of 25 fs this equation gives a bandwidth 

of 37 nm. This agrees well with the actual bandwidth of the Coherent Legend Elite 800 nm fs 

laser used in this experiment. The short 800 nm laser pulse is used to create 480 nm light with 

a Coherent Opera Solo Ultrafast Optical Parametric Amplifier (OPA). This blue 480 nm laser 

pulse has an bandwidth of about 4 nm as measured with a spectrometer [30]. Using equation 

2.74 this translates to a pulse duration of about 85 fs. When the central wavelength of the 

ionization laser is tuned to the Stark shifted ionization threshold the electrons that are ionized 

by photons one bandwidth away gain an excess energy of about 21 meV as can be calculated 

by equation 2.68. This excess energy would result in an electron source temperature of about 

2 ∙ 102 K according to equation 2.71. This illustrates the need to detune the ionization laser 

below the ionization threshold such that electrons are only ionized by the spectral tail of the 

ionization laser. The ionization laser is even further detuned to compensate for the Stark shift. 

In this way an electron source temperature of about 25 K can be realized [1, 30].  

2.4.2 Ionization process length 

The ionization of the rubidium atoms by the femtosecond 480 nm laser pulse is not 

instantaneously [8, 30, 53]. This has to do with the electrons exiting the atoms under a 

distribution of angles with respect to the external electric field. The polarization of the 

ionization laser determines the angular starting distribution (~cos2 (𝜃)). Some electrons will 

be ‘ionized’ in the direction of the electric field6 and immediately travel down the potential 

energy surface, as indicated with the red trajectories in figure 2.13. Other electrons which exit 

the atom in the direction opposing the electric field will first be slowed down by the electric 

field. These electrons can make an orbit around the atom before continuing down the 

potential energy surface, as described in ref. [30] and indicated with the blue trajectories in 

figure 2.13. 

                                                 
6 Towards a positive potential as the electron is negatively charged. 
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Figure 2.13: The atomic and electric potential for a rubidium atom placed in an external electric field as indicated with the 

contour lines and color plot. Together with the electron trajectories for an excess energy of 25 meV and various starting 

angles. This simulation is taken from reference [30]. 

These orbits takes some time depending on the angle at which the electron is ‘ionized’ which 

results in a distribution of delays between the electrons giving rise to the electron bunch 

length as illustrated in figure 2.14 [8]. In figures 2.14.a and 2.14.c the excess energy is large 

because the ionization laser wavelength is much lower than the Stark shifted ionization 

threshold at about 486 nm for the electric field used in the simulation of figure 2.14 [8]. 

Therefore the electrons have plenty of excess energy to exit the atom in all directions. When 

the polarization of the ionization laser is perpendicular to the electric field 𝐸⊥, as is the case 

in figure 2.14.a, the electrons exit the atom in a ~sin2 (𝜃) distribution. The path length of 

those perpendicular trajectories will be similar resulting in a single electron peak. The 

~sin2 (𝜃) distribution of exit angles provides some path length distribution, resulting in an 

ionization process time scale in the order of a few ps. When the polarization of the ionization 

laser pulse is parallel to the electric field 𝐸∥, as is the case in figure 2.14.c, about half of the 

electrons will be ionized in the direction of the electric field ~cos2 (𝜃). While the other half 

will be ‘ionized’ in the opposing direction. Those electrons will make an additional orbiting 

trajectory around the atom. Therefore that half of the electrons will be delayed giving rise to 

two distinct peaks in the longitudinal distribution of the electron “bunch”. 

 
Figure 2.14: Simulation of the temporal electron bunch distribution from ref. [8] for different polarization directions of the 

ionization laser and excess energies for rubidium atoms inside an external electric field. On the left there is a lot of excess 

energy while on the right there is threshold ionization. At the top the ionization laser polarization is perpendicular to the 

external electric field and at the bottom it is parallel. 

a) 𝐸⊥, 𝜆 ≪ 486 nm 

c) 𝐸∥, 𝜆 ≪ 486 nm d) 𝐸∥, 𝜆 ≈ 486 nm 

b) 𝐸⊥, 𝜆 ≈ 486 nm 
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At low excess energy the electron can only exit the atom in the direction of the electric field 

at one side of the atom, limiting the electron trajectories at which the electron can escape the 

atomic potential. This is the case for figure 2.14b and 2.14d where the ionization laser 

wavelength is chosen just above the ionization threshold. Because the electrons only have a 

small excess energy sometimes multiple orbits around the atomic core are needed to achieve 

a trajectory suitable to exit the atomic potential. An example of such an orbit is displayed in 

figure 2.15 [30]. 

 
Figure 2.15: The atomic and electric potential for a rubidium atom placed in an external electric field as indicated with the 

contour lines and color plot. Together with the trajectory of an electron that is ionized just above the ionization threshold 

with the color indicating the time. This simulation is taken from reference [30]. 

The number of orbits needed to achieve an escape trajectory at low excess energies is 

discretized. This causes the many different temporal peaks in figure 2.14.b and 2.14.d. When 

the ionization laser is polarized perpendicular to the electric field 𝐸⊥, the ~sin2 (𝜃) 

distribution provides similar perpendicular trajectories at both sides of the atom. Because the 

initial trajectory is perpendicular there is a large change multiple orbits are needed resulting 

in many almost equally sized peaks as illustrated in figure 2.14.b. However when the 

ionization laser is polarized parallel to the electric field 𝐸∥, the ~sin2 (𝜃) distribution results 

in half of the electrons already having the ideal escape trajectory in the direction of the 

electric field. This results in one large peak in figure 2.14.d in the beginning, followed by 

multiple smaller peaks of similar size as figure 2.14.b.  

As can be seen from figure 2.14 the ionization process takes in the order of a few ps, which is 

much longer than the femtosecond ionization laser pulse length. Therefore the electron bunch 

length will be determined by this ionization process rather than the ionization laser pulse 

length. The electron bunch length measurement, which is one of the main goals of this 

experiment, will therefore measure this ionization process. The ponderomotive scattering 

experiment potentially has the temporal resolution to resolve the picosecond peaks in the 

temporal beam profile, which originating from the ionization process. 

2.4.3 Double photon ionization 

When the fs ionization laser is focused to a spot size of about 30 m, the peak intensity 

becomes so high that double photon ionization starts to dominate. This means the 480 nm 

ionization laser can ionize rubidium atoms directly from their ground state without the help of 

the excitation laser. This means the control over the 3D shaping of the initial electron 
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extraction volume is lost in the longitudinal dimension of the ionization laser as it will ionize 

over the full length of the ionization laser. Moreover the electrons created from this double 

480 nm ionization process will have a lot of excess energy (~1 eV) ruining the emittance of 

the electron beam [8]. Therefore this double photon ionization process has to be prevented. 

The ratios between the different ionization processes that create electrons have been 

measured. In this measurement the ionization laser beam energy is scanned using neutral 

density filters and independently measured using a photodiode. The electron bunch charge is 

measured at each ionization laser beam energy, using a transimpedance amplifier which is 

connected to the phosphor screen behind the Micro Channel Plate (MCP) as illustrated in 

figure 1.5. This measurement is conducted for 3 different situations. 

In situation 1; the trapping laser that is used to create the MOT is completely turned off. 

Therefore this measures the background ionization from the walls as presented by the red 

dots in figure 2.16. These electrons are probably created from the scattering of laser light 

from in-vacuum mirrors and the viewports. This scattered light can then hit the walls inside 

the accelerator and create electrons. Alternatively these electrons could be created from 

double photon ionization of the background rubidium gas as is discussed in appendix C. All 

three ionization processes have been measured to be linear with the background rubidium 

pressure as is discussed in more detail in appendix C. 

In situation 2; the trapping laser is operated in pulsed mode were it is turned off for 5 s, such 

that a MOT is created but the atoms have all relaxed back to the ground state before the 

ionization laser arrives. The background ionization from the wall (red dots) is then subtracted 

from the measured charge signal to obtain the contribution of the double photon ionization of 

the rubidium atoms in the MOT (blue dots).  

In situation 3; the trapping laser is continuously turned on such that the atoms are in the 

exited state when the ionization laser arrives. From the gathered charge signal the background 

wall ionization (red dots) and double photon ionization (blue dots) signals are subtracted 

providing the contribution of the two step ionization process as presented by the green dots in 

figure 2.16. 
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 Figure 2.16: Measurement of the ratio’s between the different ionization processes that create electrons. The bunch charge 

contribution for 3 different ionization processes as measured using a transimpedance amplifier connected to an MCP is 

plotted against the ionization laser pulse energy. The green dots represent the bunch charge from two step ionization, the 

blue dots from double photon ionization and the red dots are background ionization probably from scattered light hitting the 

walls. The areas indicated with the square black dotted lines in the left figure are presented enlarged on the right. A linear fit 

is made to the first 4 low ionization laser energy measurements of the two step ionization process and a quadratic fit is made 

to the first 8 measurements of the double photon and background wall ionization processes. 

As can be seen from the left of figure 2.16 the two step ionization process is saturating at 

high laser pulse energies. This means the focused ionization laser is strong enough to ionize a 

significant portion of the atoms in the overlap volume; once all atoms are ionized increasing 

the ionization laser power will not result in any more electrons. This is a promising result 

since this means that increasing the ionization laser beam size (in the longitudinal direction) 

will result in more electrons. The low laser pulse energy regime will be investigated to study 

the different ionization processes, as indicated with the dotted black squares on the left of 

figure 2.16. In that region the saturation effects are still negligible. Enlarged versions of these 

areas are depicted in the right of figure 2.16 together with a linear fit for the two step 

ionization process and quadratic fits for the double photon and background wall ionization. 

As can be seen from these fits in the low ionization energy regime, the two step ionization 

process is indeed linear with intensity (pulse energy). While the double photon ionization is 

quadratic with energy as would be expected since this process requires two photons. This 

confirms the origin of the two major ionization processes. It seems like the background wall 

ionization process also has a quadratic dependence on laser intensity, hinting for the 

possibility of a double photon process. As will be seen in chapter 3, this background wall 

ionization will result in some unforeseen negative effects that will have to be mitigated. 

In the experiment of situation 3 as plotted with the green dots in figure 2.16, the trapping 

laser was left on to measure the two step ionization, instead of using the excitation laser. The 



Master Thesis – Ultra cold electron source Technische Universiteit Eindhoven 

T.C.H. de Raadt - 45 -   

trapping laser was left on because in that way the two-step ionization process was allowed to 

take place over the full length of the ionization laser rather than only inside the overlap 

volume. This makes for a fairer comparison between the two-step ionization and double 

photon ionization, since the double photon ionization will always take place over the full 

length of the ionization laser intersecting with the MOT. However in normal operation the 

trapping laser beam is pulsed and the smaller excitation laser beam is used to create an 

overlap volume. Therefore the double photon ionization can create electrons from a bigger 

volume than the two-step ionization. This means the double photon ionization can actually be 

stronger than the two step ionization during normal operating conditions. 

2.4.4 Mitigating double photon ionization 

In the rest of the experiments of chapter 3 and 4, a Neutral Density filter of ND 1.5 was 

placed in the ionization laser decreasing the power 32 times from about 120 J to about 4 J. 

The double photon ionization is quadratic with the ionization laser intensity, while the two 

step ionization process is linear with ionization laser energy and therefore also linear with 

intensity at a fixed focus spot size and pulse length. Therefore the double photon ionization 

will decrease relative to the two step ionization process by approximately 32 times when 

using an ND 1.5. Although this method does allow the experiments to continue with a high 

quality low emittance electron beam, it does throw away a lot of ionization laser energy and 

therefore greatly diminishes the electron beam charge. As already hinted above, the double 

photon ionization depends on the laser intensity squared while the two step ionization 

depends on the total amount of ionization photons as long as ionization saturation is not yet 

reached. This opens up two possibilities to get rid of double photon ionization without 

effecting the two step ionization: making the focal spot bigger or stretching the ionization 

laser pulse length. 

If the ionization laser spot size is increased in the transverse direction7, the emittance will 

increase resulting in a lower quality electron beam as can be seen from equation 2.6. When 

the ionization laser beam size is only increased in the longitudinal direction7 the emittance 

will be unaffected, however the electron beam energy spread will increase as can be seen 

from equation 4.13. For some applications such as electron diffraction a bigger energy spread 

is not detrimental, but other applications such as electron microscopy suffer from a bigger 

energy spread. Therefore stretching the ionization pulse length is the preferred way to get rid 

of double photon ionization. As will be presented in section 5, experiments have confirmed 

that the atomic two step ionization process takes in the order of a few ps. The ionization laser 

is expected to be about 85 fs long as will be explained in sections 2.5. This ionization laser 

pulse could be stretched to about 500 fs, reducing the peak intensity about 6 times and 

therefore improving the two-step ionization / double photon ionization ratio six fold, without 

affecting the electron pulse length. This would allow the total ionization pulse energy to be 

increased by a factor of six to about 23 J keeping the two-step ionization / double photon 

ionization ratio constant. This would result in almost six times the electron bunch charge as 

can be seen in figure 2.16. 

                                                 
7 Relative to the electron beam propagation, therefore still transverse to the ionization laser pulse propagation. 
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When stretching the ionization laser pulse from 85 fs to 500 fs the time-bandwidth product 

constrained as described in section 2.4 is relaxed. This means the spectral bandwidth can be 

decreased allowing for lower electron source temperatures as discussed in section 2.4. 

Decreasing the spectral bandwidth and at the same time stretching the laser pulse can be done 

with an slit inside a zero-dispersion pulse shaper consisting of one or more gratings [54]. The 

grating first spatially separates the frequencies of the laser pulse after which the edges of the 

spectrum are cut away using a slit, as indicated by the blue line in the right of figure 2.17. 

The pulse is then spectrally combined again using a second grating or by reflecting the beam 

along the same path back on the first grating. As the bandwidth has decreased the time-

bandwidth product dictates the pulse length will be increased. Of course this means the total 

energy in the pulse will be decreased. However since the bandwidth is now smaller, the 

central wavelength can be shifted closer to the ionization threshold without increasing the 

electron source temperature 𝑇 as indicated with the red line in figure 2.17. This is because 𝑇 

is dominated by the spectral width of the laser above the ionization threshold as explained in 

section 2.4. Therefore the laser pulse energy that can effectively be used to ionize electrons 

actually increases as is indicated by the blue area in figure 2.17. 

   
Figure 2.17: Representation of spectral cutting using a zero-dispersion pulse shaper to increase the ionization laser pulse 

length and at the same time increase the amount of laser pulse energy available for the creation of electrons as indicated by 

the blue area. The laser detuning above ionization threshold in the left figure is needed to ensure a low enough electron 

source temperature. Note that the spectrum on the right will in practice be cut smoothly, however the principle indicated here 

remains the same. 

In the right of figure 2.17 the spectral cutting combined with a shift in central laser frequency 

is illustrated. This spectral cutting has resulted in a larger laser pulse energy above the 

ionization laser threshold8, as indicated with the blue area, without resulting in a larger 

bandwidth above threshold. Therefore the electron source temperature is preserved. 

  

                                                 
8 A lower wavelength means a higher photon energy, therefore wavelength below the ionizations wavelength 

threshold can create free electrons. 
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2.5 Ionization laser characterisation 

The femtosecond 800 nm, 2.4 mJ laser pulse coming from the Coherent Legend Elite is 

operated at a repetition rate of 1 kHz as the pump for the Coherent Opera Solo Ultrafast 

Optical Parametric Amplifier (OPA). In the OPA the ionization laser pulse is created at a 

wavelength of 480 nm with about 120 J. The wavelength of the OPA is tunable over a wide 

range in order to compensate for the Stark shift as explained in section 2.4.1. This ionization 

laser pulse is focused to a spot size of about 30 m at the position of the MOT. 

2.5.1 Temporal profile 

Unfortunately the crystals in the Frequency Resolved Optical Gating (FROG) analyser that is 

available are not suitable for a wavelength of 480 nm. Therefore the temporal profile of the 

laser pulse coming from the Coherent Legend Elite with a wavelength of 800 nm is measured 

in the FROG. This may give some insight in the temporal pulse length of the ionization laser 

since the pulse length will be similar to that of the beam coming from the Legend Elite for 

pulses that are not bandwidth limited. 

The Positive Light FROG works by splitting up the 800 nm laser beam and overlapping the 

two pulses under an angle inside a non-linear crystal that causes a non-linear polarization 

rotation as function of intensity. The non-rotated light is blocked by a polarizer after the 

crystal. The angle causes a linear delay as function of horizontal position in the crystal. In this 

way the horizontal axis represents the temporal profile after the crystal and polarizer. A 

grating then spectrally separates the light vertically and the resulting profile is imaged on a 

camera providing the frequency resolved temporal profile of the laser pulse. 

First the FROG is calibrated by taken 10 images of the FROG time-resolved spectrum at 3 

different delays using a micrometer to increase the path length of one of the arms of the 

FROG. Each of the images is vertically summed to get the temporal profile and fitted with a 

Gaussian (equivalent to figure 2.19 which is already calibrated). The center of this fitted 

Gaussian in pixels is plotted against the delay for all 30 images in the left of figure 2.18. A 

linear fit through this data is made to obtain the calibration factor of the FROG: 2.38 fs/px. 

 
Figure 2.18: Calibration and pulse length measurement of the 800 nm laser pulse coming from the legend elite using a 

FROG. 



Master Thesis – Ultra cold electron source Technische Universiteit Eindhoven 

T.C.H. de Raadt - 48 -   

This calibration factor is used to convert the standard deviation of the Gaussian fits from 

pixels to femtoseconds. The results are plotted in the right of figure 2.18 together with the 

mean value for all 30 images and the standard deviation of the values. This gives an rms 

pulse length of 28.9 ± 1.4 fs for the 800 nm laser pulse coming from the Coherent Legend 

Elite. The average of the 10 FROG images taken at the center of the FROG camera is 

presented in figure 2.19, where the horizontal time axis has been calibrated and the vertical 

frequency axis has not been calibrated. 

   
Figure 2.19: Frequency resolved temporal profile of the 800 nm laser pulse coming from the Coherent Legend Elite as 

measured by a FROG. The horizontal time axis is calibrated but the vertical frequency axis is not. The averaged FROG 

image on the left is summed vertically and fitted with a Gaussian to obtain the temporal profile as illustrated on the right. 

As already discussed in section 2.4.1, the time-bandwidth product for the 480 nm ionization 

laser pulse which has a bandwidth of about 4 nm dictates a minimum FWHM pulse length of 

85 fs. This corresponds to an rms pulse length of about 36 fs. Since these measurements have 

shown the 800 nm Legend Elite pulse to be about 29 fs, it is likely that the 480 nm ionisation 

laser pulse is longer than the 800 nm pulse used to create it. Further measurements using a 

FROG specifically build for 480 nm would be needed to investigate the actual pulse length of 

the ionization laser. This would be required if a zero-dispersion pulse shaper would be built 

to stretch the ionization laser pulse as discussed in section 2.4.3. 
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3 Source investigation 
 

During the development and operation of the Ultra Cold Electron Source some complications of 

an accelerator module outside vacuum were discovered. This chapter will investigate the origin of 

those complications and describe the measures taken to resolve them. Once the UCES source is 

stabilized and the complications mitigated, the electron bunch will be characterized. This chapter 

concludes with presenting the electron bunch energy and transverse emittance measurements. 

However first the accelerator module design is discussed in detail to provide the necessary 

background. 

3.1 The accelerator 

The accelerator module used in this experiment is completely situated outside the vacuum 

system as is illustrated in figure 3.1. This prevents high voltage feedthroughs and therefore 

allows for a lower vacuum pressure and ease of access to the accelerator module. The details 

of the accelerator module are presented on the right of figure 3.1. 

   
Figure 3.1: Cross sectional view of the accelerator module, re-entrant flange and grating holder. These structures are for the 

most part rotational symmetric around the horizontal axis. The potential across the acceleration gap is illustrated for a typical 

accelerator voltage of -20 kV. 

The high voltage cable is connected to a copper ring which is connected to an Indium Tin 

Oxide (ITO) layer deposited on a quartz plate. This ITO plate together with the copper ring 

forms the cathode of the accelerator. The ITO plate is transparent for the 780 nm trapping 

laser light that passes through the center of the accelerator module. The accelerator module is 

placed inside the re-entrant flange as illustrated in the left of figure 3.1 and pushed against the 
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quartz re-entrant window that separates the atmosphere from the high vacuum. The grating 

holder is separated 10 mm from the re-entrant window using electrically conducting spacers. 

The grating is held in place using small conducting clamps that provide an electrical 

connection between the 100 nm aluminium top layer of the grating and the grating holder. In 

this way the grating is grounded to the vacuum system forming the anode of the accelerator. 

A voltage up to -20 kV can be supplied to the cathode generating a potential across the 

acceleration gap as illustrated in figure 3.1, providing a homogeneous electric field across the 

MOT. 

3.2 Electron energy shift 

The energy of the accelerated electrons can be measured with a Time of Flight (ToF) scan 

[55]. The time at which the electrons are created is measured with the scope trace of a 

photodiode that detects the fs ionization laser pulse. A step function multiplied with an 

exponential decay and convoluted with a Gaussian (SEG-function) is fitted to the photodiode 

signal to determine the creation time. The electrons are then accelerated and pass through the 

beamline finally hitting the MCP that amplifies the electrons which then hit a phosphor 

screen. A transimpedance amplifier connected to the phosphor screen detects the arrival time 

at the MCP. The same SEG-function is fitted to the scope trace of the transimpedance 

amplifier signal to provide the arrival time. The creation time is subtracted from the arrival 

time to obtain the time of flight 𝜏𝑇𝑜𝐹. This ToF is measured for a range of accelerator 

potentials and is plotted in figure 3.2 for 5 subsequent scans which were started at different 

times. 

 
Figure 3.2: Five Time of Flight measurements conducted at intervals as specified with the start time in the legend. 

Horizontally the supplied accelerator potential is plotted. Each ToF measurement has been fitted with equation 3.1 with 𝑑 =
0.777 m as presented with the solid lines. 
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As can clearly be seen in figure 3.2 these ToF measurements shift towards the right for later 

measurements. This provided a first clue to some sort of charging problem that decreased the 

effective potential of the accelerator during sustained operation. This chapter will investigate 

this charging problem and reveal the characteristics, origin and solutions.  

The time of flight 𝑡𝑇𝑜𝐹 can be calculated from the distance 𝑑 between the MOT and the MCP 

combined with the relativistic kinetic energy gained from the accelerator to obtain the 

velocity [1]: 

𝜏𝑇𝑜𝐹 =
𝑑

𝑐√1−(
𝑚𝑒𝑐2

𝑚𝑒𝑐2+𝑒𝑓(𝑉𝑎𝑐𝑐−𝑉0)
)

2
+ 𝜏0, [3.1] 

where 𝑐 is the speed of light, 𝑚𝑒 is the electron mass, 𝑒 is the elementary charge, 𝑉𝑎𝑐𝑐 is the 

supplied voltage to the accelerator, 𝑓 is the fraction of the accelerator voltage 𝑉𝑎𝑐𝑐 that is used 

to accelerate the electrons, 𝑉0 is an offset in the accelerator voltage and 𝜏0 is an offset in the 

time of flight due to electronic delays. Because the MOT is in between the ITO cathode and 

grating anode the electrons gain only a fraction of the total potential as can be seen in figure 

3.1 and expressed by parameter 𝑓 in equation 3.1. When the ToF measurement is fitted with 

equation 3.1 that fraction 𝑓 can be determined after which it is simple to calculate the energy 

of the electrons 𝑈𝑒: 

𝑈𝑒 = 𝑒𝑓(𝑉𝑎𝑐𝑐 − 𝑉0). [3.2] 

Each of the ToF measurements of figure 3.1  has been fitted with equation 3.1 were the 

distance between the MCP and MOT was set to 𝑑 = 0.777 m. The average over all 5 fits for 

the delay offset and potential fraction has been calculated: 𝑓 = 0.13 and 𝜏0 = 10 ns. These 

values were then used to fit all 5 measurements again with only the accelerator voltage offset 

𝑉0 as fit parameter. The resulting accelerator voltage offsets 𝑉0 are presented in the legend of 

figure 3.1. It is clear that the effective potential of the accelerator is decreased from its 

original value of -20 kV to about -15 kV in a period of about six hours. 

3.3 Second electron bunch 

Another phenomenon was noticed that indicated a change of the accelerator electric field 

caused by some sort of charging problem. When the accelerator was first turned on at the 

beginning of a day a second electron bunch could be observed that was delayed by 166 ns 

with respect to the primary electron bunch as illustrated by the red curve in figure 3.3. The 

blue curve in figure 3.3 indicates the ionization laser signal as measured by a (saturated) 

photodetector. The flank of the blue curve indicates the arrival time of the nanosecond 

ionization laser pulse. 
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Figure 3.3: Two distinct electron peaks separated 166 ns as measured with the transimpedance amplifier connected to the 

MCP. The blue line indicates the photodiode signal of the ionization laser. Note that the photodiode was saturated in this 

measurement, since the actual laser pulse is only tens of fs long. 

The charge signal of this second electron bunch would diminish rapidly and disappear within 

tens of seconds. This second electron bunch would not come back unless the accelerator was 

turned off for multiple hours. This indicated some sort of change to the electric field 

produced by the accelerator when the ionization laser was going through the accelerator gap 

and the accelerator was first turned on. This gave a second clue to some sort of charging 

problem. If the ionization laser intensity was decreased the second electron bunch would 

disappear slower, indicating that the charging was related to the intensity of the ionization 

laser pulse. 

The primary electron bunch was created using the normal two-step ionization scheme as 

discussed in section 2.4. Here the trapping laser was off and the excitation laser on when the 

ionization laser pulse hit the MOT. When the excitation laser was blocked both the primary 

and second electron bunch would disappear. Both would come back when the excitation laser 

was unblocked, indicating that the electrons in the second bunch were also created from two-

step ionization of rubidium atoms. When the trapping laser was blocked or the rubidium 

dispenser creating the background rubidium pressure was turned off both bunches would 

disappear, confirming that the electrons of the second bunch were originating from the MOT. 

As a first hypothesis a reflection of the ionization laser hitting the MOT a second time 

creating the second electron bunch was considered. However the 166 ns delay between the 

two electrons bunches does not agree with this hypothesis since light travels about 30 cm in 

only 1 ns while the typical distances for such reflections would only be about 10 cm based on 

the size of the vacuum cube, eliminating this possibility. 

The 166 ns delay is much too long for the electrons or light pulses because they travel too 

fast. However rubidium ions are much heavier than the electrons. When the ionization laser 

hits the MOT electrons are created forming the primary electron bunch. This leaves behind a 
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cloud of positively charge rubidium-85 ions. These ions will be slowly accelerated in the 

opposite direction of the electrons, towards the re-entrant window as illustrated in figure 3.1. 

Assuming a constant acceleration and an electric field of 0.4 MV/m which is one third of the 

maximum measured electric field inside the UCES setup [1], the Rb-851+ ions would travel 

6.3 mm in the measured 166 ns delay between the two electron bunches. The distance 

between the re-entrant vacuum window and the grating is 10 mm and the MOT is somewhere 

in between the two as illustrated in figure 3.1. Therefore this 6.3 mm would agree with the 

distance between the MOT and the re-entrant vacuum window. This strongly indicates that 

the rubidium ions hitting the re-entrant window free electrons from the surface of the re-

entrant window. Those electrons are then accelerated towards the grating and pass through 

the hole in the grating, down the beamline onto the MCP forming the second electron bunch. 

The ions that are implanted in the re-entrant window leave behind a positive charge. 

Furthermore the electrons freed from the re-entrant window leave behind additional positive 

charge. Because the quartz re-entrant window is electrically isolating this charge builds up 

canceling part of the potential applied by the accelerator. This effectively creates an opposing 

electric field, which causes the shift of the electron bunch energy as observed in figure 3.2 of 

the previous section. This ion bombardment cannot fully account for the speed at which the 

re-entrant window is charging, as will be explained in section 3.4.2. The ions hit the re-

entrant window as a beam at a localized spot. This causes localized charging of the re-entrant 

window surface. Therefore causing an inhomogeneous electric field, that can steer the second 

electron bunch away from the hole in the grating. This can explain why the second electron 

bunch disappears relatively fast (few seconds) once charging of the re-entrant window starts. 

Once the accelerator is turned off, the isolating charged up re-entrant window can slowly start 

to discharge to the grounded conducting vacuum walls. There will always be a tradeoff 

between a fully conducting and fully isolating re-entrant window. If the re-entrant window 

was fully conducting the accelerator potential would be shielded. The electric field of the 

accelerator module would then no longer penetrate into the vacuum as required to accelerate 

the electrons as indicated in figure 3.1. On the other hand, the lower the conductance of the 

re-entrant window, the longer it will take to discharge after the accelerator is turned off. 

3.4 Build-up of an opposing electric field 

As discussed in the previous section the re-entrant window can build up a charge that will 

effectively lower the potential of the accelerator as observed in the measurements of section 

3.2. This is equivalent to creating an electric field that opposes the original electric field 

applied by the accelerator. Of course this opposing electric field can never exceed the original 

electric field of the accelerator.  

Another indication of this opposing electric field is provided by the detuning of the trapping 

laser used to create the MOT. As the opposing electric field builds up the effective electric 

field at the position of the MOT is lowered, therefore the Stark shift of the cooling transition 

decreases as explained in section 2.2.3 and 2.4.1 [1]. This causes the trapping of the MOT to 

become less effective, decreasing the number of trapped atoms. This can be observed as a 
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decrease in scattered trapping light from the MOT. The detuning of the trapping laser can 

then be decreased to compensate for the change in the Stark shift. This restores the original 

scattering intensity of the MOT as observed with a CCD camera. 

3.4.1 Creation of an ion beam 

If the accelerator is put to a potential of -20 kV and the re-entrant window is allowed to 

charge up for a considerable amount of time a strong opposing electric field is created. When 

the accelerator is then turned off the charge build up on the re-entrant window and therefore 

the opposing electric field will remain. Effectively the direction of the electric field inside the 

accelerator is flipped. In this way the ions created by ionising the MOT will now be 

accelerated down the beamline instead of the electrons. These ions can be observed on the 

CCD camera imaging the phosphor screen of the MCP and the transimpedance amplifier 

connected to the phosphor screen. The position and size of the spot on the phosphor screen 

could not be changed by the magnetic steering coils or solenoid. This confirmed that these 

particles are much heavier than electrons. They disappear if the laser frequency was unlocked 

from the laser cooling transition, ionisation laser or excitation laser was blocked or the MOT 

was disturbed in any way, confirming they are rubidium-85 ions originating from the MOT. 

A Time of Flight (ToF) scan similar to section 3.2 was conducted with these ions as shown in 

figure 3.5. However, now the opposing accelerating field is strongest when the accelerator is 

turned off and decreases when the accelerator potential increases. The scope traces of the 

ionisation laser pule and ion charge signals are presented in figure 3.4. 

 
Figure 3.4: Time of Flight measurement of the ion bunches. The charge signals (red lines) from the MCP are plotted for 

accelerator potentials from respectively 0 to 5.5 kV for the left to the right red peaks. The ionization laser pulse as measured 

with a photodiode (blue line) is plotted to indicate the creation time. The Time of Flight clearly increases and the charge 

signal decreases for bigger accelerator potentials. The ToF for ions is in the order of microseconds instead of nanoseconds 

for electrons. 

The ionization laser pulse and ion charge signals of figure 3.4 are fitted with a step function 

multiplied with an exponential decay and convoluted with a Gaussian. From those fits the 

ToF is determined for each accelerator potential. The results are plotted in figure 3.5, together 

with a fit of equation 3.1. Note that instead of the electron mass, the rubidium mass is used in 

equation 3.1 and the electric potentials changed sign. 
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Figure 3.5: Time of Flight measurement of the ions including a fit using equation 3.1 with the rubidium-85 mass instead of 

the electron mass. The fit resulted in an opposing potential of 10.1 kV. 

As can be seen from figure 3.5 the ToF fits remarkably well with equation 3.1 and resulted in 

an opposing potential of 10.1 kV. This opposing potential is realistic since the re-entrant 

window was allowed to charge with the accelerator on a potential of 20 kV for almost a full 

day. This considerable opposing potential of 10.1 kV further illustrates the need to 

understand this charging process in order to mitigate it. Otherwise the electrons will lose half 

of their energy due to this charging not to mention the stability problems that will be 

discussed in section 3.4.5. 

After the scan of figure 3.5 the accelerator was turned off and the ions were again observed 

on the MCP. The ToF of the ions was observed as a function of time without actively 

changing any parameters. The ion TOF slowly increased over time. The approximate time to 

discharge was estimated from the rate at which the TOF increased. The re-entrant window 

charge seemed to decrease about 20% in ±18 minutes. This illustrates the need for an active 

way to discharge the re-entrant window faster in order for practical operation of the UCES. 

3.4.2 Rubidium layer ionization 

As explained in section 3.3 the re-entrant window is bombarded with ions possibly causing 

the charging of the re-entrant window. Assuming the ions hit the re-entrant window in one-

spot, the Coulomb potential for a point charge can be used to calculate the required charge 𝑄 

to generate a potential 𝑉 of 1 kV at a distance 𝑟: 

𝑉 =
𝑄

4𝜋 0𝑟
.  [3.3] 

For 𝑟 = 1 cm (accelerator gap) a charge of 1.1 nC would be needed. A typical electron pulse 

contains about ~103 electrons [8]. Therefore also ~103 ions are created per pulse which are 
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assumed to each also free 1 electron from the quartz re-entrant window. Assuming a charge 

yield of 2 and a repetition rate of 10 Hz as used during these experiments, 12 pC/h could be 

produced. It would therefore take almost 100 hours to produce a 1 kV potential. As seen in 

the previous section a potential of 5 kV was produced in only 6 hours. Therefore the ions 

alone cannot account for all the charging that occurs. 

The ionization threshold of gaseous rubidium is 4.18 eV [47] and therefore the 480 nm (2.58 

eV) ionization laser does not have enough photon energy to singlehandedly ionize large 

quantities of gaseous rubidium (disregarding double photon ionization). However a thin layer 

of rubidium deposited on a quartz substrate has a work function of about 2.26 eV [56-58]. 

This corresponds to a wavelength of about 550 nm and therefore the 480 nm ionization laser 

has enough photon energy to ionize the bonded rubidium. The rubidium pressures of 10−8 

mbar can create steady state rubidium layers of 1015 atoms/cm2 corresponding to about 10 

monolayers in a period of days to weeks [59, 60]. In this steady state every time a rubidium 

atom is absorbed to the wall on average one rubidium atom is also released [60].  

Therefore the hypothesis is that the ionization laser scatters some 480 nm light from the in 

vacuum mirrors and vacuum windows onto the re-entrant vacuum window creating free-

electrons from the bonded rubidium layer on the re-entrant window. This scattering onto the 

re-entrant window can also be visually confirmed. These free-electrons are accelerated by the 

potential of the accelerator towards the grounded grating-(holder) were they are carried away 

leaving a positive charge on the re-entrant window. This effect could account for the fast 

charging rates observed in section 3.2. 

3.4.3 Pin down of the re-entrant window 

To test the rubidium layer hypothesis the 480 nm ionization laser was redirected to go along 

the beam path of the 780 nm trapping laser; through the accelerator module and re-entrant 

vacuum window straight onto the grating. All other lasers were turned off so there was no 

MOT and no 780 nm light present. Furthermore the Rubidium dispenser had been turned off 

for over 50 hours and kept off during this experiment. Immediately a fairly strong and stable 

electron beam could be observed on the CCD camera imaging the phosphor screen behind the 

MCP. This confirms the 480 nm ionization laser can produce electrons on its own. Moreover, 

the Time of Flight of these electrons at an accelerator potential of 20 kV was comparable to 

the left of figure 3.2. This means the electrons were ‘fast’ and therefore have been accelerated 

by the potential of the accelerator. Therefore these electrons had to come from the re-entrant 

window instead of the grating surface. The accelerator gap was “empty” without a MOT and 

with a background pressure of 2 ∙ 10−10 mbar. Only limited scattering was observed and the 

ionisation laser passed straight through the re-entrant vacuum window. It is therefore unlikely 

that these electrons originated from other parts of the system, confirming the rubidium layer 

hypothesis. 

In order to exclude the accelerator module from being the source of the charging another 

experiment was carried out. Normal operation of the MOT with two-step ionization was 

performed for a sustained period of time in order to let charging occur. The Accelerator was 

then turned off and ions were observed on the phosphor screen of the MCP detector as 
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described in section 3.4.1. Within 5 minutes the whole accelerator module was taken out of 

the setup. Upon turning on the MOT, the ions where again observed on the MCP. This means 

the opposing electric field was still present without the accelerator module being present. 

Therefore the accelerator module is not the cause of the opposing electric field, providing 

further evidence for a charged vacuum re-entrant window. 

3.4.4 Back illumination experiments 

In order to investigate the threshold wavelength for the photoelectric effect of the rubidium 

layer on the re-entrant window a simple setup was built, as illustrated in figure 3.6. 

 
Figure 3.6: Back illumination setup to create a broadly tunable light source that can be tuned from about 440 nm to 620 nm 

to investigate the threshold for the photoelectric effect of the rubidium layer deposited on the vacuum re-entrant window. 

The broadband LED light source is collimated with a lens and separated in wavelength using 

a blazed linear grating with 1800 lines/mm and blazed at a wavelength of 500 nm. A 

narrowband wavelength is selected from the spectrally separated first order diffraction using 

a 2 mm slit at a distance of about 40 cm from the grating. The light source and grating are 

placed on a rotation stage such that the first order diffraction can be scanned across the slit to 

select different wavelengths. A 10% beam splitter is used after the slit to measure the selected 

wavelength using a spectrometer. The rest of the beam is aligned to go along the path of the 

780 nm trapping laser; through the accelerator module, the re-entrant vacuum window and 

straight onto the grating. 

However the slit used in the setup of figure 3.6 does not let a constant amount of spectral 

bandwidth through, but passes through a constant angular fraction ∆𝜃. To compensate for this 

the spectral bandwidth ∆𝜆 per angle ∆𝜃 can be calculated using Bragg’s law. A light beam 

coming in under an angle 𝜃𝑖𝑛 with respect to the normal of a reflection grating will cause a 

diffraction order 𝑛 under an angle 𝜃𝑛 according to Bragg’s law: 

𝑑(sin(𝜃𝑛) − sin (𝜃𝑖𝑛)) = 𝑛𝜆,  [3.4] 

where 𝑑 is the grating period and 𝜆 the wavelength of the incoming light. Rewriting to 𝜃𝑛 

gives: 
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𝜃𝑛 = sin−1 (sin(𝜃𝑖𝑛) −
𝑛𝜆

𝑑
).  [3.5] 

Differentiating this equation to 𝜆 and rewriting provides the spectral bandwidth per angle: 

∆𝜆

∆𝜃
=

𝑑

𝑛
√1 − (

𝑛𝜆

𝑑
− sin(𝜃𝑖𝑛))

2

.  [3.6] 

Equation 3.6 is plotted in figure 3.7 together with the spectral intensity of the LED light 

source used in this experiment. This spectral intensity was measured by shining the light 

source directly in the spectrometer. The spectral bandwidth per angle represents the amount 

of light being passed through by the grating at a specific central wavelength. The measured 

amount of electrons being created by the light hitting the re-entrant window should be 

corrected for the light intensity. Therefore the measured electron charge should be divided by 

the normalized spectral bandwidth per angle and by the normalized spectral intensity of the 

LED light source as presented in figure 3.7. 

 
Figure 3.7: Back illumination calibration factors. On the left axis the spectral bandwidth per diffraction angle of the grating 

is plotted, representing the amount of light passed through by the slit. On the right axis the spectral intensity of the LED light 

source is plotted. 

The light hitting the re-entrant window as illustrated in figure 3.6 creates free electrons using 

the photoelectric effect on the thin layer of rubidium. These electrons are accelerated and 

amplified by the MCP after which they hit the phosphor screen. The camera counts of the 

phosphor screen at a constant shutter time are measured as a function of angle of the rotation 

stage as illustrated in figure 3.6. The electron beam charge as measured by the camera counts 

and compensated with the calibration factors of figure 3.7 is plotted in figure 3.8 against the 

central wavelength of the light measured by the spectrometer. 
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Figure 3.8: Back illumination measurement. The electron beam charge per light intensity used to create the electrons from 

the rubidium layer on the re-entrant window is plotted. The vertical line indicates the 2.26 eV work function of a rubidium 

layer on quartz from literature [56-58]. The error bars indicate the spectral bandwidth (rms sigma) as measured by the 

spectrometer 

As can be seen in figure 3.8 the wavelength threshold at which electrons can be created 

agrees well with the work function of 2.26 eV from literature [56-58]. This provides further 

evidence that these electrons are indeed created from the rubidium layer on the re-entrant 

vacuum window. Furthermore this measurement will be used in section 3.5 to provide a 

solution to the charging problem. 

3.4.5 Consequences of the opposing field buildup 

The charging of the re-entrant window does not only cause the electron bunch to shift in 

energy as discussed in section 3.2, it also causes pointing instabilities of the electron bunch. 

This occurs because the charging of the re-entrant window does not occur fully homogeneous 

but rather localized due to specific spots that get hit by scattered light of the ionization laser 

or are bombarded with ions as discussed in section 3.4.1. This causes radial electric fields that 

are not cylindrically symmetric, effectively steering the electron beam. Because the charging 

is dynamic this causes a drift of the electron beam pointing. 

The change in electric field due to the charging also causes a different Stark shift. Therefore 

the detuning of the MOT also needs to be dynamically adjusted to compensate for the 

changing electric fields. The inhomogeneities in the electric field caused by the charging also 

affect the local magneto optical compression as explained in section 2.2.2. This can slightly 

change the position and shape of the MOT. Because the MOT coils create very strong 

magnetic fields, a slight change in position of the MOT can again effect pointing of the 

electron beam. 

This also affects the repeatability of the experiments conducted. Especially the changes in 

electron beam pointing and energy of the electron bunch, between experiments where the 

charging of the re-entrant window is different, can cause deviating results. 
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Although the second electron bunch disappears quickly, those electrons have a different 

energy and have a poor emittance. This also causes them to appear as a distinct second spot 

on the phosphor screen of the MCP. The production of these electrons should be avoided. 

3.5 Solutions and outlook 

3.5.1 In-vacuum accelerator 

One approach of dealing with the charging of the re-entrant window would be to eliminate 

the re-entrant window altogether by placing the accelerator inside the vacuum. The cathode 

of the accelerator is actively kept at its potential. Therefore any charge that would hit the 

cathode would simply be carried away. However this would cause a lot of new problems. For 

one, high voltage vacuum feedthroughs would be needed that tend to ‘leak’. This likely 

increases the background pressure of non-Rubidium atoms and therefore decreasing the 

number of atoms in the MOT. Moreover, preventing high voltage surface breakdowns inside 

the vacuum might prove to be difficult and would probably lead to a much bigger accelerator 

structure. These surface breakdowns are prevented in the current accelerator module by 

sealing the module with epoxy that has a high dielectric constant. This eliminates any 

surfaces that lead to the grounded vacuum chamber enabling a very compact accelerator 

module. However epoxy cannot be used inside ultra-high vacuums. 

An in-vacuum accelerator would also not solve the second electron bunch as discussed in 

section 3.3. The ions will still hit the surface of the cathode possibly creating free electrons. 

This could be avoided by a hole in the center of the accelerator for the ions to pass through. 

However this would further complicate the accelerator design and could affect the 

homogeneity of the electric field. 

3.5.2 LED discharging 

Due to the disadvantages of an in-vacuum accelerator and development time, a different 

solution was chosen that mitigates the charging instead of fully avoiding it. As demonstrated 

in section 3.4.4 it is possible to free electrons from the re-entrant window using a simple light 

source. When the accelerator is turned on this causes charging of the re-entrant window. 

However when the accelerator is turned off and there is already a charge present, the opposite 

can happen. A light source can free electrons from the re-entrant window and other surfaces 

within the vacuum vessel that all have been coated with a layer of rubidium. Since the re-

entrant window is positively charged those free electrons will be attracted to the re-entrant 

window where they can recombine effectively lowering the charge on the re-entrant window 

and discharging it. In order to take advantage of this principle two rings of each 4 high power 

1 watt LEDs have been mounted to the inside of the cover plate of the re-entrant flange. They 

are mounted such that these LEDs surround the 1 inch beam path of the trapping laser shining 

directly through the re-entrant window at the grating (holder) as illustrated in figure 3.9. 
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Figure 3.9: Two rings of 4 discharge LEDs at central wavelengths of 470 and 505 nm as mounted to the cover plate of the re-

entrant flange. As can be seen on the right, the LEDs illuminate the re-entrant window and the grating (holder) in order to 

fully discharge the re-entrant window within a minute. 

One of the LED rings consist of blue LEDs with a central wavelength of 470 nm and the 

other cyan LED ring has a central wavelength of 505 nm. As can be seen from the 

measurement of figure 3.8 the 470 nm LEDs will be more effective at creating free electrons 

and therefore will discharge the re-entrant window faster. However these 470 nm LEDs can 

potentially also ionize laser cooled rubidium atoms in the MOT that are excited by the 780 

nm trapping or excitation laser using two step ionization as explained in section 2.4. 

Therefore they may affect the MOT and will only be used in-between experiments. Using the 

470 nm LEDs the re-entrant window can be fully discharged within a minute after having 

gathered charge for multiple hours. This reduces the ‘natural’ discharge time from multiple 

hours to a minute using active discharging. This allows for practical full discharging in-

between experiments, mitigating most of the problems caused by the charging. The 505 nm 

LEDs cannot ionize rubidium in combination with 780 nm light and will still be able to create 

free-electrons from bounded rubidium layers as measured in figure 3.8. Therefore these 505 

nm LEDs could be suitable for continuous operation as will be discussed in the next section. 

3.5.3 Pulsed HV accelerator 

Pulsing the high voltage of the accelerator is proposed in order to solve both the second 

electron bunch and the charging problem. When the ionization laser pulse hits the MOT the 

accelerator potential will be stable at -20 kV just as in the current setup. The electrons will 

exit the accelerator on the order of 0.3 ns as can be seen from the green line in figure 3.10. 

After 3 ns (as indicated by the dashed light blue line in figure 3.10) the accelerator will be 

switched to +10 kV with an RC-time of about 37 ns. This calculation uses Newtonian 

mechanics and the electric field as will be calculated in section 4.1. In this calculation the 

MOT is situated 7 mm above the grating (dashed red line) and the re-entrant window (solid 

red line) is separated 10 mm from the grating. 
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Figure 3.10: Calculation of the electron and ion trajectories with respect to the grating for a MOT position of 7 mm and a 

start potential of the accelerator of -20 kV. The accelerator starts to switch to +10 kV at 3 ns with an RC-time of 37 ns as 

indicated by the vertical cyan striped line. The grating and re-entrant window positions are indicated by the horizontal red 

lines. The green line indicates the electron trajectory, the striped blue line indicates the ion trajectory if the accelerator is not 

switched and the solid blue line indicates the ions trajectory for a switching accelerator as calculated with Newtonian 

mechanics. 

The ions take about 55 ns to hit the re-entrant window when the accelerator potential is not 

switched as indicated by the dashed blue line in figure 3.10. However when the accelerator 

switches to a positive potential after 3 ns, the ions will be decelerated. In this way the ions 

will not hit the re-entrant window as illustrated by the solid blue line in figure 3.10, or the 

ions will hit the accelerator with much less kinetic energy. Even if some free electrons would 

be created, they will be attracted back to the re-entrant window because the electric field has 

already changed sign. In this way the second electron bunch can be prevented. 

A high voltage pulser is currently under construction to allow for this switching. In the first 

phase a stable −20 kV potential will be applied. This potential will then be switched very fast 

(tens of ns) to +10 kV and kept at +10 kV for 150 ns for the second phase which prevents the 

second electron bunch as illustrated in figure 3.10. The accelerator potential will then be 

discharged within 150 s to 0 kV and kept at 0 kV for 500 s for the third phase in which the 

505 nm discharge LEDs can be used to discharge the re-entrant window. In the last 350 s 

the potential will be ramped back up to -20 kV to complete the 1 ms cycle for a repetition rate 

of 1 kHz which is fixed by the ionization laser. 

However a dynamically changing accelerator potential will also cause a dynamically 

changing Stark shift that could affect the quality of the MOT. The accelerator high voltage 

pulse might be fast enough for the MOT to be unaffected since most of the time the 

accelerator potential will now be zero. Otherwise the detuning of the trapping laser needs to 

dynamically change. 

The LED controller has been constructed such that the discharge LEDs can be pulsed 

synchronized to the ionization laser with a typical switching time of about 10 s as measured 



Master Thesis – Ultra cold electron source Technische Universiteit Eindhoven 

T.C.H. de Raadt - 63 -   

using a photodiode. In this way the 505 nm discharge LEDs could be used in the second 

phase of the high voltage pulser when the accelerator potential is 0 kV to continuously 

discharge the re-entrant window solving the charging issues. 

3.5.4 Stable bunch energy & emittance measurements 

Now that the discharge LEDs can be used to discharge the re-entrant window in-between 

each measurement, a stable Time of Flight scan can be measured identical to the one 

explained in section 3.2 only now with a discharged re-entrant window as illustrated in figure 

3.11. 

  
Figure 3.11: Three stable Time of Flight measurements conducted at intervals as specified with the start time in the legend. 

Horizontally the supplied accelerator potential is plotted. Each ToF measurement has been fitted with equation 3.1 with 𝑑 =
0.777 m as presented with the solid lines. 

As can be seen from figure 3.11 the electron bunch energy does not shift anymore when the 

re-entrant window is discharged in-between measurements. From the fit of the third Time of 

Flight scan with equation 3.1, the fraction of the accelerator potential that actually accelerates 

the electrons is determined to be 𝑓 = 0.51 ± 0.02, with a charging of only 𝑉0 = 83 ± 6 V 

and an electronic delay of 𝜏0 = 21 ± 1 ns as also published in ref [1]. Using equation 3.2 and 

this fitted fraction 𝑓 the maximum achievable electron energy is determined to be 𝑈𝑒 =

10.2 ± 0.4 keV for an accelerator potential of 𝑉𝑎𝑐𝑐 = −20 kV. 

Now that a stable and repeatable electron bunch can be created, the normalized transverse 

emittance of the electron bunch, as explained in section 2.1, was measured using a waist scan. 

The current through a magnetic solenoid lens 𝐼𝑠𝑜𝑙 positioned 484 mm from the MOT was 

scanned. At each point, the transverse rms bunch size 𝜎 was measured using a CCD camera 

that images the phosphor screen of the MCP. The MCP is positioned 293 mm from the 

solenoid as illustrated in figure 1.5. The results of this waist scan are presented in figure 3.12. 
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Figure 3.12: Electron bunch waist scan in order to determine the normalized emittance [1]. The current running through a 

magnetic solenoid lens is scanned and the transverse electron bunch size is measured using the phosphor screen of the MCP. 

The black line represents a general particle tracing simulation for a source temperature of 𝑇 = 25 K (휀⊥̂ = 0.4 nm·rad). The 

gray area provides a lower limit of 𝑇 = 1 K (0.4 nm·rad) and an upper limit of 𝑇 = 50 K (2.8 nm·rad). 

The ionization laser was tuned to a wavelength of 488.3 ± 0.1 nm such that the excess 

energy of the electrons was small as explained in section 2.4.1. The transverse size of the 

electron bunch at the source was determined by imaging the excitation laser in a virtual 

source point, from which the spot size was measured to be 𝜎𝑠 = 30 m. Using equation 2.6, 

the source temperature 𝑇 of the Ultra Cold Electron Source can be calculated, using this spot 

size and the normalized emittance as measured with the waist scan. Detailed General Particle 

Tracing (GPT) simulations were performed for a large range of source temperatures 𝑇 and a 

range of solenoid currents matching with the waist scan measurement of figure 3.12 [1, 61]. 

These simulations included realistic electric fields for the accelerator and magnetic fields for 

the MOT coils and solenoid. Coulomb interactions can be neglected because an 8 ns long 

ionization laser pulse was used during this measurement. The MCP has a spatial resolution of 

about 50 m, which was reached during the measurement of figure 3.12. Therefore the 

detector resolution was quadratically added to the results of the GPT simulations. The best fit 

with the GPT simulations is plotted as the black line in figure 3.12, which results in a source 

temperature 𝑇 = 25 K corresponding to a transverse normalized emittance of 휀⊥̂ = 1.9 

nm·rad. The grey area of figure 3.12 provides a lower limit of 𝑇 = 1 K (0.4 nm·rad) and an 

upper limit of 𝑇 = 50 K (2.8 nm·rad). This measured source temperature is in line with 

earlier reported measurements of ultra-cold electron sources [1, 55, 62, 63]. 

The high quality electron bunches are now stable enough for bunch length measurements as 

will be described in the next chapter. 

 



Master Thesis – Ultra cold electron source Technische Universiteit Eindhoven 

T.C.H. de Raadt - 65 -   

4  Bunch length characterization 

4.1 Analytical characterisation of the self-compression point 

The electrons created at the back of the accelerator gain more energy but need to travel a 

longer distance, therefore at some point they overtake the slower front of the electron pulse 

creating a temporal self-compression point. This chapter will focus mainly on this self-

compression point because it has some interesting properties which makes it the best place 

for temporal bunch length measurements. These bunch length measurements will be 

performed using the interaction between an fs laser pulse and the electron bunch in order to 

obtain femtosecond temporal resolution. The self-compression point is convenient for such 

measurements because there the electron density is high due to the longitudinal compression. 

This means a larger portion of the electron bunch can interact with the laser pulse9. 

Furthermore, the self-compression point is very close to the MOT. Therefore the electron 

bunch does not have much time to ballistically diverge in the transvers direction. This helps 

in keeping the electron density high. Additionally, as we will see in this section, the temporal 

bunch length in the self-compression point due to geometry and acceleration is extremely 

short. Therefore the temporal bunch length will be completely dominated by the ionization 

process. Since an fs ionization laser is used, the temporal bunch length will most likely be 

dominated by the atomic process that takes place during ionization. Therefore the self-

compression point can give valuable insight into atomic physics concerning the ionization 

process as discussed in section 2.4.2. 

This section will look into the position of the self-compression point, the time it takes the 

electrons to get to the self-compression point and the minimum limit to the electron bunch 

length in the self-compression point. In order to perform electron bunch length measurements 

in the self-compression point, it is important to know the position of the self-compression 

point to be able to align the laser pulse to this point. Furthermore the time it takes the 

electrons to travel from the MOT to the self-compression point needs to be known. This is 

needed in order to set a proper delay between the ionization laser hitting the MOT and the 

laser pulse arriving at the self-compression point where it should interact with the electron 

bunch. First the electric field inside the accelerator will be derived, as this will be needed in 

the equations of motion of the electrons. 

4.1.1 Electric field of the accelerator 

The potential applied to the accelerator 𝑉𝑎𝑐𝑐 is divided between the quartz (also known as 

fused silica) and the vacuum as can be seen in figure 3.1. Inside the accelerator module there 

is 1.6 mm quartz and 1 mm air between the ITO cathode and the re-entrant vacuum window. 

This re-entrant vacuum window is 6.4 mm thick and the acceleration gap inside vacuum is 10 

mm wide. Because air and vacuum have almost identical permittivity’s this provides 

approximately 𝑑𝑣𝑎𝑐 = 11 mm of vacuum and 𝑑𝑆𝑖 = 8 mm quartz over which the accelerator 

potential is divided. The integral over the electric field 𝐸 provides this total potential: 

                                                 
9 given the fact that the laser focus is smaller than the electron bunch size as will be discussed in section 4.2.3. 
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𝑉𝑎𝑐𝑐 = − ∫ 𝐸(𝑥)𝑑𝑥
𝑑

0
, [4.1] 

where 𝑑 is the total distance between the cathode and the anode. Splitting up this integral 

over the vacuum and the quartz and assuming a constant electric field within these two 

regions results in: 

𝑉𝑎𝑐𝑐 = 𝐸𝑆𝑖𝑑𝑆𝑖 + 𝐸𝑣𝑎𝑐𝑑𝑣𝑎𝑐,  [4.2] 

where 𝐸𝑆𝑖 is the electric field in the quartz, 𝑑𝑆𝑖 is the total thickness of quartz, 𝐸𝑣𝑎𝑐 is the 

electric field in the accelerator gap and 𝑑𝑣𝑎𝑐 is the total distance of vacuum between the two 

electrodes of the accelerator. At the interface between the quartz and the vacuum, the 

following boundary condition holds: 

𝐷⊥,𝑆𝑖 − 𝐷⊥,𝑣𝑎𝑐 = 𝜎𝑓,  [4.3] 

where 𝜎𝑓 is the free surface charge and 𝐷⊥ is the component of the electric displacement field 

that is perpendicular to the surface. The charging of the re-entrant vacuum window as 

discussed in section 3.4 would be expressed in this free surface charge 𝜎𝑓. However in this 

chapter the charging of the re-entrant window will be neglected since an adequate way to 

discharge the re-entrant window was found, as discussed in section 3.5. For a linear, 

homogeneous, isotropic dielectric material such as quartz, the displacement field is given by: 

𝐷 = 휀𝑟휀0𝐸,  [4.4] 

where 휀0 is the vacuum permittivity and 휀𝑟 is the relative permittivity of the material which is 

휀𝑟,𝑆𝑖 = 3.82 for fused quartz [64]. Combining equations 4.3 and 4.4 together with the 

assumption that there is no surface charge at the quartz vacuum window gives: 

𝐸𝑆𝑖 =
1

𝑟,𝑆𝑖
𝐸𝑣𝑎𝑐 ,  [4.5] 

Substituting this result in equation 4.2 gives the electric field inside the accelerator: 

𝐸𝑣𝑎𝑐 =
𝑉𝑎𝑐𝑐

1

𝜀𝑟,𝑆𝑖
𝑑𝑆𝑖+𝑑𝑣𝑎𝑐

.  [4.6] 

An accelerator potential of 𝑉𝑎𝑐𝑐 = 20 kV therefore gives an electric field of 𝐸𝑣𝑎𝑐 ≈ 1.5 

MV/m. The energy the electrons gain 𝑈𝑒 can be calculated by integrating the electric field 

over the distance the electrons travel in the electric field 𝑑𝑚𝑜𝑡 (from the MOT to the grating) 

multiplied with the charge of the electrons: 

𝑈𝑒 = 𝑒
𝑑𝑚𝑜𝑡

1

𝜀𝑟,𝑆𝑖
𝑑𝑆𝑖+𝑑𝑣𝑎𝑐

𝑉𝑎𝑐𝑐 .  [4.7] 

This equation is very similar to equation 3.2. By comparing these two equations and 

neglecting the potential offset 𝑉0, it is clear that the position of the MOT can be calculated 

from the measured fraction 𝑓: 
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𝑑𝑚𝑜𝑡 = 𝑓 (
1

𝑟,𝑆𝑖
𝑑𝑆𝑖 + 𝑑𝑣𝑎𝑐).  [4.8] 

The measured value of 𝑓 = 0.51 from section 3.5.4 gives a MOT position 𝑑𝑚𝑜𝑡 ≈ 6.7 mm. 

This seems to agree well with the position of the MOT determined from a camera imaging 

the accelerator gap from the side. 

4.1.2 Position of the self-compression point 

Let us now consider three electrons inside the MOT denoted with the letters L, C and R in 

figure 4.1 for respectively the most left, the center and the most right electron in the MOT at 

time 𝑡0 = 0 where the MOT is instantaneously ionized and the electron bunch is created. 

Figure 4.1: The position of the electron bunch with respect to the hole in the grating at five different times. At 𝑡0 = 0 the 

MOT is ionized and the electron bunch is created. At respectively 𝑡𝑅, 𝑡𝑐 and at 𝑡𝐿 the most right, center and most left 

electron pass through the hole in the grating. At 𝑡𝑠𝑒𝑙𝑓 the electron bunch reaches the self-compression point where the bunch 

length is the shortest. 

First the electrons are accelerated in the electric field 𝐸𝑣𝑎𝑐 given by equation 4.6 from the 

MOT to the hole in the grating. For this first part of the electron trajectory non-relativistic 

acceleration is assumed to keep the model simple. The electric field provides a force on the 

particle that results in an acceleration 𝑎: 

𝑎 =
𝑒𝐸𝑣𝑎𝑐

𝑚𝑒
. [4.9] 

The linear acceleration equations of motion for the three electrons are given by: 

𝑑𝑚𝑜𝑡 + 𝑟𝑚𝑜𝑡 =
1

2
𝑎𝑡𝐿

2          𝑑𝑚𝑜𝑡 =
1

2
𝑎𝑡𝑐

2          𝑑𝑚𝑜𝑡 − 𝑟𝑚𝑜𝑡 =
1

2
𝑎𝑡𝑅

2,  [4.10] 

where 𝑑𝑚𝑜𝑡 is the distance between the center of the MOT and the grating, 𝑟𝑚𝑜𝑡 is the radius 

of the MOT and 𝑡𝐿, 𝑡𝑐 and 𝑡𝑅 are the times at which respectively the most left, center and 

most right electron pass through the hole in the grating, as illustrated in figure 4.1. The time it 

takes the three electrons to travel from the MOT to the grating can now be calculated by 

combining equations 4.9 and 4.10: 

𝑡𝐿 = √
2𝑚𝑒(𝑑𝑚𝑜𝑡+𝑟𝑚𝑜𝑡)

𝑒𝐸𝑣𝑎𝑐
          𝑡𝑐 = √

2𝑚𝑒𝑑𝑚𝑜𝑡

𝑒𝐸𝑣𝑎𝑐
          𝑡𝑅 = √

2𝑚𝑒(𝑑𝑚𝑜𝑡−𝑟𝑚𝑜𝑡)

𝑒𝐸𝑣𝑎𝑐
. [4.11] 
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The electron then travels from the grating to the self-compression point. For this second part 

of the electron trajectory constant linear motion is assumed. Energy balance between the 

energy gained from the electric field of the accelerator and the resulting kinetic energy gives: 

1

2
𝑚𝑒𝑣𝐿

2 = 𝑒𝐸𝑣𝑎𝑐(𝑑𝑚𝑜𝑡 + 𝑟𝑚𝑜𝑡)          
1

2
𝑚𝑒𝑣𝐶

2 = 𝑒𝐸𝑣𝑎𝑐𝑑𝑚𝑜𝑡            

1

2
𝑚𝑒𝑣𝑅

2 = 𝑒𝐸𝑣𝑎𝑐(𝑑𝑚𝑜𝑡 − 𝑟𝑚𝑜𝑡). [4.12] 

This can be rewritten to obtain the constant final velocity of each electron 𝑣𝐿, 𝑣𝑐 and 𝑣𝑅: 

𝑣𝐿 = √
2𝑒𝐸𝑣𝑎𝑐(𝑑𝑚𝑜𝑡+𝑟𝑚𝑜𝑡)

𝑚𝑒
          𝑣𝑐 = √

2𝑒𝐸𝑣𝑎𝑐𝑑𝑚𝑜𝑡

𝑚𝑒
          𝑣𝑅 = √

2𝑒𝐸𝑣𝑎𝑐(𝑑𝑚𝑜𝑡−𝑟𝑚𝑜𝑡)

𝑚𝑒
.  [4.13] 

The position of the self-compression point is defined as the position where the most left 

electron meets the most right electron. The distance between the left and right particle 𝑠𝐿𝑅 at 

time 𝑡𝐿 as illustrated in figure 4.1 can be expressed as: 

𝑠𝐿𝑅 = 𝑣𝑅(𝑡𝐿 − 𝑡𝑅). [4.14] 

The left particle is traveling faster than the right particle. Therefore this gap 𝑠𝐿𝑅 will be 

closed in between the times 𝑡𝑠𝑒𝑙𝑓 and 𝑡𝐿 based on the relative velocity between the two 

particles as the particles move from the grating towards the self-compression point: 

𝑡𝑠𝑒𝑙𝑓 − 𝑡𝐿 =
𝑠𝐿𝑅

𝑣𝐿−𝑣𝑅
. [4.15] 

The position of the self-compression point 𝑑𝑠𝑒𝑙𝑓 as illustrated in figure 4.1, can now be 

calculated from the time it takes the left particle to travel from the grating to the self-

compression point given by equation 4.15 and the velocity of the left particle 𝑣𝐿 given by 

equation 4.13: 

𝑑𝑠𝑒𝑙𝑓 = 𝑣𝐿(𝑡𝑠𝑒𝑙𝑓 − 𝑡𝐿),  [4.16] 

Substituting equations 4.15 and 4.14 in equation 4.16 gives: 

𝑑𝑠𝑒𝑙𝑓 = 𝑣𝐿𝑣𝑅
𝑡𝐿−𝑡𝑅

𝑣𝐿−𝑣𝑅
,  [4.17] 

Substituting equations 4.11 and 4.13 for 𝑣𝐿, 𝑣𝑅, 𝑡𝐿 and 𝑡𝑅 and simplifying gives: 

𝑑𝑠𝑒𝑙𝑓 = 2𝑑𝑚𝑜𝑡√1 − (
𝑟𝑚𝑜𝑡

𝑑𝑚𝑜𝑡
)

2

. [4.18] 

The size of the ionization volume in the MOT is much smaller than the distance between the 

MOT and the grating (𝑟𝑚𝑜𝑡 ≪ 𝑑𝑚𝑜𝑡). Therefore in the first order approximation using a 

Taylor series the position of the self-compression point simplifies to: 

𝑑𝑠𝑒𝑙𝑓 ≈ 2𝑑𝑚𝑜𝑡 + 𝑂 [(
𝑟𝑚𝑜𝑡

𝑑𝑚𝑜𝑡
)

2

].  [4.19] 
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4.1.3 Arrival time at the self-compression point 

From now on, the self-compression point will be assumed to be at 𝑑𝑠𝑒𝑙𝑓 = 2𝑑𝑚𝑜𝑡. The time it 

takes the electron bunch to travel from the grating to the self-compression point can now be 

calculated from the velocity of the center electron 𝑣𝑐 (equation 4.13) and the position of the 

self-compression point 𝑑𝑠𝑒𝑙𝑓: 

𝑡𝑠𝑒𝑙𝑓 − 𝑡𝑐 = √
2𝑚𝑒𝑑𝑚𝑜𝑡

𝑒𝐸𝑣𝑎𝑐
.  [4.20] 

Note the beauty of physics here in the fact that the travel time from the MOT to the grating 

during the accelerated motion 𝑡𝑐 and the time from the grating to the self-compression point 

during linear motion 𝑡𝑠𝑒𝑙𝑓 − 𝑡𝑐 are exactly the same (equations 4.11 and 4.20). Therefore the 

total time to the self-compression point 𝑡𝑠𝑒𝑙𝑓 is simply: 

𝑡𝑠𝑒𝑙𝑓 = 2√
2𝑚𝑒𝑑𝑚𝑜𝑡

𝑒𝐸𝑣𝑎𝑐
.  [4.21] 

4.1.4 Self-compression limit 

Let us now investigate the maximum compression in the self-compression point to get an 

estimate for the lower limit of the electron bunch length. This can be done by looking at the 

most left L and most right R electron of figure 4.1 and calculating their positions 𝑥𝑅 and 𝑥𝐿 

with respect to the grating at the self-compression time 𝑡𝑠𝑒𝑙𝑓: 

𝑥𝑅 = 𝑣𝑅(𝑡𝑠𝑒𝑙𝑓 − 𝑡𝑅)          𝑥𝐿 = 𝑣𝐿(𝑡𝑠𝑒𝑙𝑓 − 𝑡𝐿).  [4.22] 

Substituting equations 4.11, 4.13 and 4.21 gives: 

𝑥𝑅 = 4𝑑𝑚𝑜𝑡√(1 −
𝑟𝑚𝑜𝑡

𝑑𝑚𝑜𝑡
) − 2𝑑𝑚𝑜𝑡 + 2𝑟𝑚𝑜𝑡      𝑥𝐿 = 4𝑑𝑚𝑜𝑡√(1 +

𝑟𝑚𝑜𝑡

𝑑𝑚𝑜𝑡
) − 2𝑑𝑚𝑜𝑡 − 2𝑟𝑚𝑜𝑡. 

 [4.23] 

Because 𝑟𝑚𝑜𝑡 ≪ 𝑑𝑚𝑜𝑡 this can be Taylor expanded to: 

𝑥𝑅 ≈ 2𝑑𝑚𝑜𝑡 −
𝑟𝑚𝑜𝑡

2

2𝑑𝑚𝑜𝑡
+ 𝑂 [

𝑟𝑚𝑜𝑡
3

𝑑𝑚𝑜𝑡
2]        𝑥𝐿 ≈ 2𝑑𝑚𝑜𝑡 −

𝑟𝑚𝑜𝑡
2

2𝑑𝑚𝑜𝑡
+ 𝑂 [

𝑟𝑚𝑜𝑡
3

𝑑𝑚𝑜𝑡
2].  [4.24] 

This means that in the second order approximation, electron L and R are at the same position 

just behind the center electron that is per definition at position 2𝑑𝑚𝑜𝑡. Therefore in the self-

compression point the longitudinal bunch length 𝜎𝑧,𝑠𝑒𝑙𝑓 is approximately: 

𝜎𝑧 ≈
𝑟𝑚𝑜𝑡

2

2𝑑𝑚𝑜𝑡
.  [4.25] 

Using the velocity of the electron bunch 𝑣𝑐 this can be converted to a temporal bunch length: 

𝜎𝑡,𝑠𝑒𝑙𝑓 ≈
𝑟𝑚𝑜𝑡

2

(2𝑑𝑚𝑜𝑡)3/2 √
𝑚𝑒

𝑒𝐸𝑣𝑎𝑐
.  [4.26] 
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Note that this bunch length assumes an instantaneously created electron cloud. Therefore this 

bunch length provides an indication for the minimum bunch length due to the imperfection of 

the self-compression point. This minimum bunch length can be calculated with the typical 

operating parameters for the accelerator: 𝑟𝑚𝑜𝑡 = 30 m,  𝑑𝑚𝑜𝑡 = 7 mm,  𝑉𝑎𝑐𝑐 = 20 kV, 

 𝑑𝑆𝑖 = 8 mm,  𝑑𝑣𝑎𝑐 = 11 mm and 휀𝑟,𝑆𝑖 = 3.82. Using these parameters and equations 4.6 for 

the electric field in the accelerator, equations 4.25 and 4.26 provide a bunch length of 𝜎𝑧 ≈

64 nm equal to 𝜎𝑡,𝑠𝑒𝑙𝑓 ≈ 1.0 fs at the self-compression point. This is an incredible short 

bunch length, indicating a strong self-compression point. However in most cases the bunch 

length will actually be dominated by the ionization process as discussed in section 2.4.2. Also 

note that this calculation assumes a constant electric field in the accelerator (two infinitely 

large parallel plates). In practice the accelerator has a hole in it for the electrons to pass 

through resulting in a non-constant accelerator electric field. The geometry of the accelerator 

could be designed to benefit from this non-constant field to try and compensate for the 

imperfection in the self-compression point. 

4.1.5 Relativistic corrections 

To check if relativistic effects are significant for this analytical model, constant relativistic 

motion will now be considered for the electrons traveling from the grating to the self-

compression point. Energy balance between the energy gained from the electric field of the 

accelerator and the resulting relativistic kinetic energy gives: 

(𝛾 − 1)𝑚𝑒𝑐2 = 𝑒𝐸𝑣𝑎𝑐𝑑𝑚𝑜𝑡, [4.27] 

where 𝛾 is the Lorentz factor defined as: 

𝛾 =
1

√1−
𝑣2

𝑐2

.  [4.28] 

Using the full expression of the Lorentz factor, equation 4.27 can be rewritten to: 

𝑣 = 𝑐√1 −
1

(1+
𝑒𝐸𝑣𝑎𝑐𝑑𝑚𝑜𝑡

𝑚𝑒𝑐2 )
2. [4.29] 

The distance from the grating to the self-compression point is assumed to still be 2 times the 

distance from the MOT to the grating, as calculated with Newtonian mechanics and 

expressed in equation 4.19. Therefore the time it takes the electrons to travel from the grating 

to the self-compression point 𝑡𝑠𝑒𝑙𝑓𝑟𝑒𝑙
− 𝑡𝑐 is given by: 

𝑡𝑠𝑒𝑙𝑓𝑟𝑒𝑙
− 𝑡𝑐 =

2𝑑𝑚𝑜𝑡

𝑐
√

1−
1

(1+
𝑒𝐸𝑣𝑎𝑐𝑑𝑚𝑜𝑡

𝑚𝑒𝑐2 )

2

. [4.30] 

Using the non-relativistic time 𝑡𝑐 given by equation 4.11 for the accelerating part of the 

motion and equation 4.30 for the constant relativistic part of the motion, the total time to the 

self-compression point 𝑡𝑠𝑒𝑙𝑓𝑟𝑒𝑙
 is given by: 
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𝑡𝑠𝑒𝑙𝑓𝑟𝑒𝑙
= √

2𝑚𝑒𝑑𝑚𝑜𝑡

𝑒𝐸𝑣𝑎𝑐
+

2𝑑𝑚𝑜𝑡

𝑐
√

1−
1

(1+
𝑒𝐸𝑣𝑎𝑐𝑑𝑚𝑜𝑡

𝑚𝑒𝑐2 )

2

. [4.31] 

This equation will be used for comparison with simulations and for an estimate of the delay 

time needed between the ionization laser hitting the MOT and the interaction laser arriving at 

the self-compression point where it should temporally overlap with the electron bunch. For 

typical operating parameters of the accelerator: 𝑑𝑚𝑜𝑡 = 7 mm,  𝑉𝑎𝑐𝑐 = 20 kV,  𝑑𝑆𝑖 = 8 mm, 

 𝑑𝑣𝑎𝑐 = 11 mm and 휀𝑟,𝑆𝑖 = 3.82. Using these parameters and equations 4.6 for the electric 

field in the accelerator, equations 4.21 and 4.31 provide an arrival time of 457 ps and a 

relativistic arrival time of 460 ps. Therefore the relativistic correction is small for typical 

operating conditions. This means the used non-relativistic acceleration is adequate for these 

calculations. 
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4.2 Self-compression point simulation 

In order to further investigate the properties of the self-compression point and to verify the 

analytical models of the previous section, detailed particle tracing simulations were 

performed using the General Particle Tracer (GPT) code [61]. These simulations include 

realistic electric fields for the accelerator and magnetic fields for the MOT coils and solenoid. 

Coulomb forces can be neglected in these simulations since the current bunch charge of about 

103 electrons per pulse at long bunch durations results in a low charge density [8]. 

Neglecting these space charge forces reduces computation time and keeps the simulations 

insightful. However they will be important for future applications such as micro-bunching 

especially in the self-compression point when more bunch charge is utilized. For now a 

deeper understanding of the source is first needed and the focus is put on measuring the 

bunch length for the first time. 

All simulations in this section are performed at the following typical operating parameters if 

not specified otherwise; extraction volume rms standard deviation  𝑟𝑚𝑜𝑡 = 30 m, position of 

the MOT w.r.t. the grating surface 𝑑𝑚𝑜𝑡 = 7 mm10, accelerator potential  𝑉𝑎𝑐𝑐 = 20 kV, 

electron source temperature 𝑇 = 25 K11, number of electrons in the bunch 𝑁𝑒 = 1000 [8], 

creation time rms standard deviation 𝜎𝑡,𝑖𝑜𝑛 = 0 and current through the first MOT coil 

𝐼𝑀𝑂𝑇 𝑐𝑜𝑖𝑙 = 9.35 A. The other MOT coil is driven such that the magnetic zero of the 

quadrupole field overlaps with the position of the MOT. 

4.2.1 Position of the self-compression point 

First the position of the self-compression point 𝑑𝑠𝑒𝑙𝑓 is investigated using GPT simulations 

over a range of MOT positions 𝑑𝑚𝑜𝑡 and accelerator potentials 𝑉𝑎𝑐𝑐 as illustrated in figure 

4.2. 

 
Figure 4.2: Position of the self-compression point for a range of MOT positions and accelerator potentials. 

                                                 
10 𝑑𝑚𝑜𝑡 = 7 mm as calculated in section 4.1.1. 
11 𝑇 = 25 K as measured in section 3.5.4. 
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The position of the self-compression point in each simulation is determined by first 

calculating the temporal standard deviation 𝜎𝑡 of the electron distribution forming the bunch 

at each simulation time step and then fitting a parabola to the points around the minimum 𝜎𝑡. 

The analytical model of equation 4.19 predicts the position of the self-compression point to 

be twice the position of the MOT 𝑑𝑠𝑒𝑙𝑓 = 2𝑑𝑚𝑜𝑡, independent of accelerator potential as 

indicated with the red line in figure 4.2. The analytical model reasonably agrees with the GPT 

simulation. However, the GPT model takes into account the effects of the magnetic fields of 

the MOT coils and the exact non-homogeneous electric field of the accelerator and lensing 

effect of the hole in the grating. The accelerator potential as used in GPT provides a non-

homogeneous electric field that smoothly drops off at the hole [1] instead of the step function 

assumed in the analytical model. This can explain the deviations observed in this section. 

From the parabolic fit of 𝜎𝑡 as described at the beginning of this section the “Rayleigh 

length” of the self-compression point 𝑅𝑠𝑒𝑙𝑓,𝑧 can be calculated. This 𝑅𝑠𝑒𝑙𝑓,𝑧 is defined as the 

distance at which 𝜎𝑡 increases by a factor of √2. 𝜎𝑡 is related to the electron bunch length 𝜎𝑧 

through the velocity 𝑣𝑒 of the electron bunch: 𝜎𝑧 = 𝑣𝑒𝜎𝑡. The electron bunch length 𝜎𝑧 as 

function of the position along the beamline is plotted in figure 4.3 for 3 GPT simulations with 

a creation time 𝜎𝑡,𝑖𝑜𝑛 of 1 fs, 1 ps and 4 ps. The Rayleigh length can clearly be seen as the 

sharpness of the self-compression point in the left of figure 4.3. This Rayleigh length  𝑅𝑠𝑒𝑙𝑓,𝑧 

is plotted as function of the creation time 𝜎𝑡,𝑖𝑜𝑛 on the right of figure 4.3 including a zoomed 

in plot. 

Figure 4.3: Rayleigh length of the self-compression point as function of creation time. 

The Rayleigh length of the self-compression point is linear with the creation time for creation 

times larger than 1 ps, but starts to deviate and finally reaches a limit for creation times of 

tens of fs as can be seen in the inset of figure 4.3. At typical operating conditions 𝑉𝑎𝑐𝑐 = 20 

kV, 𝑑𝑚𝑜𝑡 = 7 mm and 𝜎𝑡,𝑖𝑜𝑛 = 4 ps, the self-compression point is at 13 mm from the grating 

while the Rayleigh length is about 95 mm as can be seen from figures 4.2 and 4.3. Therefore 
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the longitudinal positioning of the interaction laser (lens) that will measure the bunch length 

in the self-compression point (as will be explained in section 4.3) is not very critical. 

The position of the self-compression point is independent from the creation time for fast 

creation times up to 1 ps. For creation times above 1 ps, the bunch length 𝜎𝑧 becomes 

dominated by the creation time, as can be seen from the left of figure 4.3 at the exit of the 

MOT (𝑧 = 0)12. This causes a small deviation in the position of the self-compression point as 

can be seen in figure 4.4. 

 
Figure 4.4: Effect of the creation time on the position of the self-compression point.  

4.2.2 Time of flight to self-compression point 

An fs-laser pulse coming from the Coherent Legend Elite is used as pump for the Coherent 

Opera Solo OPA that creates the 480 nm ionization laser pulse. The residual of the pump 

pulse is used as the interaction laser pulse. The ionization laser pulse and the interaction laser 

pulse therefore originate from the same fs-laser pulse coming from the Coherent Legend 

Elite. This means they are intrinsically synchronized. The arrival time of the ionization laser 

pulse at the MOT and the interaction laser pulse at the self-compression point can therefore 

be synchronized by making sure the path lengths of both pulses are equal from the point 

where they are split inside the Coherent Opera Solo OPA. However the electrons take some 

time to travel from the MOT to the self-compression point 𝑡𝑠𝑒𝑙𝑓. The path length of the 

interaction laser pulse needs to be adjusted to compensate for this, such that the laser pulse 

and the electron bunch temporally overlap. The range over which this 𝑡𝑠𝑒𝑙𝑓 changes also 

gives an indication for the amount of delay that needs to be tunable in order to design a delay 

stage. The Time of Flight to the self-compression point 𝑡𝑠𝑒𝑙𝑓 as a function of the accelerator 

potential and position of the MOT as obtained from the GPT simulations is presented in 

figure 4.5. The analytical model of equation 4.31 agrees very well with the GPT simulation as 

indicated by the red plane in figure 4.5. 

                                                 
12 This is even more clear in figure 4.9, for a fixed accelerator potential (when 𝜎𝑧 is linear with 𝜎𝑡,𝑠𝑒𝑙𝑓). 
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Figure 4.5: Time of flight to the self-compression point as obtained from the GPT simulations and the analytical model of 

equation 4.31. 

As can be seen from figure 4.5 a delay of about 0.48 ns is needed for typical operating 

conditions and the delay should be tunable over a range of at least 0.7 ns. In order to achieve 

this, a very stable manual delay stage is constructed that can be adjust by 14 cm (0.93 ns), on 

top of which a Newport M-MFN25PP stage is mounted as illustrated in figure 4.6. The 

Newport stage is computer controlled by an ESP300 controller. This stage can tune the delay 

over 25 mm (167 ps) with steps of 0.1 m (0.7 fs). The Time of Flight to the self-

compression point 𝑡𝑠𝑒𝑙𝑓 is almost completely independent of the creation time 𝜎𝑡,𝑖𝑜𝑛 and 

therefore not plotted. 

 
Figure 4.6: Delay stage to change the path length of the interaction laser pulse as illustrated with the red line. In this way the 

delay between the interaction laser pulse and electron bunch can be adjusted. 
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4.2.3 Size comparison 

To provide some insight into the dimensions of the electron bunch at the self-compression 

point, GPT simulations are performed for various accelerator potentials and creation times, as 

presented in figure 4.7.  

 
Figure 4.7: Bunch size in the self-compression point for both the longitudinal and transverse coordinates. The transverse 

bunch size is plotted enlarged on the right. 

A lower accelerator potential gives the thermal distribution (𝜎𝑃) more time to expand the 

electron bunch resulting in a larger transverse bunch size 𝜎𝑥 and 𝜎𝑦 as can be seen in the right 

of figure 4.7. This is also the case for the longitudinal size 𝜎𝑧 at ultrafast creation times (fs). 

Assuming a constant expansion velocity, the longitudinal size will be determined by the time 

it takes the electrons to travel to the self-compression point as expressed in equation 4.21. 

This gives 𝜎𝑧 ∝
1

√𝑉𝑎𝑐𝑐
 for ultrafast creation times (fs). 

However, when the creation time is in the order of ps the temporal bunch length in the self-

compression point is completely dominated by the creation time as will be seen in the next 

section. The longitudinal size then equals 𝜎𝑧,𝑠𝑒𝑙𝑓 = 𝑣𝑒𝜎𝑡,𝑠𝑒𝑙𝑓, therefore at a lower accelerator 

potential the electron bunch velocity 𝑣𝑒 is lower and thus the 𝜎𝑧,𝑠𝑒𝑙𝑓 is smaller. According to 

equations 4.6 and 4.13; 𝑣𝑒 ∝ √𝐸𝑣𝑎𝑐 ∝ √𝑉𝑎𝑐𝑐. Therefore at creation times larger than 

picoseconds 𝜎𝑧 ∝ √𝑉𝑎𝑐𝑐. That is why the 𝑉𝑎𝑐𝑐 dependence flips between the ultrafast creation 

time domain (𝜎𝑧 ∝
1

√𝑉𝑎𝑐𝑐
) and the long creation time domain (𝜎𝑧 ∝ √𝑉𝑎𝑐𝑐), as can be seen in 

the left of figure 4.7. 

The size of the self-compression point is compared to the interaction laser pulse size in figure 

4.8. The laser pulse travels in the x-direction with an rms pulse length of 50 fs and an rms 

transverse size of 3 m as will be measured in section 4.5 and indicated with the two small 

ellipsoids. The big ellipsoid represents the electron bunch inside the self-compression point at 

typical operating conditions and 𝜎𝑡,𝑖𝑜𝑛 = 4 ps, resulting in an rms transverse size of 48 m 

and an rms longitudinal size of 222 m. 
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Figure 4.8: Size comparison of the laser (small ellipsoids) and electron bunch (big ellipsoid) at typical operating conditions 

and 𝜎𝑡,𝑖𝑜𝑛 = 4 ps. 

At the self-compression point the GPT simulation provide a normalized electron bunch 

velocity of 𝛽 = 0.185 and a kinetic energy of 𝐸𝑘 = 9.01 keV at typical operating conditions: 

𝑉𝑎𝑐𝑐 = 20 kV and 𝜎𝑡,𝑖𝑜𝑛 = 4 ps. The interaction laser pulse travels at the speed of light c, 

meaning it takes the laser pulse 0.3 ps to cross the 2𝜎 width of the electron bunch. In this 

time the electron bunch travels 18 m which is only 8% of its length. Therefore the electron 

bunch can be regarded to as stationary compared to the laser pulse in the analytical 

calculations of section 4.6. 

4.2.4 Temporal bunch length 

The temporal bunch length in the self-compression point 𝜎𝑡,𝑠𝑒𝑙𝑓 is obtained from the GPT 

simulations for various accelerator potentials and creation times as presented in figure 4.9. 

The aim of this project is to experimentally measure this 𝜎𝑡,𝑠𝑒𝑙𝑓. GPT simulations were 

performed at the expected electron source temperature of 25 K and at 0 K to eliminate the 

effect of the source emittance. The red surface 𝜎𝑡,𝑠𝑒𝑙𝑓 = 𝜎𝑡,𝑖𝑜𝑛 is plotted to provide a 

reference for the regime where 𝜎𝑡,𝑠𝑒𝑙𝑓 is fully dominated by the creation time 𝜎𝑡,𝑖𝑜𝑛. 

 
Figure 4.9: Temporal bunch length at the self-compression point. The GPT simulations were performed at two electron 

source temperatures 25 K and 0 K. The red surface indicates 𝜎𝑡,𝑠𝑒𝑙𝑓 equal to the creation time 𝜎𝑡,𝑖𝑜𝑛. On the right the lower 

analytical compression limit of equation 4.26 is compared to the GPT simulation at 0 K. 
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The temporal bunch length in the self-compression point 𝜎𝑡,𝑠𝑒𝑙𝑓 is fully dominated by the 

creation time at creation times longer than 0.3 ps, as can be seen by comparing the red 

surface to the blue surface in figure 4.9. At a source temperature of 25 K the bunch length 

𝜎𝑡,𝑠𝑒𝑙𝑓 approaches a limit at about 100 fs for ultrafast creation times. This is due to the spread 

in momentum 𝜎𝑝𝑧
 (emittance) expanding the electron bunch. At lower accelerator potentials 

the spread in momentum 𝜎𝑝𝑧
 has more time to expand the electron bunch causing a longer 

bunch length 𝜎𝑡,𝑠𝑒𝑙𝑓 as seen in the blue surface at ultrafast creation times. 

When the spread in momentum 𝜎𝑝𝑧
 (emittance) is eliminated by setting the source 

temperature to 0 K, the green surface keeps following the creation time (red surface) down to 

about 10 fs. It then approaches the self-compression limit due to the imperfection of the self-

compression point as discussed in section 4.1.4. This analytical self-compression limit of 

equation 4.26 agrees well with the GPT simulation visualized in the right of figure 4.9, 

considering that equation 4.26 only provides an indication of the limit. This is because it 

calculates the distance between the left and center electron but does not actual calculate the 

temporal rms standard deviation. 

Since the atomic ionization process is expected to take in the order of picoseconds as 

explained in section 2.4.2, the electron bunch length in the self-compression point will be 

fully dominated by this atomic ionization process at typical operating conditions as can be 

seen in figure 4.9.  
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4.3 Ponderomotive force 

The goal of this experiment is to measure the electron bunch length in the self-compression 

point. This will be done by focusing a high power fs laser pulse on the electron bunch in the 

self-compression point. As a first experiment an aperture will be placed at this interaction 

point such that the laser pulse can create a plasma that typically exists for about 100 ps. When 

the electron bunch and laser pulse are spatially and temporally overlapped the electron bunch 

will be distorted by the plasma. This can be observed in the transverse profile of the electron 

bunch measured using a CCD camera imaging the phosphor screen behind the MCP. With 

this method a temporal resolution of a few ps can be achieved. However the ultimate goal of 

this experiment is to measure the electron bunch length through a direct interaction between 

the fs laser pulse and the electron bunch in a process called ponderomotive scattering. Using 

ponderomotive scattering of the electron bunch a temporal resolution in the order of the fs 

laser pulse length can be achieved. 

The ponderomotive force is a nonlinear force originating from an inhomogeneous rapid 

oscillating driving force [65]. In this case the laser pulse provides an inhomogeneous 

oscillating electric field. The ponderomotive force can be best understood in terms of 

potentials. When the electron is at a position in the central high intensity part of the laser 

pulse the quiver motion is very strong and the associated potential ponderomotive energy, 

which is the energy stored in this quiver motion, is high. The laser pulse has a spatial gradient 

of intensity and thus a gradient in electric field strength towards the center of the pulse. 

Therefore further away from the center, the quiver is less strong and the potential 

ponderomotive energy is lower. This gradient in potential ponderomotive energy causes a 

force called the ponderomotive force13 that is directed from the strong quiver (center of the 

laser pulse) to the weak quiver (edge of the laser pulse). The ponderomotive force causes a 

slow drift on top of the rapid quiver motion that pushes the electrons away from the high 

intensity center of the laser pulse. Note that the ponderomotive force is the time-averaged 

force experienced by a particle moving through a gradient in quiver amplitude [66]. The 

ponderomotive force �⃗�𝑝 can be expressed as the following equation [67-70]: 

�⃗�𝑝 = −
𝑒2

4𝑚𝑒𝜔2 ∇𝐸2,  [4.32] 

Where e is the elementary charge, me is the electron mass, 𝜔 is the laser frequency and 𝐸 is 

the local electric field amplitude of the laser pulse. Note that the ponderomotive force has the 

same direction for positive and negative charges and even more interesting that the direction 

of the ponderomotive force only depends on the amplitude of the electric field and not the 

direction of the field. Therefore the ponderomotive force can be used to break the symmetry 

of the electric field of the laser light and cause a time averaged force. In this case the 

ponderomotive force is directed away from the center of the laser pulse. The ponderomotive 

force can also be viewed as a radiation pressure [67], where the gradient in electromagnetic 

                                                 
13 A good physical demonstration of the ponderomotive force is the vertical inverted pendulum; the vertical 

upward position of a pendulum can be made stable by rapidly vertically oscillating the center pivot point using a 

small amplitude. The force providing the stability is the ponderomotive force caused by a gradient in angle 

quiver originating from the pivot oscillation.  
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energy density corresponds to a gradient in radiation pressure causing charged particles to 

move away from the center of the laser pulse. 

Often the gradient in the laser pulse intensity is greatest in the transverse direction of the laser 

pulse. Since the laser pulse and electron bunch often intersect at a right angle, the electrons 

are ponderomotively scattered in one of the transverse directions and the longitudinal 

direction of the electron bunch. The longitudinal direction is not imaged on a standard 

electron detector. Therefore the scattered electrons appear as two stripes at each side of the 

electron bunch as a result of the ponderomotive force. This ponderomotive deflection of the 

electrons can be measured as function of delay time between the laser pulse and electron 

bunch as is presented in figure 4.10 measured by the university of Toronto [36]. Several 

experiments have already demonstrated successful pulse length measurements of electron 

bunches extracted from conventional sources using this ponderomotive method [36-42]. 

Figure 4.10: Example of a bunch length measurement using ponderomotive scattering performed at the university of Toronto 

[36]. From the left to the right the delay between the ponderomotive laser and the electron beam is scanned in steps of 300 

fs. An image of the undisturbed beam has been subtracted from each of these images [36]. The effect of the ponderomotive 

scattering that pushes the electrons outward can clearly be seen when the electron bunch and the ponderomotive laser are 

temporally overlapped in the center image [36]. 

4.4 Ponderomotive setup 

In order to achieve ponderomotive scattering of the electron bunch a high laser intensity is 

needed. Therefore the ponderomotive laser needs to be focused down to a very small spot 

size in the order of m. Achieving a small spot size can be done by using large aperture 

lenses and/or short focal length lenses. Because the self-compression point is typically just 14 

mm behind the surface of the grating the size of the focusing lens is limited by the geometry 

of the setup. Therefore the ponderomotive focusing lens has been placed inside the vacuum 

directly mounted on the back of the grating holder, as illustrated in figure 4.11. A second in-

vacuum lens is used to collimate the ponderomotive laser again. 2 in-vacuum mirrors then 

separate the ponderomotive and ionization laser for diagnostic purposes. The re-entrant 

flange, accelerator gap, grating, electron beam and all laser beams have been illustrated in the 

left of figure 4.11. The ponderomotive setup inside the vacuum vessel is shown on the right 

of figure 4.11. In this figure a copper target rod is also visible that is placed on a 3-axis 

vacuum stage. A 100 m and 50 m copper aperture, a 3 mm copper TEM grid and a silicon 
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knife edge are mounted on this target rod for alignment and electron bunch characterisation 

purposes. The apertures and TEM grid are placed at an angle of about 40° with respect to the 

electron beam, such that both the electron beam and ponderomotive laser can simultaneously 

pass through the aperture to spatially overlap them. The whole copper rod can be placed at a 

potential up to +2 kV to act as a faraday cup. 

Figure 4.11: Ponderomotive setup; Re-entrant flange including the grating holder, grating itself, two in-vacuum lenses to 

focus the ponderomotive laser and four in-vacuum mirrors to separate the outgoing ponderomotive laser pulse and ionization 

pulse from the incoming pulses. The beam paths of the lasers and electron bunch are indicated. On the right a picture of this 

setup is presented including a copper rod contain a 100 m and 50 m aperture, TEM grid, and silicon knife edge for 

alignment purposes and measurements. This copper rod is placed on a three axis vacuum stage and can be put at an isolated 

potential up to 2 kV to act as a faraday cup. 

4.5 Ponderomotive laser characterisation 

The femtosecond 800 nm, 2.4 mJ laser pulse coming from the Coherent Legend Elite is 

operated at a repetition rate of 1 kHz and used to pump the Coherent Opera Solo Ultrafast 

Optical Parametric Amplifier (OPA). In the OPA the ionization laser pulse is created at a 

wavelength of 480 nm with an energy of 120 J, as schematically illustrated in figure 4.12. 

The residual of the fs 800 nm pump pulse is used as the ponderomotive laser. After the OPA 

there is about 1.1 mJ left in the pump pulse which will now be called the ponderomotive laser 

pulse. 
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Figure 4.12: Simplified schematic of the Coherent Opera Solo Ultrafast Optical Parametric Amplifier (OPA). An 800 nm 

pulse (2.4 mJ) from the Coherent Legend Elite is used as an input. A White Light Continuum (WLC) crystal makes the 

initial broadband seed from the 800 nm pulse. 1200 nm light is amplified in the pre-amplifier and used as seed for the main 

amplification stage. The residual from the 800 nm pump pulse of the main amplification stage is used as the ponderomotive 

laser pulse (1.1 mJ). The amplified 1200 nm pulse is mixed with the 800 nm pulse in a Sum Frequency Generation (SFG) 

crystal to create the 480 nm (120 J) ionization laser pulse. 

4.5.1 Transverse beam profile 

The energy of the 800 nm pump pulse is partially depleted inside the OPA main amplification 

crystal that amplifies the 1200 nm seed pulse as illustrated in figure 4.12. Because the 1200 

nm seed pulse is slightly smaller than the 800 nm pump pulse, the center of the 

ponderomotive laser is depleted compared to the outer ring. This can be seen in the transverse 

intensity profile of the ponderomotive laser pulse of figure 4.13 as measured using a camera. 

   
Figure 4.13: The transverse profile of the ponderomotive laser as imaged with a camera. From the left to the right the pump 

laser is respectively temporally fully, partially and not compressed. 

The non-linear OPA crystal, as illustrated in figure 4.12, can only amplify the 1200 nm seed 

pulse when the 800 nm pump pulse has a high enough intensity. Therefore the 800 nm pump 

pulse needs to be temporally compressed to achieve amplification. From the left to the right 

in figure 4.13 the 800 nm pump pulse is respectively temporally fully, partially and not 

compressed. As can clearly be seen in figure 4.13, the center of the ponderomotive laser is 

depleted much more when the pump pulse is temporally compressed, giving rise to a ring like 

transverse intensity distribution. This non-Gaussian shape can affect the focusability of the 

ponderomotive laser pulse as will be discussed in the next section. 
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4.5.2 Laser focus 

The 800 nm ponderomotive laser pulse is focused inside vacuum using a Newport 

KPX040AR.16 ½-inch lens as illustrated in figure 4.11. This planoconvex lens has an 

effective focal length of 19 mm. The ponderomotive laser pulse is estimated to have an rms 

standard deviation radius of 𝜎𝑝𝑜𝑛𝑑 = 1.8 mm based on the specifications of the Opera Solo 

OPA. The beam waist 𝑤, rms standard deviation radius 𝜎 and 1/𝑒2-beam diameter 𝑑1/𝑒2 are 

all different ways of describing the size of the laser beam and are all related: 

𝑑1/𝑒2 = 2 ∙ 𝑤 = 4 ∙ 𝜎.  [4.33] 

The spot size that can be achieved at the focus 𝑤0 can be calculated from the lens and laser 

beam properties: 

𝑤0 =
2𝜆𝑓𝑀2

𝜋𝑤𝑙
,  [4.34] 

where 𝜆 is the wavelength of the laser light, 𝑓 is the focal length of the lens, 𝑀 is the quality 

factor of the beam with 1.0 being an ideal Gaussian beam and 𝑤𝑙 is the waist of the 

collimated laser beam at the position of the lens14. The quality factor of the ponderomotive 

laser pulse is estimated at 𝑀2 = 1.3 based on the specifications of the OPA. The evolution of 

the beam waist 𝑤(𝑧) around the focus can be expressed as: 

𝑤(𝑧) = 𝑤0√1 + (
𝑧𝑀2

𝑧𝑅
)

2

,  [4.35] 

where 𝑧𝑅 is the Rayleigh length which can be calculated using: 

𝑧𝑅 =
𝜋𝑤0

2

𝜆
. [4.36] 

The ponderomotive laser pulse was attenuated using ND filters and then focused onto a 

CCD camera using the Newport KPX040AR.16 lens. The camera position was scanned 

through the focus using a translation stage. One of the beam profiles close to focus is 

illustrated in figure 4.14. 

  
Figure 4.14: The transverse profile of the ponderomotive laser close to focus as imaged with a camera. 

                                                 
14 𝑤𝑙  is limited by the diameter of the focusing lens. 
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These images are vertically or horizontally summed and a Gaussian fit is made to determine 

the horizontal and vertical beam waist of each image. The camera is translated through the 

focus and at each camera position the beam waist is calculated as illustrated in figure 4.15. 

For comparison the beam waist of a 𝑀2 = 1.3 Gaussian laser beam15 is illustrated with the 

green line with the help of equations 4.34, 4.35 and 4.36. As can be seen in figure 4.15 the 

measurement data agrees fairly well with the theoretical 𝑀2 = 1.3 beam. The measurement 

of figure 4.15 is fitted with equation 4.35 to determine the beam waist at focus and the 

Rayleigh length. This results in a horizontal waist of 𝑤0,ℎ𝑜𝑟 = 5.32 ± 0.28 m with a 

Rayleigh length of 𝑧𝑅,ℎ𝑜𝑟 = 75.2 ± 4.4 m and a vertical waist of 𝑤0,𝑣𝑒𝑟 = 6.47 ± 0.27 m 

with a Rayleigh length of 𝑧𝑅,𝑣𝑒𝑟 = 93.7 ± 4.8 m. Averaging over the horizontal and vertical 

data results in a final waist of 𝑤0 = 5.89 ± 0.19 m with a corresponding Rayleigh length of 

𝑧𝑅 = 84.5 ± 3.3 m. 

 
Figure 4.15: Focal scan of the ponderomotive laser beam. 

4.5.3 Temporal profile 

The temporal profile of the ponderomotive laser pulse is measured using a Frequency 

Resolved Optical Gating (FROG) analyser just like in section 2.5.1. The FROG is calibrated 

by taken 10 images of the FROG time-resolved spectrum at 3 different delays using a 

micrometer to increase the path length of one of the arms of the FROG. Each of the images is 

vertically summed to get the temporal profile and fitted with a Gaussian (equivalent to figure 

4.17 which is already calibrated). The center of this fitted Gaussian in pixels is plotted against 

                                                 
15 The 800 nm input beam has an 𝑀2 ≤ 1.3 according to the OPA manual. 
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the delay for all 30 images in the left of figure 4.16. A linear fit through this data is made to 

obtain the calibration factor of the FROG: 2.42 fs/px. 

 
Figure 4.16: Calibration and pulse length measurement of the 800 nm ponderomotive laser pulse using a FROG. 

This calibration factor is used to convert the standard deviation of the Gaussian fits of the 

temporal profile for each image to femtoseconds. The results are plotted in the right of figure 

4.16 together with the mean value for all 30 images and the standard deviation of the values. 

This gives an rms pulse length of 𝜎𝑡 = 24.9 ± 1.2 fs for the 800 nm ponderomotive laser 

pulse. The average over the 10 FROG images taken at the center of the FROG is presented in 

figure 4.17, where the horizontal time axis has been calibrated and the vertical frequency axis 

has not been calibrated. 

  
Figure 4.17: Frequency resolved temporal profile of the 800 nm ponderomotive laser pulse as measured by a FROG. The 

horizontal time axis is calibrated but the vertical frequency axis is not. The averaged FROG image on the left is summed 

vertically and fitted with a Gaussian to obtain the temporal profile as illustrated on the right. 

The temporal profile of the ponderomotive laser pulse as presented in figure 4.17 is less 

‘clean’ then the temporal profile of the laser pulse coming from the legend Elite as illustrated 

in figure 2.19. There is a clear pre/post pulse in the ponderomotive laser beam as illustrated in 

the right of figure 4.17. This pre/post pulse is probably created during the interaction in the 

main amplification crystal inside the OPA as illustrated in figure 4.12. Some laser pulse 
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energy is lost to this pre/post pulse resulting in a lower peak intensity. To compensate for this 

an rms pulse length of 50 fs instead of 24.9 fs will be assumed in the simulations of the 

ponderomotive interaction as will be discussed in the next three sections. 

The peak power of the ponderomotive laser pulse can be calculated now that the laser pulse 

energy 𝐸𝑝𝑢𝑙𝑠𝑒 = 1.1 mJ, beam waist at focus 𝑤0 = 7 m16 and rms pulse length 𝜎𝑡 = 50 fs 

are all know. The peak power 𝑃𝑝 of a Gaussian laser pulse is given by [71]: 

𝑃𝑝 = 0.40
𝐸𝑝𝑢𝑙𝑠𝑒

𝜎𝑡
.  [4.37] 

This equation gives a peak power of 𝑃𝑝 = 8.8 GW for the ponderomotive laser pulse. The 

peak intensity 𝐼𝑝 of a Gaussian laser pulse can be calculated from the peak power according 

to [72]: 

𝐼𝑝 =
2𝑃𝑝

𝜋𝑤0
2
.  [4.38] 

This gives a peak intensity of 𝐼𝑝 = 1.1 ∙ 1016 W/cm2 for the ponderomotive laser pulse. 

Acceleration of free electrons to relativistic speeds during one period of the electromagnetic 

wave of the laser pulse is expected to occur around intensities of 1019 W/cm2 [73]. Therefore 

the motion of the electrons due to the electromagnetic field of the laser pulse is expected to 

be non-relativistic in this project. 

In the next section an analytical model for the ponderomotive scattering of the electron bunch 

will be derived after which the models for particle tracing simulations will be explained. The 

ponderomotive laser parameters as discussed in this section will be used as inputs for the 

analytical model and the simulations. 

  

                                                 
16 𝑤0 = 7 m instead of the measured 5.9 m to compensate for the non-Gaussian transverse profile. 
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4.6 Analytical ponderomotive model 

In order to measure the electron bunch length, the ponderomotive force of equation 4.32 

needs to be strong enough to cause a scattering angle that is significantly larger than the 

angular spread of the undisturbed electron bunch. In this section an analytical expression will 

be derived for the maximum ponderomotive scattering angle. The local intensity 𝐼 of the laser 

pulse dependents on the local electric field amplitude 𝐸 of the electromagnetic wave 

according to: 

𝐼 =
𝑐𝑛 0

2
𝐸2,  [4.39] 

where 𝑛 is the refractive index of the medium which is in this experiment vacuum with 

𝑛 ≡ 1. Substituting this in equation 4.32 gives the ponderomotive force �⃗�𝑝: 

�⃗�𝑝 = −
𝑒2

2𝑚𝑒𝜔2𝑐𝑛 0
𝛻𝐼. [4.40] 

This can be rewritten using the wave equation for the angular frequency 𝜔 and the definition 

of the wave number 𝑘: 

𝜔 =
2𝜋𝑐

𝜆
,  [4.41] 

𝑘 =
2𝜋

𝜆
, [4.42] 

�⃗�𝑝 = −
𝑒2𝜆2

8𝜋2𝑚𝑒 0𝑐3 𝛻𝐼.  [4.43] 

To obtain the intensity distribution we will first look at the local energy density of a Gaussian 

laser pulse 𝑈(𝑟, 𝑡) propagating through vacuum in the z-direction, neglecting the divergence 

of the pulse17: 

𝑈(𝑟, 𝑡) =
𝐸𝑝𝑢𝑙𝑠𝑒

√2𝜋
3

𝜎𝑥𝜎𝑦𝜎𝑧

𝑒
−

𝑥2

2𝜎𝑥
2
 𝑒

−
𝑦2

2𝜎𝑦
2

 𝑒
−

(𝑧−𝑐𝑡)2

2𝜎𝑧
2 ,  [4.44] 

where 𝐸𝑝𝑢𝑙𝑠𝑒 is the total energy in the laser pulse and 𝜎𝑖 is the rms standard deviation laser 

pulse size in the 𝑖̂ direction. If the energy density is integrated over the complete space, the 

energy of the pulse is obtained for each time 𝑡 as is expected, showing that the normalization 

is correct: 

 ∭ 𝑈
∞

−∞
(𝑟, 𝑡)𝜕𝑥𝜕𝑦𝜕𝑧 = 𝐸𝑝𝑢𝑙𝑠𝑒 ,  [4.45] 

The local intensity of the Gaussian laser pulse 𝐼(𝑟, 𝑡) propagating in vacuum can be obtained 

using: 

                                                 
17 The divergence of the laser pulse can be neglected in the first order approximation because both the 

longitudinal laser pulse length 𝜎𝑧,𝑙 = 12 m and the transverse electron bunch size 𝜎𝑥,𝑒 = 48 m are much 

smaller than the Rayleigh length of the laser pulse 𝑅𝑧 = 85 m as discussed in sections 4.2.3 and 4.5.2. 
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𝐼(𝑟, 𝑡) = 𝑐 ∙ 𝑈(𝑟, 𝑡)           𝜎𝑧 = 𝑐 ∙ 𝜎𝑡, [4.46] 

𝐼(𝑟, 𝑡) =
𝐸𝑝𝑢𝑙𝑠𝑒

√2𝜋
3

𝜎𝑥𝜎𝑦𝜎𝑡

𝑒
−

𝑥2

2𝜎𝑥
2
 𝑒

−
𝑦2

2𝜎𝑦
2

 𝑒
−

(
𝑧
𝑐

−𝑡)
2

2𝜎𝑡
2

. [4.47] 

The gradient of the intensity in the �̂�-direction follows from partial differentiating equation 

4.47: 

𝛻𝐼(𝑟, 𝑡) ∙ �̂� = −𝐼(𝑟, 𝑡)
𝑥

𝜎𝑥
2,  [4.48] 

Substituting this result in equation 4.43 gives the ponderomotive force in the �̂�-direction: 

𝐹𝑝,𝑥 =
𝑒2𝜆2

8𝜋2𝑚𝑒 0𝑐3 𝐼(𝑟, 𝑡)
𝑥

𝜎𝑥
2,  [4.49] 

The change in velocity due to this ponderomotive force can be expressed using the relativistic 

form of Newton’s second law: 

𝜕𝑣𝑥

𝜕𝑡
=

𝐹𝑝,𝑥

𝛾𝑚𝑒
=

𝑒2𝜆2

8𝜋2𝛾𝑚𝑒
2

0𝑐3

𝑥

𝜎𝑥
2 𝐼(𝑟, 𝑡),  [4.50] 

Assuming18 the electrons do not move during the time the laser pulse passes through the 

electron bunch, this equation can be integrated to obtain the velocity change. The coordinate 

system is chosen such that the electron bunch travels along the y-axis, therefore the z-

coordinate can be chosen as 𝑧 = 0. 

∆𝑣𝑥 =
𝑒2𝜆2

8𝜋2𝛾𝑚𝑒
2

0𝑐3

𝐸𝑝𝑢𝑙𝑠𝑒

√2𝜋
3

𝜎𝑥𝜎𝑦𝜎𝑡

𝑥

𝜎𝑥
2 𝑒

−
𝑥2

2𝜎𝑥
2
 𝑒

−
𝑦2

2𝜎𝑦
2

 ∫  𝑒
−

𝑡2

2𝜎𝑡
2
𝜕𝑡

∞

−∞
.  [4.51] 

Evaluating this integral gives: 

∆𝑣𝑥 =
𝑒2𝜆2𝐸𝑝𝑢𝑙𝑠𝑒

16𝜋3𝛾𝑚𝑒
2

0𝑐3

𝑥

𝜎𝑦𝜎𝑥
3 𝑒

−
𝑥2

2𝜎𝑥
2
 𝑒

−
𝑦2

2𝜎𝑦
2

 ,  [4.52] 

The maximum velocity change in the x-direction occurs at 𝑥 = 𝜎𝑥 and 𝑦 = 0, as can be seen 

from differentiating equation 4.52. 

∆𝑣𝑥,𝑚𝑎𝑥 =
𝑒2𝜆2

16𝜋3𝛾𝑚𝑒
2

0𝑐3

𝐸𝑝𝑢𝑙𝑠𝑒

𝜎𝑦𝜎𝑥
2 𝑒−

1

2 ,  [4.53] 

This gives a maximum deflection angle of: 

𝜃𝑥,𝑚𝑎𝑥 =
∆𝑣𝑥,𝑚𝑎𝑥

𝑣𝑧
=

𝑒2𝜆2

16𝜋3𝛾𝑚𝑒
2𝑣𝑧 0𝑐3

𝐸𝑝𝑢𝑙𝑠𝑒

𝜎𝑦𝜎𝑥
2 𝑒−

1

2 ,  [4.54] 

This analytical model for the ponderomotive scattering angle will be compared against 

the GPT simulations that will be explained in the next section. 

                                                 
18 Which is the case in this report as discussed at the end of section 4.2.3. 
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4.7 Simulation ponderomotive model 

4.7.1 The electric field of the ponderomotive laser 

The electric field of the ponderomotive laser needs to be characterised in terms of measurable 

properties in order to simulate the interaction of the ponderomotive laser with the electron 

bunch in the General Particle Tracer (GPT). The local electric field �⃗⃗� of a linearly polarized 

Gaussian laser pulse around its focus can be expressed as: 

�⃗⃗� = 𝐸0
𝑤0

𝑤(𝑧)
𝑒

−
𝑟2

𝑤(𝑧)2𝑒
−

(𝑧−𝑐(𝑡−𝑡0))2

4𝜎𝑧
2 cos(𝜔𝑡)�̂�, [4.55] 

where 𝐸0 is the peak electric field at the focus, 𝑤0 is the waist of the beam at focus given by 

equation 4.34, 𝑤(𝑧) is the beam waist along the propagation direction z as given by equation 

4.35 and 𝑟 is the radial coordinate: 

𝑟2 = 𝑥2 + 𝑦2. [4.56] 

However the peak electric field amplitude 𝐸0 cannot be directly measured experimentally. 

Therefore this constant needs to be derived in terms of measurable laser beam properties. The 

local electromagnetic energy density 𝑢𝑒𝑚 can be calculated from the local electric field 𝐸 and 

magnetic field 𝐵: 

𝑢𝑒𝑚 =
1

2
(휀0|�⃗⃗�|

2
+

1

𝜇0
|�⃗⃗�|

2
),  [4.57] 

The magnetic field �⃗⃗� of an electromagnetic wave is proportional to the electric field �⃗⃗� 

according to Maxwell’s equations: 

�⃗⃗� =
1

𝑐
�̂� × �⃗⃗�. [4.58] 

Because the light speed in vacuum equals 𝑐 =
1

√𝜇0 0
, combining equations 4.57 and 4.58 

gives a local electromagnetic energy density 𝑢𝑒𝑚 of: 

𝑢𝑒𝑚 = 휀0|�⃗⃗�(𝑟, 𝑡)|
2

,  [4.59] 

Averaging over a full oscillation of the electromagnetic wave given in equation 4.55 provides 

a factor ½ due to the cos2(𝜔𝑡): 

𝑢𝑒𝑚 =
1

2
휀0|�⃗⃗�(𝑟)|

2
. [4.60] 

The pointing vector 𝑆 and laser pulse intensity 𝐼 are related to the electromagnetic 

energy density 𝑢𝑒𝑚 according to: 

𝑆 = 𝑐 ∙ 𝑢𝑒𝑚 ∙ �̂�,  [4.61] 

𝐼 = 𝑐 ∙ 𝑢𝑒𝑚. [4.62] 



Master Thesis – Ultra cold electron source Technische Universiteit Eindhoven 

T.C.H. de Raadt - 90 -   

To get an expression for the peak electric field amplitude 𝐸0, the energy density can be 

integrate over the complete space for an arbitrary time 𝑡. This integration should result in the 

energy of the pulse for each choice of the time 𝑡: 

 ∭ 𝑢𝑒𝑚
∞

−∞
𝜕𝑥𝜕𝑦𝜕𝑧 = 𝐸𝑝𝑢𝑙𝑠𝑒,  [4.63] 

Substituting equations 4.55 and 4.60 gives: 

1

2
휀0𝐸0

2 ∫ [
𝑤0

2

𝑤(𝑧)2 𝑒
−

(𝑧−𝑐(𝑡−𝑡0))2

2𝜎𝑧
2 ∫ 𝑒

−
2𝑥2

𝑤(𝑧)2𝜕𝑥
∞

−∞
∫ 𝑒

−
2𝑦2

𝑤(𝑧)2𝜕𝑦
∞

−∞
] 𝜕𝑧

∞

−∞
= 𝐸𝑝𝑢𝑙𝑠𝑒 ,  [4.64] 

Evaluating the x and y integrals gives: 

1

4
𝜋휀0𝐸0

2𝑤0
2 ∫ 𝑒

−
(𝑧−𝑐(𝑡−𝑡0))2

2𝜎𝑧
2 𝜕𝑧

∞

−∞
= 𝐸𝑝𝑢𝑙𝑠𝑒,  [4.65] 

Note that the 𝑤(𝑧) dropped from the equation making the last integral a lot easier. Evaluating 

this last integral gives: 

(
𝜋

2
)

3/2

휀0𝐸0
2𝑤0

2𝜎𝑧 = 𝐸𝑝𝑢𝑙𝑠𝑒 ,  [4.66] 

Substituting 𝜎𝑧 = 𝑐𝜎𝑡 and rewriting gives the peak electric field amplitude 𝐸0 in terms of 

experimentally measurable properties: 

𝐸0 = (
2

𝜋
)

3/4 1

𝑤0
√

𝐸𝑝𝑢𝑙𝑠𝑒

0𝑐𝜎𝑡
,  [4.67] 

This expression for the electric field amplitude 𝐸0 of the ponderomotive laser will be used in 

the models for the GPT simulations as described in the next two sections. 
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4.7.2 Newtonian Time Averaged model 

As a first approach a Newtonian Time Averaged (NTA) model of the ponderomotive force 

will be used in the General Particle Tracer (GPT [61]) to simulate the ponderomotive 

scattering of the electron bunch. This NTA model will be discussed in this section. The NTA 

model will provide the average ponderomotive force that the electrons experience during the 

interaction between the ponderomotive laser and the electron bunch. Note that the average 

refers to averaging over the fast oscillation of the electric field 〈cos2(𝜔𝑡)〉 of the 

ponderomotive laser, which oscillates much faster than the interaction time between the laser 

pulse and the electron bunch. The resulting ponderomotive force will therefore still be time 

dependent, but only on the timescale of the interaction between the laser pulse and the 

electron bunch. 

First the squared amplitude of the electric field is determined from the fast oscillating19 

electric field of the ponderomotive laser light, as given by equation 4.55: 

 𝐸2 = 𝐸0
2 𝑤0

2

𝑤2 𝑒
−

2𝑟2

𝑤2 𝑒
−

(𝑧−𝑐(𝑡−𝑡0))2

2𝜎𝑧
2 .  [4.68] 

This expression is then substituted into the ponderomotive force equation 4.32: 

�⃗�𝑝 = −
𝑒2

4𝑚𝑒𝜔2 𝐸0
2𝛻 (

𝑤0
2

𝑤2 𝑒
−

2𝑟2

𝑤2 𝑒
−

(𝑧−𝑐(𝑡−𝑡0))
2

2𝜎𝑧
2 ).  [4.69] 

The angular frequency 𝜔 is converted to the wavelength 𝜆 using the wave equation 4.41 and 

the gradient is calculated using equation 4.35 for the beam waist and equation 4.56 for the 

transverse position 𝑟: 

�⃗�𝑝 =
𝑒2𝜆2

16𝜋2𝑚𝑒𝑐2
𝐸0

2 𝑤0
2

𝑤2
𝑒

−
2𝑟2

𝑤2 𝑒
−

(𝑧−𝑐(𝑡−𝑡0))
2

2𝜎𝑧
2

[
4𝑥

𝑤2
�̂� +

4𝑦

𝑤2
�̂� + 

                                                                                  (
𝑧−𝑐(𝑡−𝑡0)

𝜎𝑧
2 +

2

𝑧
+

4𝑤0
2𝑟2

𝑤4𝑧
−

2(𝑤0
2+2𝑟2)

𝑤2𝑧
) �̂�],  [4.70] 

with 𝐸0 the peak electric field amplitude provided by equation 4.67. This ponderomotive 

force is then modeled as a virtual electric field and supplied to the General Particle Tracer 

(GPT) to model the ponderomotive scattering of the electrons: 

�⃗⃗� =
�⃗�𝑝

𝑒
.  [4.71] 

4.7.3 QuMo model - Relativistic ponderomotive force 

In the Newtonian Time Averaged (NTA) model the ponderomotive force results in a slow 

drift motion on top of the fast quiver motion [68-70, 73]. However at ultrahigh laser 

intensities the quiver velocity of the electron can approach c and the electron can be scattered 

away from the laser focus in just a few quivers [68, 73]. In this Relativistic Ponderomotive 

Force (RPF) regime, the quiver motion changes from a linear oscillation to a figure-8 motion. 

                                                 
19 Note that the averaging over cos2(𝜔𝑡) is already taken care of in the expression of 𝐸0 at the step of eq. 4.60. 
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This happens when the magnetic Lorentz force becomes important as the transverse electron 

velocity 𝑣⊥ approaches the light speed 𝑐 during a quiver [73]. This typically occurs for laser 

intensities above 1019 W/cm2 [73].  The simple ponderomotive force equation becomes 

invalid in this RPF regime and modifications are needed [68, 70, 74, 75]. However this RPF 

regime will not be reached for the expected laser intensity 𝐼𝑝 ≈ 1.1 ∙ 1016 W/cm2 of this 

project, as discussed in section 4.5.3. Besides, the ponderomotive laser is focused to a very 

small waist using a very short focal length lens. Therefore the question is if the paraxial 

approximation of the Gaussian beam used in equation 4.55 still holds.  

In order to check if the NTA ponderomotive force is still valid in the operating regime of this 

experiment, simulations are performed using a fully relativistic ponderomotive force. These 

simulations are based on the article of Quesnel and Mora [68], which describes the 

electromagnetic fields of the ponderomotive laser taking into account corrections to the 

paraxial approximation and the effects of finite pulse duration [68, 76]. From now on the 

model described in this section will be called the Quesnell Mora (QuMo) model [68]. In the 

QuMo model the electromagnetic fields of the ponderomotive laser will be directly supplied 

to the General Particle Tracer (GPT [61]) to simulate the full quiver motion of the electrons. 

These fields have the following form in the first order correction [68]: 

𝐸𝑥 = 𝐸0
𝑤0

𝑤
𝑒

−
𝑟2

𝑤2𝑒
−

(𝑧−𝑐(𝑡−𝑡0))2

4𝜎𝑧
2 cos (𝜔𝑡 − 𝑘𝑧 + 𝑡𝑎𝑛−1 (

𝑧

𝑧𝑅
) −

𝑧𝑟2

𝑧𝑅𝑤2), [4.72] 

𝐸𝑦 = 0, [4.73] 

𝐸𝑧 = 2𝐸0𝜖
𝑥𝑤0

𝑤2 𝑒
−

𝑟2

𝑤2𝑒
−

(𝑧−𝑐(𝑡−𝑡0))2

4𝜎𝑧
2 sin (𝜔𝑡 − 𝑘𝑧 + 2 𝑡𝑎𝑛−1 (

𝑧

𝑧𝑅
) −

𝑧𝑟2

𝑧𝑅𝑤2), [4.74] 

𝐵𝑥 = 0, [4.75] 

𝐵𝑦 =
𝐸𝑥

𝑐
, [4.76] 

𝐵𝑧 = 2
𝐸0

𝑐
𝜖

𝑦𝑤0

𝑤2 𝑒
−

𝑟2

𝑤2𝑒
−

(𝑧−𝑐(𝑡−𝑡0))2

4𝜎𝑧
2 sin (𝜔𝑡 − 𝑘𝑧 + 2 𝑡𝑎𝑛−1 (

𝑧

𝑧𝑅
) −

𝑧𝑟2

𝑧𝑅𝑤2), [4.77] 

where 𝐸𝑖 is the electric field in the 𝑖 direction, 𝐵𝑖 is the magnetic field in the 𝑖 direction, 𝐸0 is 

the electric field amplitude of equation 4.67, 𝑘 the wave number as specified by equation 

4.42, and 𝜖 a small quantity representing the order of the correction20, defined as the ratio of 

the laser wavelength and spot size at focus 𝑤0: 

𝜖 =
1

𝑘𝑤0
. [4.78] 

Note that there is now a component of the electric and magnetic field in the direction of laser 

propagation. These fields originate from the fact that a strongly focused Gaussian laser pulse 

as described by equation 4.55 does not fully satisfy Maxwell’s equations. In essence this is 

due to the paraxial approximation and the effects of finite pulse duration. In Quesnel and 

                                                 
20 This is similar to a Taylor expansion in powers of 𝜖. 
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Mora [68] a correction is made to compensate for this and converge in orders of 𝜖, towards a 

solution that does fully satisfy Maxwell’s equations. The first order correction as used in this 

model will be valid if [68]: 

1 −
𝑣∥

𝑐
≫

𝜆

2𝜋𝑤0
, [4.79] 

where 𝑣∥ is the speed of the electron in the laser propagation direction. As the electrons in our 

experiment are only accelerated in the direction perpendicular to the ponderomotive laser, 𝑣∥ 

can be calculated from the initial thermal distribution of the electrons at the moment the 

MOT is ionized. The spread in transverse momentum of the electrons can be calculated from: 

𝜎𝑃∥
= √𝑚𝑒𝑘𝐵𝑇∥,  [4.80] 

where 𝑘𝐵 is the Boltzmann constant and 𝑇∥ is the electron temperature of the electron bunch 

in the laser propagation direction. Dividing by the mass of the electrons gives the spread in 

velocity of the electrons: 

𝜎𝑣∥
= √

𝑘𝐵𝑇∥

𝑚𝑒
. [4.81] 

Using this equation and typical experimental parameters21: 𝜆 = 800 nm, 𝑤0 ≈ 5 m 

and 𝑇∥ ≈ 25 K, the velocity of the electrons parallel to the ponderomotive laser can be 

calculated giving: 𝑣∥ ≈ 1.9 ∙ 104 m/s22. 𝑣∥ is in this experiment always much smaller than the 

speed of light because the electrons are not accelerated in that direction. Therefore the 

requirement of equation 4.79 can be simplified to: 

2𝜋𝑤0

𝜆
≫ 1.  [4.82] 

So as long as the focal spot is still significantly larger than the laser wavelength, this model 

will be valid. Filling in the typical experimental parameters mentioned above results in 
2𝜋𝑤0

𝜆
≈ 39, demonstrating that the QuMo model can indeed be used to model this experiment. 

Both the NTA and the QuMo model will be used in this report, as the NTA model provides 

an insightful way of looking at the ponderomotive force while the QuMo model provides a 

more accurate description of the ponderomotive force and also resolves the fast quiver 

motion of the electrons. 

  

                                                 
21 At an accelerator voltage of 20 kV and the MOT at a position of 7 mm from the grating. 
22 In comparison the electron velocity in the direction of the electron bunch propagation is typically 𝑣𝑧 ≈ 6 ∙ 107 

m/s, as can be calculated from equations 4.6 and 4.13. 
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4.8 Ponderomotive scattering simulation 

Particle tracing simulations were performed using the General Particle Tracing (GPT) code 

[61], similar to those of section 4.2, to simulate the ponderomotive scattering of the electrons 

in the self-compression point. All simulations in this section are performed at the following 

operating parameters if not specified otherwise; extraction volume rms standard deviation  

𝑟𝑚𝑜𝑡 = 30 m, position of the MOT w.r.t. the grating surface23 𝑑𝑚𝑜𝑡 = 7 mm, accelerator 

potential  𝑉𝑎𝑐𝑐 = 20 kV, electron source temperature24 𝑇 = 25 K, number of electrons in the 

bunch25 𝑁𝑒 = 1 ∙ 104, rms creation time26 𝜎𝑡,𝑖𝑜𝑛 = 0, current through the first MOT coil27 

𝐼𝑀𝑂𝑇 𝑐𝑜𝑖𝑙 = 8.5 A, wavelength of the ponderomotive laser 𝜆𝑝𝑜𝑛𝑑 = 799 nm, temporal rms 

pulse length of the ponderomotive laser28 𝜎𝑡,𝑝𝑜𝑛𝑑 = 50 fs, ponderomotive beam waist at 

focus29 𝑤0,𝑝𝑜𝑛𝑑 = 7 m, ponderomotive laser pulse energy30 𝐸𝑝𝑢𝑙𝑠𝑒,𝑝𝑜𝑛𝑑 = 1.1 mJ. In all 

simulations the ponderomotive laser is temporally and spatially focused at the center of the 

electron bunch inside the self-compression point. 

4.8.1 NTA model versus QuMo model 

First the NTA model of section 4.7.2 will be compared to the QuMo model of section 4.7.3. 

This is done by simulating the interaction of the ponderomotive laser with the electron bunch 

inside the self-compression point. The trajectory of the particle that was scattered under the 

largest angle in the GPT simulation is illustrated in figure 4.18 using both models. 

       
Figure 4.18: GPT simulation of the interaction of the ponderomotive laser pulse with an electron in the self-compression 

point. The electron trajectory is plotted for GPT simulations using the QuMo and Newtonian Time Averaged (NTA) model. 

The time is with respect to the self-compression time 𝑡𝑠𝑒𝑙𝑓 at which the electron bunch and laser pulse are in the center of the 

self-compression point. An enlargement of the left figure is plotted on the right. 

                                                 
23 𝑑𝑚𝑜𝑡 = 7 mm as calculated in section 4.1.1 from the measurement of section 3.5.4. 
24 𝑇 = 25 K as measured in section 3.5.4. 
25 𝑁𝑒 = 1 ∙ 104 is 10 times the typical amount [8], summing 10 measurements is experimentally easy since a 

repetition rate of 1 kHz can be achieved. This makes the simulations easier to interpret. 
26 𝜎𝑡,𝑖𝑜𝑛 = 0 only increases the amount of scattered electrons. This makes the simulations easier to interpret and 

drastically reduces computation time. Realistic values of 𝜎𝑡,𝑖𝑜𝑛 = 4 ps will also be simulated. 
27 The other MOT coil is driven such that the magnetic zero of the quadrupole field overlaps with the position of 

the MOT. 
28 𝜎𝑡,𝑝𝑜𝑛𝑑 = 50 fs instead of the measured 24.9 fs of section 4.5.3 to compensate for the pre/post pulse. 
29 𝑤0,𝑝𝑜𝑛𝑑 = 7 m instead of the measured 5.9 m of section 4.5.2 to compensate for the non-Gaussian 

transverse profile of section 4.5.1.  
30 𝐸𝑝𝑢𝑙𝑠𝑒,𝑝𝑜𝑛𝑑 = 1.1 mJ as measured using an thermopile power meter. 
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The deflection angle as calculated by both models agrees well, as can be seen in the left of 

figure 4.18. An enlargement is illustrated in the right of figure 4.18, where the difference 

between the two models is clear. The NTA model only simulates the time-averaged drift 

caused by the ponderomotive force, while the QuMo model simulates the fast electron 

oscillation caused by the electromagnetic field of the laser pulse which results in a slow drift 

called the ponderomotive motion. The ponderomotive laser pulse hits the electron bunch at its 

center. Since the ponderomotive force pushes the electrons away from the high intensity 

center of the laser pulse, an electron initially positioned in the positive y direction will also be 

scattered towards the positive y direction. This is clearly visible in figure 4.18. 

The ponderomotive laser pulse is 𝜎𝑡 = 50 fs (𝜎𝑥 = 15 m) long and has a width of 𝜎𝑦 =

𝜎𝑧 = 3.5 m in the coordinates of the electron bunch as discussed in section 4.5. This means 

that the gradient and therefore the ponderomotive force is the biggest in the y- and z-

directions. The electrons are accelerated in the z-direction causing a relatively large 

momentum spread in the z-direction compared to the y-direction. Therefore ponderomotive 

scattering will predominantly be visible in the y-direction. Note however that the whole 

bunch will be rotated by the magnetic fields of the MOT coils, changing the original 

ponderomotive y-direction to some arbitrary angle as visible in figure 4.19. Although the 

quiver is predominantly in the polarization direction of the laser pulse (y-direction), the first 

order correction of the QuMo model also results in an electric field in the x-direction as can 

be seen from equation 4.7431. Therefore the 3 dimensional electron trajectory is actually a 

spiral like motion with a ‘constant’ velocity in the z-direction. 

The particles in the GPT simulations are traced until the position of the MCP-detector (𝑧 = 

777 mm). The transverse electron positions at this MCP-detector are illustrated in figure 4.19. 

 
Figure 4.19: Transverse position of the electrons at the MCP-detector (𝑧 = 777 mm) after the electron bunch has been 

scattered by the ponderomotive laser. GPT simulations based on both the NTA and QuMo model have been performed as 

indicated in the legend. The size of the MCP detector is plotted as a reference. 

                                                 
31 Equation 4.74 is in terms of laser coordinates, while this section uses coordinates w.r.t. the electron bunch. 
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The ponderomotive scattering of the electrons has deflected a part of the electron bunch in 

one distinct direction, corresponding to the y-direction during the ponderomotive interaction, 

as can be seen in figure 4.19. These positions could easily be resolved by the MCP detector. 

The NTA and QuMo model resulted in almost identical electron positions. The QuMo model 

predicted a slightly weaker ponderomotive scattering, but the difference is not significant 

compared to the maximum deflection distance as can be seen in figure 4.19. This difference 

could be caused by the normalization of the electric field 𝐸0 in equations 4.72 to 4.77. That 

normalization does not take into account the first order corrections in 𝜖 but rather uses the 

normalization of equation 4.67. However it could also be an effect of the correction to the 

paraxial approximation or relativistic effects during the quiver motion that are taken into 

account in the QuMo model. 

Since the difference between the NTA and QuMo model is negligible for the operating 

conditions described in this report, from now on only the NTA model is used because it 

drastically reduces computation time. 

4.8.2 Ponderomotive detector images 

The MCP detector has a spatial resolution of about 50 m. To simulate the images that can be 

experimentally measured figure 4.19 has been binned with this MCP resolution. The resulting 

images are presented in figure 4.20. 

    
Figure 4.20: Simulated MCP detector image at 𝑧 = 777 mm. A binning of 50 m has been applied according to the 

resolution of the MCP. The black circle represents the edge of the MCP. On the right an enlarged image of the bunch center 

is illustrated. The scattered electrons in the left figure are hard to see on printed versions of this report, therefore appendix D 

provides an enlargement of this figure. 

As can be seen in figure 4.20 a maximum of about 12 electrons on one pixel can be expected 

at 104 electrons on the detector. The ponderomotive laser pulse is strong enough to scatter 

almost all electrons intersected by the laser pulse, as can be seen from the right of figure 4.20. 

Effectively the ponderomotive laser has cut away a strip of electrons from the center of the 

electron bunch and sprayed them to the sides. However this can only happen if the electron 

bunch is shorter than the ponderomotive laser pulse, ensuring the laser pulse hits all electrons 

longitudinally (z-direction). In the real experiment the electron bunch length is much longer 

than the laser pulse as will be investigated in the next section. 



Master Thesis – Ultra cold electron source Technische Universiteit Eindhoven 

T.C.H. de Raadt - 97 -   

4.8.3 Electron bunch length 

All simulations so far have been conducted with a creation time of 𝜎𝑡,𝑖𝑜𝑛 = 0 ps. This has 

been done in order to maximize the amount of electrons that are intersected by the 

ponderomotive laser. This is equivalent to increasing the amount of electrons in the bunch, 

but drastically reduces computation time. This reduction is realized because both the amount 

of electrons that need to be simulated is lower and the ponderomotive interaction time is 

shorter which takes especially long to compute. The transverse electron positions at the MCP-

detector for GPT simulations with a creation time 𝜎𝑡,𝑖𝑜𝑛 of 0, 1 and 4 ps are illustrated in 

figure 4.21. 

 
Figure 4.21: Transverse position of the electrons at the MCP-detector (𝑧 = 777 mm) after the electron bunch has been 

scattered by the ponderomotive laser. From left to right a creation time of 0, 1 and 4 ps has been used for the GPT 

simulation. The black circle represents the size of the MCP detector and the red circle indicates 𝑟 = 3.5 mm. 

The maximum distance over which the electrons are scattered is independent of the creation 

time 𝜎𝑡,𝑖𝑜𝑛 as can be seen in figure 4.21. Increasing the creation time 𝜎𝑡,𝑖𝑜𝑛 only reduces the 

amount of electrons being scattered. At 𝜎𝑡,𝑖𝑜𝑛 = 0, 1 and 4 ps respectively 7.2%, 1.4% and 

0.3% of the electrons are scattered outside the red circle32 of figure 4.21. At 104 electrons per 

pulse and 𝜎𝑡,𝑖𝑜𝑛 = 1 ps, enough electrons should be scattered to be reasonably detected by the 

MCP. Averaging over multiple electron pulses will further improve the amount of scattered 

electrons to obtain a sufficient detector signal.  

The signal to noise ratio of the MCP should be sufficient to detect single electrons since 

figure 4.20 shows a maximum of about 12 electrons on one pixel at 104 electrons. Typical 

pulses from the UCES source contain 103 electrons per pulse which means current single-

shot experiments are already successfully measuring single electrons. Overexposure of the 

MCP due to the central undisturbed electron spot could cause effective broadening of this 

central spot size. However figure 4.21 shows enough separation between the scattered 

electrons and central spot to allow for some broadening due to overexposure. 

The scattering distance compared to the bunch size at the detector determines the 

resolvability of the scattering signal and is the most important parameter of these simulations. 

To determine this maximum scattering distance enough electrons need to be scattered to have 

                                                 
32 Without ponderomotive scattering, all electrons of the simulation end up within the red circle of figure 4.21. 
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an electron close enough to the ideal position33 of 𝑥 = 𝜎𝑥,𝑝𝑜𝑛𝑑, 𝑦 = 0 and 𝑧 = 0 at the self-

compression time 𝑡𝑠𝑒𝑙𝑓 according to equation 4.53. Therefore using a 𝜎𝑡,𝑖𝑜𝑛 = 0 is preferred 

for most simulations. 

4.8.4 Phase space 

The GPT simulations make it possible to look at the phase space of the electron bunch during 

and just after the ponderomotive interaction. This phase space makes the effect of the 

ponderomotive laser pulse insightful. The phase space of the electron bunch in the y-direction 

1 ps after the ponderomotive interaction is illustrated in figure 4.22. The thin horizontal stripe 

is the undisturbed electron bunch and the two peaks around 𝑦 = 0 are the ponderomotive 

scattered electrons. 

Figure 4.22: Phase space in the y-direction of the electron bunch 1 ps after the ponderomotive interaction. 

The ponderomotive interaction gives the electrons a kick in transverse momentum, but does 

not spatially separate the electrons. However when the scattered electrons get kicked out 

significantly higher (transverse momentum bigger) than the undisturbed electron bunch, the 

electrons will spatially separate after a long enough drift. Therefore they will be resolvable at 

a spatial electron detector (MCP) downstream. The length of the drift needed depends on the 

difference between the momenta of the scattered electrons and the undisturbed electrons, the 

distance between the scattered and undisturbed electrons and the longitudinal velocity of the 

electron bunch. The electron at the top of the scattering peak (𝑦 = 5.5 m, 𝑝𝑦 = 18.7 ∙ 10−25 

kg m/s) of figure 4.22 will overtake the most right electron (𝑦 = 184.8 m, 𝑝𝑦 = 2.7 ∙ 10−25 

kg m/s) after 102 ps, as calculated using Newtonian mechanics. This corresponds to only 6.1 

mm using an electron bunch velocity of 𝑣𝑧 = 6 ∙ 107 m/s, as obtained from the simulation. 

Since the MCP detector is about 764 mm away from the self-compression point, most of the 

scattered electrons can spatially separate. 

The scattered electron peaks are positioned at about 𝑦 = ± 5.5 m as can be seen in figure 

4.22. This roughly corresponds to the laser beam size at focus 𝜎𝑝𝑜𝑛𝑑 = 3.5 m, at which 

there is the largest gradient in laser intensity and therefore the most scattering is expected. 

From figure 4.22 it is evident that increasing the laser pulse width would increase the number 

of scattered electrons. However that would decrease the peak electric field and therefore the 

                                                 
33 In terms of laser coordinates, �̂� is the propagation direction of the laser pulse. 
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ponderomotive force. This means the transverse momentum kick would be less and therefore 

the separation on the MCP would be smaller. 

Electrons at a positive y position also get a positive momentum kick as can be seen in figure 

4.22. This corresponds to the electrons being pushed away from the high intensity center of 

the laser pulse at 𝑦 = 0, as explained in section 4.3. 

4.8.5 Viability of ponderomotive scattering. 

The maximum momentum kick a scattered electron gets 𝑃𝑦,𝑚𝑎𝑥 (corresponding to the height 

of the peak in figure 4.22) can easily be converted to a scattering angle 𝜃𝑚𝑎𝑥 using the 

paraxial approximation: 

𝜃𝑚𝑎𝑥 =
𝑃𝑦,𝑚𝑎𝑥

𝑃𝑧
 [4.83] 

This scattering angle will be compared to the undisturbed electron bunch angular distribution 

3 ∙ 𝜎𝜃, to investigate if the ponderomotive scattered electrons can be resolved on the MCP 

detector. GPT simulations of the ponderomotive interaction are performed for a range of 

ponderomotive laser pulse energies 𝐸𝑝𝑢𝑙𝑠𝑒 and focal spot sizes 𝑤0. For each simulation the 

maximum scattering angle 𝜃𝑚𝑎𝑥 is calculated 1 ps after the ponderomotive interaction 

according to equation 4.83. The electron bunch rms angular spread 𝜎𝜃 is calculated at 1 ps 

before the ponderomotive interaction for each simulation. The results of these simulations are 

plotted in figure 4.23 with 𝜃𝑚𝑎𝑥 and 3 ∙ 𝜎𝜃 respectively the blue and orange surfaces. 

 
Figure 4.23: Ponderomotive scattering angle compared to the undisturbed electron bunch angle for a range of laser pulse 

energies 𝐸𝑝𝑢𝑙𝑠𝑒  and focal spot sizes 𝑤0 = 2𝜎. The ponderomotive scattered electrons will be resolvable on the MCP detector 

if the blue and green surfaces lie above the orange and red surfaces. 

The scattering angle as calculated by GPT can be compared to the analytical model of the 

maximum ponderomotive scattering described by equation 4.54. This analytical maximum 
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scattering angle is plotted as the green surface in figure 4.23. The analytical model agrees 

well with the GPT simulation. However at very small scattering angles the analytical model 

does not take into account the initial angular distribution of the beam due to the finite source 

temperature (transverse momentum spread), while the GPT model does. This causes the 

green surface to dip below the blue surface in the right corner of figure 4.23. At large 

scattering angles the analytical model predicts slightly bigger angles than the GPT model 

simulates. Partially this is because the GPT model does not necessarily have an electron at the 

ideal position for ponderomotive scattering34 of 𝑥 = 0, 𝑦 = 𝜎𝑦,𝑝𝑜𝑛𝑑 and 𝑧 = 0 at the self-

compression time 𝑡𝑠𝑒𝑙𝑓 according to equation 4.53. If the amount of electrons in the 

simulation is increased there is a larger chance of having a particle close to the optimal 

position. At 𝑁𝑒 = 104 electrons, 𝐸𝑝𝑢𝑙𝑠𝑒 = 1.1 mJ and 𝑤0 = 7 m the GPT simulation results 

in a scattering angle of 𝜃𝑚𝑎𝑥,𝐺𝑃𝑇 = 36.0 mrad. When the amount of electrons is increased to 

𝑁𝑒 = 105 the GPT simulation results in 𝜃𝑚𝑎𝑥,𝐺𝑃𝑇 = 36.8 mrad, which is already closer the 

analytical prediction of 𝜃𝑚𝑎𝑥,𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 = 45.8 mrad. Further deviations could be caused by 

the electron bunch moving while the laser pulse passes through the electron bunch. This 

relative movement is simulated in GPT while being neglected in the analytical model, as 

assumed during the evaluation of integral 4.51 and further discussed in section 4.2.3. 

The geometrical emittance is equal to the electron bunch angular distribution 𝜎𝜃. Therefore 

an analytical expression for 𝜎𝜃 can be obtained by combining equations 2.5 and 2.40 as 

plotted with the red plane in figure 4.23. This analytical expression for the angular 

distribution does not agree well with the GPT simulation. This is caused by the hole in the 

grating that creates a radial electric field, which has a lensing effect that defocuses the 

electron beam. This changes the angular distribution in the time that the electrons travel from 

the MOT to the self-compression point. 

The ponderomotive scattered electrons will be resolvable on the MCP detector if the blue and 

green surfaces lie above the orange and red surfaces. At typical operating parameters of 

𝐸𝑝𝑢𝑙𝑠𝑒 = 1.1 mJ and 𝑤0 = 7 m the GPT simulation results in a scatter angle of 𝜃𝑚𝑎𝑥,𝐺𝑃𝑇 =

36.8 mrad while the undisturbed electron bunch has an angular spread of 3𝜎𝜃,𝐺𝑃𝑇 = 4.1 

mrad. Therefore the scattered electrons should end up about 9 times further away from the 

center of the bunch than the undisturbed electrons. This agrees perfectly with figure 4.19. 

Therefore these simulations indicate that ponderomotive scattering of the electron bunch 

should be measureable and achievable with the current operating parameters. 

4.8.6 Ponderomotive bunch length measurement simulation 

The ponderomotive bunch length measurement as will be performed experimentally is 

simulated using GPT. To do this, similar GPT simulations as in figure 4.21 are performed 

with a fixed creation time of 𝜎𝑡,𝑖𝑜𝑛 = 1 ps. The delay between the electron bunch and the 

ponderomotive laser is scanned between -3 ps and 3 ps in these simulations. This delay will 

experimentally be scanned with a delay stage by changing the path length of the 

                                                 
34 In terms of electron beam coordinates, �̂� is the propagation direction of the electron bunch. 
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ponderomotive laser pulse. The position of the electrons on the MCP detector is calculated 

for each simulation as presented in figure 4.24. 

 
Figure 4.24: Transverse position of the electrons at the MCP-detector (𝑧 = 777 mm) after the electron bunch has been 

scattered by the ponderomotive laser. The delay between the laser pulse and electron bunch is scanned in the GPT 

simulations. The black circle represents the size of the MCP detector and the red circle indicates the size of the undisturbed 

electron bunch. 

The amount of electrons being scattered is directly proportional to the local electron density 

at the moment the laser pulse passes the electron bunch. Therefore by scanning the laser 

delay as is illustrated in figure 4.24, the longitudinal electron density profile can be directly 

measured. The amount of scattered electrons is determined by counting the electrons outside 

the red circles of figure 4.24. The resulting ponderomotive signal is plotted as function of 

delay in figure 4.25.  

 
Figure 4.25: The ponderomotive signal as retrieved from the simulation of the MCP detector as function of the delay 

between the laser pulse and electron bunch for a 1 ps electron bunch. A Gaussian fit is made to this data from which the 1 ps 

bunch length is successfully retrieved. 

A Gaussian fit is made to the data presented in figure 4.25 resulting in an rms bunch length of 

𝜎𝑏𝑢𝑛𝑐ℎ = 1.04 ± 0.06 ps. This agrees with the creation time input parameter of 𝜎𝑡,𝑖𝑜𝑛 = 1 ps. 

Therefore this demonstrates that the bunch length can indeed be retrieved from the 

experimentally measurable MCP images as function of delay between the ponderomotive 

laser pulse and electron bunch. 
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4.9 Preliminary conclusions 

This chapter has investigated the self-compression point using a combination of analytical 

derivations and GPT simulations. The position of the self-compression point has been 

determined to be about 𝑑𝑠𝑒𝑙𝑓 ≈ 13 mm behind the grating surface for 𝑑𝑚𝑜𝑡 = 7 mm. For a 4 

ps electron bunch the ‘Rayleigh’ length of the self-compression point is about 𝑅𝑧,𝑠𝑒𝑙𝑓 ≈

95 mm. Therefore the positioning of the ponderomotive laser in the z-direction does not 

appear to be critical. The electrons take about 𝑡𝑠𝑒𝑙𝑓 ≈ 0.48 ns to travel from the MOT to the 

self-compression point for an accelerator potential of 𝑉𝑎𝑐𝑐 = 20 kV. This time has to be taken 

into account to temporally overlap the electron bunch and the ponderomotive laser. 

Furthermore the delay of the ponderomotive laser pulse should be tunable over a range of at 

least 0.7 ns to allow for a changes in the electric field. The electron bunch is expected to be 

about 48 m in transverse size at the self-compression point. This means the focal position of 

the ponderomotive laser has to be aligned very precisely in the y-direction. The temporal 

bunch length in the self-compression point 𝜎𝑡,𝑠𝑒𝑙𝑓 is fully dominated by the creation time, at 

creation times longer than 0.3 ps. Therefore a bunch length measurement will probably 

provide insight into the atomic ionisation process. 

The ponderomotive laser pulse has been characterized. The laser beam waist at focus has 

been measured to be 𝑤0 = 5.89 ± 0.19 m with a corresponding Rayleigh length of 𝑧𝑅 =

84.5 ± 3.3 m. The rms pulse length of the ponderomotive laser is measured to be 𝜎𝑡 =

24.9 ± 1.2 fs and the pulse energy is 𝐸𝑝𝑢𝑙𝑠𝑒 = 1.1 mJ. The transverse intensity profile of the 

ponderomotive laser was imaged, showing significant depletion of the center of the laser 

pulse, resulting in a ring like intensity profile. To correct for this non-Gaussian intensity 

profile we used 𝜎𝑡 = 50 fs and 𝑤0 = 7 m. Using these values, the peak intensity is 

estimated at 𝐼𝑝 = 1.1 ∙ 1016 W/cm2. 

A bunch length measurement using ponderomotive scattering of the electron bunch was 

prepared using analytical derivations and GPT simulations. These simulations showed that at 

typical operating parameters the electrons could be ponderomotively scattered under a 

maximum angle of 𝜃𝑚𝑎𝑥,𝐺𝑃𝑇 = 36.8 mrad, while the undisturbed electron bunch has an 

angular spread of 3𝜎𝜃,𝐺𝑃𝑇 = 4.1 mrad. These scattered electrons start to spatially separate 

after a drift of only about 6 mm. At the position of the detector in the experiment, the 

simulations showed that the electrons would be scattered to a distance about 9 times the 

maximum radius of the undisturbed electron bunch. This agrees well with the ratio of 

scattering angles 36.8/4.1 ≈ 9. About 1.4% of the electrons would be scattered for a 𝜎𝑡 = 1 

ps electron bunch. Since about 103 electrons are expected per pulse and a repetition rate of 1 

kHz is possible, this should provide a measurable signal on the MCP detector. However 

overexposure due to the undisturbed central electron spot and detection of single electrons 

might be problematic for the MCP. Although estimations of these problems show that they 

should be surmountable. GPT simulations have also demonstrated that the electron bunch 

length can indeed be retrieved from the experimentally measurable MCP images as function 

of delay between the ponderomotive laser pulse and electron bunch.  
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5 Bunch length measurement 
 

Now that the self-compression point is well understood and a ponderomotive bunch length 

measurement has proven to be achievable with the current experimental parameters, it is time 

to present the experimental results of a first bunch length measurement inside the self-

compression point of the Ultra Cold Electron Source. Before such measurements can be 

conducted, the ponderomotive laser pulse has to be spatially overlapped with the electron 

bunch. This is done with the help of a 100 m aperture placed under a 45° angle with the 

laser bunch and electron bunch. The aperture is mounted inside a copper holder on a 3 axis 

vacuum stage as shown in figure 4.11. First the 3 axis vacuum stage is moved such that the 

electron bunch passes through the aperture as can be detected on the CCD camera imaging 

the phosphor screen of the MCP. The laser pulse is then aligned to go through the same 

aperture. This process is repeated with a 50 m aperture, to ensure spatial overlap. 

As a stepping stone towards a ponderomotive measurement of the electron bunch length as 

described in sections 4.3 to 4.8, a plasma is used to measure the interaction between the laser 

and the electron bunch in the self-compression point. In this way temporal overlap of the 

ponderomotive laser with the electron beam can be achieved. Moreover, this so called 𝑇0 

measurement also provides an upper estimate of the electron bunch length. 

5.1 Ponderomotive 𝑻𝟎 measurement 

The 𝑇0 measurement uses an attenuated ponderomotive laser pulse which is shot at a 45° 

angle at a target material which can be a very thin foil, a mesh grid or a small aperture. The 

attenuated ponderomotive laser pulse had an energy of about 𝐸𝑝𝑢𝑙𝑠𝑒 ≈ 0.44 J. The high 

peak intensity (𝐼𝑝 ≈ 4.4 ∙ 1012 W/cm2) of the attenuated fs ponderomotive laser ablates some 

material of the target and creates a short lived plasma. A typical decay time of this plasma 

would be about 40 ps35, while the creation time of the plasma would typically be about 0.5 

ps36 [7, 77]. The charged ions and electrons in this plasma can distort the electron bunch 

(𝑈𝑒 ≈ 10 keV) that passes through the same target as is shown in figure 4.11. However this 

distortion can only take place when the electron bunch and the ponderomotive laser arrive at 

the same time and location at the interaction target. If the electron bunch passes through the 

target before the ponderomotive laser arrives, the electron bunch reaches the MCP detector 

undisturbed. When both the electron bunch and ponderomotive laser arrive at the same time, 

maximal distortion occurs which can be measured at the MCP detector. As the electron bunch 

arrives later than the ponderomotive laser, the plasma begins to decay and the distortion due 

to the charged particles in the plasma becomes weaker.  

The electrons are created by the ionization laser pulse that originates from the same laser 

pulse as the ponderomotive laser pulse as described in section 4.2.2. Therefore the arrival 

time of the ponderomotive laser at the target with respect to the electron beam can be 

                                                 
35 1/e time of the exponential decay. 
36 The standard deviation of the derivative of the error function that describes the plasma creation. 
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controlled by shifting the delay stage of figure 4.6. This delay stage can make steps of 100 

nm which translates to a delay of 0.67 fs. During a measurement the delay stage is scanned 

and at each step of the delay stage two measurements are made, one with the ponderomotive 

laser blocked by a shutter (control signal) and one with the ponderomotive laser unblocked 

(interaction signal). At each measurement point the CCD camera imaging the phosphor 

screen behind the MCP takes 25 images of each 50 ms exposure and averages those images. 

The fs laser was operating at 100 Hz, therefore each measurement point is an average over 

125 electron bunches. Two of these resulting electron beam images at a delay of 4 ps and on 

the same size scale are shown in figure 5.1. The left image is taken with the ponderomotive 

laser blocked and the right image is taken with the ponderomotive laser unblocked, creating a 

plasma at the 100 m aperture where the electron beam and ponderomotive laser both pass 

through. This aperture and the surrounding copper holder as shown in figure 4.11 are put at a 

constant positive potential of 200 V to keep the plasma electrons from reaching the MCP 

detector. The electrons are created from the overlap volume in the MOT as described in 

section 2.4 with a rubidium background pressure of 8.7 ∙ 10−9 mbar. 

 
Figure 5.1: Two consecutive electron beam images as captured by the MCP at a delay of 4 ps. On the left with the 

ponderomotive laser blocked and on the right with the ponderomotive laser interacting with the target. Both images are on 

the same size scale. The intensity is normalized for each image.  

As can clearly be seen in figure 5.1, the electron beam is distorted by the ponderomotive laser 

and becomes a lot bigger. To measure this interaction signal, first an ellipse is fit to each 

image to determine the center position, approximate size and orientation of the major and 

minor axis of the electron beam. Then the portion of the total detector image that contains the 

electron beam is selected using the center position and 4 times the standard deviation 

obtained from the ellipse fit. The zoomed in image is then rotated using the angle obtained 

from the orientation of the major and minor axis such that the major axis becomes horizontal. 

Next the rotated image is summed once in the vertical direction and once in the horizontal 

direction, giving the electron beam profiles of the minor and major axis. A Gaussian is fitted 

through these profiles to obtain an standard deviation of the electron beam in both the minor 

𝜎𝑚𝑖𝑛𝑜𝑟 and major axis 𝜎𝑚𝑎𝑗𝑜𝑟. The resulting standard deviations as function of delay for both 

the interaction signal and control signal are plotted in figure 5.2.  
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The error bars of the gaussian fits to obtain the size of the electron beam are not plotted in 

figure 5.2 because the shot to shot fluctuation in size is much larger than the error in those 

fits. Therefore the uncertainty in the measurement is estimated from the deviations in the 

control signal rather than the image fitting errors. The shot to shot fluctuations in size can 

have many contributions such as pointing fluctuations in the ionization or exitation laser 

beams, jitter in the current running through the MOT coils or even dynamic external electric 

and magnetic fields. Deviations in the electron beam path can potentially be magnified a lot 

by the effect of the strong magnetic field of the MOT coils. This is most likely a big 

contribution to the shot to shot fluctions in the electron beam. 

 
Figure 5.2: Ponderomotive 𝑇0 measurement. The ponderomotive laser creates plasma at the 100 m aperture that disturbs the 

electron beam which can be observed by measuring the electron beam size on the MCP detector as plotted vertically. 

Horizontally the delay between the ponderomotive laser and the electron beam is plotted. On the left the electron beam 

passes before the laser pulse arrives and no influence is measured, on the right the laser pulse has arrived first and the plasma 

is already created and decaying. From the steepness and position of the flank around a delay of 0 ps the moment of 

interaction 𝑇0 and the electron bunch length can be derived. The data is fitted using equation 5.1. 

While the control signal of figure 5.2 only shows a slight drift in electron beam size, the 

interaction signal clearly shows the time-dependent effect of the plasma created by the 

ponderomotive laser. On the left of figure 5.2 the electron beam passes the aperture before 

the laser pulse arrives. Therefore on the left there is no significant diffrence between the 

interaction signal an the control signal. Arround a delay of 0 ps the ponderomotive laser and 

the electron beam arrive at the same time at the aperture. This causes the steep increase of the 
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electron beam size in the interaction signal. As the delay is further increased the electrons 

arrive after the plasma has been created and has started to decay. The electron beam size 

follows the decay of the plasma and eventually retruns back to its undisturbed size. 

To analyse this measurement, first a linear fit 𝜎𝑒−𝑏𝑒𝑎𝑚 = 𝑦0 + 𝑎0𝑡 is made through the 

control signal to obtain a baseline. Then the interaction signal is fitted using an error function 

with an exponential decay according to the following equation: 

𝜎𝑒−𝑏𝑒𝑎𝑚(𝑡) = 𝑦0 + 𝑎0𝑡 +  𝑦1
1

2
(1 + erf (

𝑡−𝑡0

√2𝜎𝑟𝑖𝑠𝑒
)) 𝑒

−
𝑡−𝑡0
𝜏𝑓𝑎𝑙𝑙 , [5.1] 

where 𝑡 is the delay in ps, 𝑦0 and 𝑎0 are the fixed parameters that are obtained from the linear 

fit of the control signal, 𝑦1 is the fitted height of the interaction signal, 𝑡0 is the fitted delay 

offset, 𝜎𝑟𝑖𝑠𝑒 is the rise time of the interaction signal defined as the standard deviation of the 

derivative of the error function fit [77] and 𝜏𝑓𝑎𝑙𝑙 is the decay time of the plasma. The error 

function in this fit is defined as: 

erf (
𝑡−𝑡0

√2𝜎𝑟𝑖𝑠𝑒
) = √

2

𝜋

1

𝜎𝑟𝑖𝑠𝑒
∫ 𝑒

−
(𝑥−𝑡0)2

2𝜎𝑟𝑖𝑠𝑒
2𝑑𝑥

𝑡

𝑡0
. [5.2] 

The fit as described by equation 5.1 gives a rise time of 𝜎𝑟𝑖𝑠𝑒,𝑚𝑎𝑗𝑜𝑟 = 4.38 ± 0.74 ps for the 

major axis and 𝜎𝑟𝑖𝑠𝑒,𝑚𝑖𝑛𝑜𝑟 = 3.55 ± 0.65 ps for the minor axis. Averaging those results 

provides the final rise time of 𝜎𝑟𝑖𝑠𝑒 = 3.97 ± 0.49 ps37. This rise time is a combination of 

the electron bunch length and the plasma creation time. As already mentioned, Dwyer et al. 

reports a typical plasma creation time of about 0.5 ps [77]. The measured 4.0 ps rise time is 

significantly larger than this reported plasma creation time. Therefore the electron bunch 

length in the self-compression point could very well be 4.0 ps. An electron bunch length of 

4.0 ps also agrees well with the expected ionization creation time as discussed in section 

2.4.2. The electron bunch length in the self-compression point would also be fully dominated 

by this ionization creation time as shown by the GPT simulations of section 4.2.4.  

The decay time of the plasma can also be extracted from the fit of figure 5.2. For the major 

axis this resulted in 𝜏𝑓𝑎𝑙𝑙,𝑚𝑎𝑗𝑜𝑟 = 35.4 ± 2.9 ps and for the minor axis 𝜏𝑓𝑎𝑙𝑙,𝑚𝑖𝑛𝑜𝑟 = 39.6 ±

3.1 ps. Averaging these results provides the final plasma decay time of  𝜏𝑓𝑎𝑙𝑙 = 37.5 ± 2.1 

ps. This agrees nicely with the typical plasma decay time of 40 ps found in literature [7]. 

5.2 Discussion 

It could be that the plasma process as observed in this experiment is slightly slower than the 

0.5 ps reported in literature [77], because we use a 100 m aperture instead of a TEM grid as 

used in Dwyer et al. [77]. The plasma electrons are created at the edge of the aperture and 

expand towards the center of the aperture where the electron beam passes through. Faster 

electrons reach the center earlier and the slowest electrons take longer to reach the center. 

The spread in plasma electron energy could affect the time duration from the beginning of the 

                                                 
37 An 68% interval is used for the uncertainty, calculation of the uncertainty can be found in appendix A. 
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coulomb scattering (caused by the few fastest electrons) to the point at which maximum 

coulomb scattering occurs (when the bulk of the average velocity electrons arrive). Therefore 

the measured 4.0 ps rise time could still be a plasma creation effect rather than the actual 

electron bunch length.  

Besides there are two different regimes of plasma creation based on the fluence of the 

ponderomotive laser [77-79]. Above the ablation threshold many orders of magnitude more 

electrons are released from the surface then below the ablation threshold [77]. In both 

regimes a qualitatively similar distortion effect can be observed, but above the ablation 

threshold the effect is much more prominent. This experiment is probably somewhere in the 

transition regime just above ablation threshold as the fluence of the ponderomotive laser was 

critical. If the amount of Neutral Density (ND) filters was increased by 0.3 ND the interaction 

signal would disappear, however if the ND filters were decreased by 0.3 ND it would result 

in massive amounts of charged particles being created that would completely saturate the 

MCP detector 75 cm away from the aperture. The plasma creation time could potentially be 

different near the ablation threshold. Furthermore longer plasma creation times up to 1.5 ps 

are reported for fused silica and saphire instead of copper [78, 79]. In this experiment a gold 

coated coper aperture was used. This further indicates that the measured 4.0 ps could still be 

due to the plasma creation time and the electron bunch length could be shorter. 

In any case this measurement proofs that the electron bunch length is at most 4.0 ps and could 

potentially be shorter. Further experimentation using ponderomotive scattering of the 

electrons is needed to measure the electron bunch length with a higher time resolution and 

definitively determine the electron bunch length. This experiment has for the first time 

measured the electron bunch length in the self-compression point of an ultra-cold electron 

source. The self-compression point is specifically interesting because it is a kind of virtual 

source point. As explained in section 4.1 the electron bunch length in the self-compression 

point is expected to be equal to the atomic ionisation process taking place in the source. 

Therefore further experimentation using ponderomotive scattering with a higher temporal 

resolution could reveal not only the length of the atomic ionisation process, but possibly also 

temporal structures in the electron bunch due to the details of the atomic potential [8, 30, 53] 

as discussed in section 2.4.2. 
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5.3 Outlook 

This report has constructed the basis for an electron bunch length measurement based on 

ponderomotive scattering inside the self-compression point of the Ultra Cold Electron 

Source. However the stability of the electron beam due to charging of the re-entrant window 

currently prevents these ponderomotive measurements. When the ponderomotive laser pulse 

passes through the vacuum windows and in-vacuum lenses at full power of 1.1 mJ per pulse 

at a rep-rate of 1 kHz, the electron beam disappears within seconds due to severe charging of 

the re-entrant window. This charging problem is currently the biggest hurdle preventing 

ponderomotive measurements. All other measurements, simulations and experimental 

parameters suggest that ponderomotive scattering is within reach. The laser pulse energy, 

focal spot size and temporal profile have all been measured and should be sufficient to 

resolve the ponderomotive scattered electrons. The GPT simulations suggest that about 0.3% 

of the electrons will be scattered for a 𝜎𝑡,𝑖𝑜𝑛 = 4 ps electron bunch. At 103 electrons per 

pulse in combination with a repetition rate of 1 kHz, this should be sufficient to be detected 

on the MCP. Aditional GPT simulations have shown it is possible to reconstruct the 

longitudinal electron bunch profile form these ponderomotive measurements. Furthermore 

the complete experimental setup has been built and tested. Currently the high voltage pulser 

as discussed in section 3.5.3 is under construction. This will probably mitigate the charging 

of the re-entrant window and solve the electron beam instabilities. Therefore enabling 

ponderomotive bunch length measurements.  

Improving the Magneto Optical Trap, which is at the basis of the Ultra Cold Electron Source, 

could be achieved through gaining control over the transverse profile of the trapping laser. A 

liquid crystal matrix, spatial light modulator or 𝜋-beam shaper could be used to control the 

central intensity compared to the edge intensity in order to tune the force balance in the MOT 

as discussed in section 2.3.2. 

Further improvements can be achieved by building a zero-dispersion pulse shaper for the 480 

nm ionization laser pulse to decrease the bandwidth of the laser and temporally stretch the 

laser pulse as discussed in section 2.4.3. This can eliminate the unwanted double photon 

ionization, decrease the excess energy of the electrons and increase the amount of electrons in 

the bunch. Spatially stretching the extraction volume in the longitudinal direction can further 

increase the electron bunch charge. 
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6 Conclusion 
 

A compact Ultra Cold Electron Source based on near threshold ionization of a cloud of rubidium 

atoms trapped in a grating Magneto Optical Trap has been developed. During the development 

some complications were discovered with regards to the accelerator structure. This research has 

shown that a rubidium layer builds up at the inside of the vacuum windows. The photoionization 

threshold of this layer has been measured to be about 2.3 eV (550 nm). Therefore the 480 nm 

ionization laser can singlehandedly ionize these Rb-85 atoms leaving behind a large amount of 

positive charge, since the free electrons are carried away by the accelerator potential. In this way 

an electric field opposing that of the accelerator can build up with an equivalent potential up to 10 

kV. This opposing field destabilizes the ultracold electron source causing electron beam energy 

shifts and pointing drifts. It can even result in an ion beam when the accelerator is turned off after 

the opposing field has built up. An LED discharging system has been built to mitigate this 

charging problem successfully stabilizing the UCES source. A high voltage pulser is currently 

under construction to continuously discharge the opposing potential in combination with the 

discharge LEDs. 

The electron bunches extracted from the discharged UCES source have been characterized. 

Electron bunch energies up to 𝑈𝑒 = 10.2 ± 0.4 keV have been measured using a time of flight 

method. The normalized transverse emittance of the electron bunch has also been measured using 

a waist scan, resulting in 휀⊥̂ = 1.9 nm·rad corresponding to a source temperature of 𝑇 = 25 K. 

This demonstrates the creation of ultra-cold electrons form the UCES source. 

The longitudinal properties of the electron bunch have been investigated inside the self-

compression point where the electron bunch is temporally compressed. This is achieved through 

experiments and General Particle Tracing (GPT) simulations, with the goal of using 

ponderomotive scattering of the electron bunch to measure the bunch length with high precision. 

The laser pulse used for these measurements was characterized resulting in a waist at focus of 

𝑤0 = 5.89 ± 0.19 m, pulse length of 24.9 ± 1.2 fs and pulse energy of 𝐸 = 1.1 mJ. These 

parameters were used to simulate the ponderomotive scattering inside the self-compression point 

using GPT. This resulted in a maximum scattering angle of 𝜃𝑚𝑎𝑥,𝐺𝑃𝑇 = 36.8 mrad compared to 

the undisturbed electron bunch angular spread of 3𝜎𝜃,𝐺𝑃𝑇 = 4.1 mrad, demonstrating that a 

ponderomotive bunch length measurement is within reach. For a 1 ps electron bunch about 1.4% 

of the electrons would be scattered further than 3𝜎𝑟 of the undisturbed bunch at the position of 

the Micro Channel Plate (MCP) detector, most likely providing enough signal for a bunch length 

measurement. 

The electron bunch length in the self-compression point has been measured using a short lived 

plasma that is created using the ponderomotive laser pulse. This plasma disturbs the transverse 

profile of the electron bunch. This resulted in a temporal electron bunch length of 𝜎𝑟𝑖𝑠𝑒 = 3.97 ±

0.49 ps and a plasma decay time of 𝜏𝑓𝑎𝑙𝑙 = 37.5 ± 2.1 ps. However this bunch length is close to 

the typical creation time of the plasma reported in literature. Therefore this measurement provides 

an upper limit to the electron bunch length. Further ponderomotive scattering measurements are 

needed to measure the bunch length with a higher temporal resolution. 

This project developed the UCES source and characterized the longitudinal and transverse 

properties of this source. Therefore bringing the ultimate goal of realizing ultra-fast single shot 

electron diffraction of proteins one step closer.
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Appendix 

A Uncertainty estimations 

For all the uncertainty estimations that are calculated in this report, 68% intervals are used. 

The general formula used to calculate the uncertainty formulas in this section is as followed 

for a function y that is dependent on n variables 𝑥𝑖 with uncertainty 𝑆𝑥𝑖
: 

𝑆𝑦 = √∑ (
𝛿𝑦

𝛿𝑥𝑖
)

2

𝑆𝑥𝑖

2𝑛
𝑖=1 . [A.1] 

A.1 Ponderomotive 𝑻𝟎 measurement 

To obtain the rise time of the interaction signal of the 𝑇0 measurement a fit is made as 

described in section 5 for both the major and minor axis. The uncertainty is obtained from the 

quality of this fit. Then the rise time for both axes is averaged and the uncertainty is 

calculated according to: 

𝑆𝜎 =
1

2
√𝑆σmajor

2 + 𝑆σminor

2. [A.2] 

B Magneto Optical Trap equations 

In this appendix the forces involved in magneto optical compression will be derived. In 

particular the Doppler cooling force and the magneto optical trapping forces will be 

discussed. These forces arise from the scattering force 𝐹𝑠 which can be calculated for an atom 

from the momentum kick per photon ∆𝑝 and the scattering rate 𝑅𝑠: 

𝐹𝑠 = ∆𝑝 ∙ 𝑅𝑠. [B.3] 

The momentum of a photon equals the energy of the photon divided by the speed of light c: 

∆𝑝 =
ℏ𝜔

𝑐
= ℏ𝑘, [B.4] 

where 𝜔 is the frequency and k is the wave number of the laser. The scattering rate can be 

determined from the emission rate of the photons because every photon that is emitted 

corresponds to one absorbed photon and thus one scattering event. The amount of scattering 

events is related to the lifetime of the exited state 𝜏 and the population fraction 𝜌2 of the 

exited state: 

𝑅𝑠 = 𝜌2,  [B.5] 

where  is the line width of the transition in rad/s which is related to the lifetime of the exited 

state 𝜏 in s through: 

 =
1

𝜏
. [B.6] 

The population fraction of the exited state is given by [46]: 
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𝜌2 =
1

2

𝐼/𝐼𝑠𝑎𝑡

1+𝐼/𝐼𝑠𝑎𝑡+4𝛿2/2,  [B.7] 

where 𝐼𝑠𝑎𝑡 is the saturation intensity and 𝛿 is the detuning from resonance. The saturation 

intensity is a parameter that indicates how much intensity is needed for a given transition to 

saturate that transition. The detuning from resonance is the difference between the laser 

frequency 𝜔 and the resonance frequency 𝜔0 of the transition: 

𝛿 = 𝜔 − 𝜔0.  [B.8] 

Note that this resonance frequency can shift due to Doppler or Zeeman shifts. Combining 

equations B.4, B.5 and B.7 into equation B.3 gives the scattering force as function of 

detuning: 

�⃗�𝑠{𝛿} =
ℏ𝑘

2

𝐼/𝐼𝑠𝑎𝑡

1+𝐼/𝐼𝑠𝑎𝑡+4𝛿2/2 �̂�, [B.9] 

where    ⃗⃗⃗ indicate vectors and    ̂ indicate unitary directions. 

B.1 Doppler force 

Doppler cooling uses the resonance shift due the speed 𝑣 of the atom. To evaluate the 

total force on the atom all scattering forces of all lasers need to be summed taking into 

account the Doppler shifts: 

�⃗�𝑡𝑜𝑡 = ∑ �⃗�𝑠,𝑗{𝜔 − 𝜔0 − �⃗⃗� ∙ v⃗⃗}𝑗 .  [B.10] 

To evaluate the damping force due to Doppler cooling, the scattering force of equation B.10 

can be linearized: 

�⃗�𝑡𝑜𝑡 ≈ ∑ (�⃗�𝑠,𝑗{𝜔 − 𝜔0} − �⃗⃗�𝑗 ∙ v⃗⃗
𝜕𝐹𝑠

𝜕𝜔
�̂�)𝑗 .  [B.11] 

To obtain a MOT the basic scattering forces �⃗�𝑠,𝑗{𝜔 − 𝜔0} need to cancel each other out 

requiring that the intensity of the lasers in all directions balance. The force due to 

Doppler cooling can therefore be calculated as: 

 �⃗�𝑡𝑜𝑡 ≈ ∑ −�⃗⃗�𝑗 ∙ v⃗⃗
𝜕𝐹𝑠

𝜕𝜔
�̂�𝑗 . [B.12] 

Often this relation is expressed with a damping coefficient 𝛼: 

�⃗�𝑚𝑜𝑙𝑎𝑠𝑠𝑒𝑠 ≈ −𝛼�⃗� ∙ ∑ �̂�𝑗 ∙ v̂𝑗 ,  [B.13] 

where 𝛼 can be calculated by differentiating equation B.9: 

𝛼 = ∑ −𝑘𝑗
𝜕𝐹𝑠

𝜕𝜔𝑗 = ∑ −4
ℏ𝑘𝑗

2(𝛿−�⃗⃗�𝑗∙v⃗⃗⃗)



𝐼/𝐼𝑠𝑎𝑡

(1+𝐼/𝐼𝑠𝑎𝑡+4(𝛿−�⃗⃗�𝑗∙v⃗⃗⃗)
2

/2)
2𝑗 .  [B.14] 

This damping coefficient 𝛼 gives an indication of the strength of the cooling process. If 𝛼 is 

increased the damping gets stronger and the time to cool the atoms to a desired temperature 

decreases. 
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B.1 Magneto optical compression force 

The quadrupole magnetic field of the MOT coils gives a position dependent Zeeman shift of 

the resonance frequency of [46]: 

∆𝜔𝑍𝑒𝑒𝑚𝑎𝑛 =
𝑔𝐽𝜇𝐵

ℏ
𝑠�⃗⃗� ∙ �̂�,  [B.15] 

where 𝑔𝐽 is the Landé g-factor, 𝜇𝐵 the Bohr magneton, 𝑠 the polarization direction with 

respect to the laser propagation which is +1 for right circular and -1 for left circular, �⃗⃗� the 

magnetic field and �̂� the propagation direction of the laser. The quadrupole magnetic field 

can be linearized around the center of the MOT simplifying the equation: 

∆𝜔𝑍𝑒𝑒𝑚𝑎𝑛 = 𝛽𝑗𝑧 =
𝑔𝐽𝜇𝐵

ℏ

𝜕𝐵

𝜕𝑧
𝑧 𝑠�̂� ∙ �̂�𝑗 ,  [B.16] 

This gives a total restoring force: 

�⃗�𝑡𝑜𝑡 ≈ ∑ �⃗�𝑠,𝑗{𝜔 − 𝜔0 − 𝛽𝑗𝑧 − �⃗⃗�𝑗 ∙ v⃗⃗}𝑗 . [B.17] 

Linearization of both scattering forces assuming that the basic scattering forces �⃗�𝑠,𝑗{𝜔 − 𝜔0} 

cancel out due to intensity balance provides the forces supplied by the MOT lasers: 

�⃗�𝑀𝑂𝑇 ≈ ∑ (−�⃗⃗�𝑗 ∙ v⃗⃗
𝜕𝐹𝑠

𝜕𝜔
�̂�𝑗 +

𝜕𝐹𝑠

𝜕𝜔0
𝛽𝑗𝑧�̂�𝑗)𝑗 .  [B.18] 

Substitution of equation B.14 gives: 

�⃗�𝑀𝑂𝑇 ≈ −𝛼�⃗� ∑ �̂�𝑗 ∙ v̂𝑗 − 𝛼𝑧 ∑
𝛽𝑗

𝑘𝑗
𝑗 .  [B.19] 

The force of equation B.19 clearly always opposes the movement, slowing the atom down 

and cooling it. The second part of the force is always directed towards 𝑧 = 0 and is the cause 

of the compression and trapping. If 𝛼 increases both the trapping and cooling become 

stronger, but if 𝛽 increases only the trapping or compression increases. 

The second part of equation B.19 provides the force contribution due to magnetic 

compression �⃗�𝑀𝐶,𝑗 for a beam j. The full expression can be obtained by substituting 𝛼 and 𝛽 

from equations B.14 and B.16 [45, 50]: 

�⃗�𝑀𝐶,𝑗 = 4
ℏ


(𝛿 − 𝜔

𝑣

𝑐
)

𝐼𝑗/𝐼𝑠𝑎𝑡

(1+𝐼𝑗/𝐼𝑠𝑎𝑡+4(𝛿−𝜔
𝑣

𝑐
)

2
/2)

2

𝑔𝐽𝜇𝐵

ℏ
𝑠(�⃗⃗� ∙ �⃗⃗�)�̂�. [B.20] 
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C Ionization ratio vs Rb-85 pressure 

A similar measurement as discussed in section 2.4.3 is conducted but instead of scanning the 

ionization laser energy, the current running through the rubidium dispenser that determines 

the rubidium background pressure was scanned. The electron bunch charge as measured by a 

transimpedance amplifier connected to a Micro Channel Plate is measured for the different 

ionization processes as described in section 2.4.3. The results are presented in figure C.1. 

 
Figure C.1: Measurement of the ratio’s between the different ionization processes that create electrons. The bunch charge 

contribution for 3 different ionization processes as measured using a transimpedance amplifier connected to an MCP is 

plotted against the current running through the rubidium dispenser which determines the rubidium background pressure. The 

green dots represent the bunch charge from two step ionization, the blue dots from double photon ionization and the red dots 

are background ionization probably from scattered light hitting the walls. 

As can be seen from figure C.1 all three ionization processes scale approximately linear with 

the background rubidium pressure. This indicates the “Wall” ionization could also be from 

ionization of the background rubidium gas. The rubidium background pressure as measured 

using a Nextorr D 100-5 ion pump was about (3.9-5.7) ∙ 10−10 mbar during this 

measurement. This corresponds to an atom density of about 1 ∙ 1013 m-3 as calculated using 

the ideal gas law. The atom density inside the MOT is typically about 2 ∙ 1016 m-3 [1]. 

Because the charge signal of the “Wall” ionization is of comparable size to the double photon 

ionization from the MOT it is unlikely that it originates form the background gas as the 

density in the MOT is about 2000 times bigger. Although the extraction volume from the 

background gas could be bigger not all those electrons can make it through the beamline. The 

size of the hole in the grating is only 0.5 mm in diameter and the MOT typically has a 

FWHM size of about 0.4 mm. Therefore the “extraction” volume that can make it through the 

hole is not much bigger than the MOT. In conclusion it is not likely that the measured “Wall” 

ionization signal comes from the background rubidium gas, but it is possible. More likely this 

“Wall” ionization signal comes from ionization of rubidium layers deposited on the walls and 

structures inside the vacuum vessel. 
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D Enlargement figure 4.20 

The scattered electrons in figure 4.20 are hard to see on printed versions of this report. 

Therefore this appendix provides an enlargement of figure 4.20. 

Figure 4.20: Simulated MCP detector images at 𝑧 = 777 mm. A binning of 50 m has been applied according to the 

resolution of the MCP. The black circle represents the edge of the MCP. 


