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Abstract 

There are many applications of accelerated ultra-short, high-brightness electron bunches. Onc 
application highlighted in this report is timc-resolved electron diffraction. For this application 
electron bunches with a charge of 1 pC, a radius less than 100 p,m, and a duration less than 
100 fs would bc ideal to study many ultra-fast physical, biological, and chemical processes on 
the timescale of atomie motions. Such bunches have not been realized in practicc yet. In this 
report a way to create such short bunchcs is presented. 
In thc quest for ultra-short, high-brightncss electron bunches it was alrcady rcalizcd a long 
time ago that uniformly charged ellipsoidal bunchcs would bc ideal. These bunches are called 
"watcrbags". Bccause of their linear space charge fields waterbag bunches can in principle 
be focussed transversely and longitudinally to any desircd dirneusion with electro-magnetic 
lenses, that have sufficicntly lincar fields. Becausc of these ideal focussing propertics a chargcd 
partiele beam consisting of waterbag bunches is also referrcd to as "Dream Beam". 
In 2004 a scheme has been proposed to create these waterbags in practice [1]. U nder ccr
tain conditions an initially flat bunch, a so-called pancake bunch, will cvolve into a waterbag 
bunch drivcn by its own space charge fields. Nowadays ultra-short laser pulses of several tcns 
of femteseconds duration are availablc, which can be used to creatc pancake bunches by pho
tocmission. In order to have these pancake bunchcs evolve into waterbags ccrtain conditions 
have to be fulfilled, rcgarding the magnitude and the shape of the surface charge density of 
the pancake bunch, and the strength of thc accelcration field. 
The surface charge density distribution needs to he hcmisphcrc-like. In this report two com
mercially available dcvices are proposcd for shaping of thc transverse laser intensity profile. 
Preliminary results are presentcd of profile shaping of a continuous HcNe laser bcam using 
neutral density filters, and of spatial filtering of ultra-short Ti:S laser pulses. 
The other two conditions lead to constraints on the parameter space of the magnitude of 
the surface charge density and thc acceleration field strcngth. In this report this parameter 
space is explored by partiele tracking simulations to find realistic limits for the acceleration 
field strength as a function of the magnitude of the surface charge dcnsity. Thc results of 
the simulations confirm the analytical limits. However, more research is ncccssary on the 
quantification of the resemblance of a bunch to a waterbag. 
To demonstrate the creation of waterbag bunches in practice a 100 kV DC photogun has been 
design ed. During training of this photogun a maximum voltage of 73 kV has been rcachcd, 
corresponding to an acceleration field of 8.6 MV /m at the cathode surfacc. Both back- and 
front-illumination have been clone with this photogun. By back-illumination of a 30 urn thick 
silver film with ultra-short (35 fs) laser pulscs of 800 nm, bunches are mcasurcd with charges 
up to (0.6 ± 0.2) pC. However, duc to a 1 nm chromium laycr between the fused silica sub
strate and the silver film, the photocathodc is damagcd during photoemission cxperiments. 
A lso photoemission by front- illumination has been clone. Ultra-short ( 50 fs) 266 nm UV laser 
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pulses have been used to photoemit electrous from bulk copper. The intensity of the laser 
pulses has turned out to be so high that photoemission has taken place in the space charge 
limited regime: the charge of a bunch is an increasing function of the acceleration field. Bunch 
charges up to 14 pC are measured when applying an acceleration field of 6.3 MV jm. 
Many steps in preparation of the experimental realization of waterbag bunches have been 
taken: a theoretica! basis is given, partiele tracking simulations have been done, and a 100 kV 
DC photogun has been designed, constructed, and tested. The last preparation step is shaping 
of the transverse laser intensity profile. Then all ingredients are present to create waterbag 
bunches in practice. 
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Chapter 1 

Introduetion 

1.1 Applications of high-brightness electron bunches 

Applications of ultra-short, high-brightness electron bunches are extensive: from the gen
eration of intense Terahertz radiation to time-resolved imaging of physical, chemical and 
biological processes. 
Generation of Coherent Transition Radiation (CTR) can be accomplished by an electron 
bunch which passes a discontinuity in permittivity. The spectrum of this radiation is ex
tremely flat and reaches from far below to far beyond the THz-regime. This provides a new 
concept of an intense compact THz souree [2]. If the lengthof the electron bunch is shorter 
than the wavelength of the transition radiation, then the emitted radiation of each individual 
electron will add up coherently. It is predicted by theory that 100 pC bunches shorter than 
100 fs, and an energy of 5 Me V will genera te THz radiation of more than 5. 7 MV /cm. 
With ultra-short electron bunches time resolved imaging of uitra-fast processes can be ac
complished by electron diffraction. This technique provides time-resolved study of physical, 
chemical, and biological processes on the timescale of atomie motion. Examples are phase
transitions [3], transitions of molecular structures [4], and the action of proteins [5]. For 
single-shot, time-resolved electron diffraction electron bunches are required of typically 1 pC 
charge, 100 Jlm radius, 100 fs duration, and 100 kc V energy. 
Another application of ultra-short, high-brightness electron bunches is the X-ray Free Elec
tron Laser (XFEL). Electron bunches can also be used in "pump & probe" experiments, such 
as the excitation of charge carriers in polymers. 
These examples are just the tip of an iceberg. Ultra-short electron bunches will provide sci
entists of many fields a new tool for developing their knowledge about our world. The quest 
for ultrashort, high-brightness electron bunches is worth the effort. 

1.2 The problem of the creation of high-brightness electron 
bunches 

When creating high-brightness electron bunches onc major problem has to be overcomc: space 
charge forccs. The electrous in the bunch repel each other as a result of Coulomb's force. 
Because for applications generally short bunches with a small spotsize, lots of charge, and a 
small energy spread are required, the bunch has to be focussed transversely and longitudinally. 
However, due tospace charge forces the bunch grows and deforms generally in an irrevcrsible 

1 
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way, so that it can not he compressed to its original dimensions. In order to create an as 
short as possible bunch the "traditional" solution (sec section 1.3) is to accclerate the bunch 
as quickly as possible to relativistic velocities, because at these veloeities the bunch explosion 
is slowed down. A "novel" approach (see section 1.4) is to create a charge distribution which 
can always he focussed after being accelcrated. This solves the problem of space charge 
density distribution. 

1.3 Traditional approach: quick acceleration 

In the traditional approach the problcm is said to hespace charge density. The solution is to 
slow down the bunch explosion as much as possible by accelcrating the bunch to relativistic 
veloeitics as quickly as possible. However, in this way one is fighting the symptom (bun eh 
explosion) rather than solving the problem. 
To make elear how this concept works, consider the accelcration of an electron. The relativistic 
version of Newton's second law reads as follows: 

(1.1) 

whcrc Fis a force acting on a partiele with rest mass rn and velocity v, and 1' = ( 1 - ( ~) 2) -l/
2 

the Lorentz factor with c the velocity of light, and v = JvJ. 
For the two cases F parallel to v and F perpendicular to v the following expressions for the 
acceleration are obtained from equation (1.1): 

all ~ (1.2) 
1'3rn ' 
Fl_ 

(1.3) al_ = 
1'7n 

In the longitudinal direction only Coulomb forces are acting. It is elear that the force is 
reduced by a factor 1'3 in thc longitudinal direction resulting in a smaller acceleration and 
thus a slower bunch explosion. 
In the transverse direction also magnetic forces show up. Considcr the total force on an 
electron in a cylindrical beam with varying radial dcnsity n(r). For the electric field Ë inside 
the beam the following equation holds: 

Ë = êr_!j_ r r1n(r1)dr1
, 

cor Jo (1.4) 

wherc q is the charge of the partiele considered, and co is the pcrmittivity of vacuum. For 
the magnetic field Ê insidc thc bcam the following equation holds: 

B~ ~ QVJ.LO 1r 1 ( l)d I = e</>-- rn r r, 
r o 

(1.5) 

wherc v is the velocity of the partiele considercd, and J.Lo is the permcability of vacuum. These 
two fields lead to a radial Lorentz force Fr which is givcn by: 
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(1.6) 

where t:oJ.Lo = 1/c2 is used. So besides the factor"( in equation (1.3) the total radial force on 
an electron in a beam is reduced by an additional factor 12 due to the magnetic force, which 
opposes the Coulomb repulsion. In the transverse direction the force is thus also reduced by a 
factor 1 3 as is the case in the longitudinal direction. As a result the bunch explosion is slowed 
down in all directions when the bunch travels at relativistic velocities. In the limit v ---> c the 
acceleration due to space charge forces goes to zero and the bunch retains its dimensions. 

1.4 N ovel approach: the waterbag bunch 

In the traditional approach much effort is needed to create higher and higher acceleration 
gradients to keep bunch dimensions more or less under controL The real problem however is 
not being solved. Only the symptom (bunch growth) is controlled. In the novel approach first 
the problem is defined properly: not the magnitude of space charge density itsclf is the real 
problem, but its distribution. This problem is solved by creating a bunch whose space charge 
density distribution gives rise to fully controllable, i.e. linear, space charge fields. This is the 
case for a 3-D ellipsoid with a uniform charge density, also called a waterbag bunch. Of 
course the waterbag bunch still explodes due to Coulomb's force, but it retains an ellipsoid 
and thus its linear space charge fields. For a homogeneaus sphere, which is a special kind 
of ellipsoid, this can be imagined easily. Figure 1.1 shows a cross-section of a sphere with 
initial radius R. Electroos with a total charge Q are distributed homogeneously inside the 
sphere and are initially at rest. The electric field for r ::=; Ris well-known: Er(r) = 47rt:~R2 ft. 
The electric field is thus a linear function of r and is pointing in the radial direction. As a 
result the velocity field of the charged particles is also a linear function of r. The sphere is 
thus expanding radially and the charge distribution remains homogeneous, as visualized in 
the right panel of figure 1.1. 

Because of its linear space charge fields a waterbag bunch can be compressed transversely and 
longitudinally to any desired dimeosion with electro-magnetic lenses, that have sufficiently 
linear fields . Realization of a waterbag bunch is truly a "Dream Beam" come true. This 
report is about the creation of such a Dream Beam. 
A waterbag bunch can be created by blow out of an ultra-thin sheet of electrons, referred to 
as pancake [6]. Under eertaio conditions, concerning the strengthof the acceleration field and 
the magnitude and distribution of the initial surface charge density, a pancake should evolve 
into a waterbag [1]. 

1.5 Scope 

This report is about the creation of a Dream Beam, a novel concept of creating high-brightness 
electron bunches . The problem of space charge is properly defined and the "traditional" and 
"novel" approaches are shortly described earlier in this chapter. In the next chapter it is 
explained how electron bunches can be described in phase space. Also the terms "emittance" 
and "brightness" are explained. Chapter 3 is about the theory of the creation of waterbag 
bunches, also referred to as Dream Beam. First it is defined what a waterbag bunch is and 
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t = 0 t> 0 

Figure 1.1: cross-section of a homogeneously charged sphere. At t = 0 the charged particles 
are at rest. The linear electric field inside the sphere leads to a velocity field of the charged 
particles which is a linear function of r and is pointing in the radial direction. This velocity 
fi eld is indicated by the arrows in the right panel. As a result the sphere is expanding radially 
while retaining a homogeneaus charge density distribution. The dashed contour indicates the 
shape of the bunch as it was at t = 0. 

its characteristics are described. Then a practical scheme to realize these waterbags is pre
sented. Necessary conditions on the acceleration field strength, and on the initial magnitude 
and initial distribution of the surface charge density, are presented and explained. Then in 
chapters 4 and 5 an attempt is made to convince the reader that this Dream Beam could be 
realized in practice, which would make a dream coming true. First in chapter 4 the parameter 
space of the acceleration field strength versus the magnitude of the surface charge density is 
explored by partiele tracking simulations. Then in chapter 5 first steps of necessary laser 
profile shaping (to obtain the required initial charge density distribution) are presented. 
In chapter 6 the design of a 100 kV DC photogun is presented, which will be used to demon
strate t he waterbag concept. 
A way of longitudinal compression or time-focussing of waterbag bunches with a pillbox RF 
cavity is described in chapter 7. Results of simulations with a 1 pC bunch are presented. 
With t he 100 kV DC photogun measurements of quanturn efficiencies of linear photoemission 
by front-illumination and third order photoemission by back-illumination have been clone. 
Results of first measurements are presented in chapter 8. 
Finally in chapter 9 conclusions and an outlook for the progress of the project are presented. 



Chapter 2 

Phase space 

A many-particle system, such as an electron bunch, is fundamentally described in phase 
space. Closely connected to the phase space are the quantities "emittance" ( the focusability 
of the bunch) and "brightness" (beam current density per unitsolid angle and per unit energy 
spread). These quantities are for many applications the most important parameters and 
provide a way to compare beam qualities. Moreover, the brightness is an absolute measure 
of the quality of a bunch. 
In this chapter it is first explained how an electron bunch can be described in phase space. 
In section 2.2 definitions of emittance are presented, and a practical meaning of emittance 
is described. Next, in section 2.3 definitions of brightness are given. Finally, in section 2.4 
the "thermal emittance" is treated, which is the minimum possible emittance of an electron 
bunch determined by the photoemission process. 

2.1 Phase space 

If the forces acting on the electrons in a bunch can be derived from a potential which is 
independent of the momenta of the electrons, then the bunch as a whole is a Hamiltonian 
system. This is the case if [7]: 

• wave mechanical effects can be ignored; 

• electromagnetic radiation can be neglected; 

• there are no close-range interactions between the electrons ( collisions); 

• there are no long-range interactions between the electrons which depend on their veloc
ity. 

Because of its definition a Hamiltonian system is uniquely described by its Hamiltonian, which 
is a function of the conjugate pairs of coordinates Ti and Pi, where i = x, y, z. The position 
is denoted by r, and the momenturn by p = "(mv, with the Lorentz factor 'Y = ~, rest 

1-v je 
mass m, and velocity v. The motion of each electron in a bunch can be represented by its 
trajectory in the 6-D phase space ( r, j}). If this is done for all electrons in the bunch, then 
at every point in time t the bunch is characterized by a set of points in the 6-D phase space. 
The bunch can then be described by a density distri bution function f ( r, p, t) in the 6-D 
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phase space. From the continuity cquation it follows that the local density f in phasc spacc 
is a conserved quantity. This is known as Liouville's theorem. The hypervolume enclosing 
a chosen group of points is constant in time: its shape may vary, but the volume enclosed 
remains constant. 
The notion of a beam already indicates that thcrc is a preferred direction of motion: the 
longitudinal velocity is much larger thcn the transverse velocities. The Hamiltonian can then 
be split up in two terms: one representing thc longitudinal motion, and the other representing 
the transverse motion. If for all separate particles the motion associatcd with each degree of 
freedom is independent of the other two, then the Hamiltonian can be split up into a sum of 
threc tcrms. Each term is representing one degree of frecdom, that isonepair (ri,Pi) where 
i = x, y, z. Thc density distribution function then equals the product of the three projected 
density distributions: f (x,px, y,py, z,pz) = fx (x,px) /y (y,py) fz (z,pz). The motionsof the 
electrans can then bc reprcsented in three separate phasc spaces ( onc for cach dcgree of 
freedom x, y, z). As arcsult the area of the projection of the full 6-D distribution on each of 
these phasc spaces is a conserved quantity. It should be noted howevcr that this dccoupling 
is in practice generally not complete, but for weak coupling it is generally assumed that a 
beam can he accuratcly described in three separate 2-D phases. 

2.2 Emittance 

2.2.1 Definitions 

The hyperemittance equals the hypervolume V6D, occupied by the bunch in the 6-D phase 
space, dividcd by n 3 . This is howevcr an artificial dcfinition and is in practice never used. 
As explained in thc previous section the full 6-D phasc spacc of an accclerated bun eh can be 
separated in a (4-D) transverse and a (2-D) longitudinal phasc space. As a consequence the 
hypercmittancc can be split up in the same way. If, furthcrmore, the transverse phase space 
is scparabie in two pairs of conjugate coordinates, then also the transverse emittance can be 
split up. Thus three cmittances are obtained: Ex, Ey, and Ez. Thc emittance equals the area 
Ap of the projection of the phase space density distribution on the conesponding 2-D phase 
spacc, divided by nmc: 

_ Ap,i "th . Ei=--, w1 z = x,y,z. 
nmc 

(2.1) 

For hard-edgcd bunchcs thc area is generally taken to be that of the smallest ellipse which 
is enclosing all particlcs. In reality howevcr bunches generally do not have sharp cdgcs. 
The lengths of the semi-axes of thc cllipse in, for instance, the (x, Px) phase space are thcn 
estimated by a x and aPx respectivcly, whcre a~=< (a- <a> )2 > is the varianee of quantity 
a. In this way the RMS-emittance is obtained, which is dcfined as follows: 

(2.2) 

It is assumed that the primary axes of thc cllipsc in thc phase spacc are coïncident with the 
x- and Px-axis. Generally this is not the case and a cross-term has to he taken into account. 
Thc general dcfinition of the normalized RMS-emittancc En,x, which is a Lorcntz invariant 
quantity, is given by: 
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1 
én x= -J< (x-< X >)2 >< (Px- < Px >)2 >-<(x-< X >)(px- < Px >) >2. (2.3) 

' me 

where the brackets < > indieate an average over the entire bunch. 
In practice the emittance is not measured in the phase space, but in the so-called configuration 
or trace space. That is, not the transverse momenta are measured, but the paraxial angles 
x' = % and y' = 1z. A paraxial approximation can he applied if the longitudinal velocity 
is much greater than the transverse velocities: Vx, Vy « Vz ~ e. Then f3x ~ /3~ ~ f3x' and 

Vz 

/3y ~ f3y', with f3 = ~ ~ f3z. In the configuration space (x, x') the emittance is given by: 

En,x = J< (x-< x >)2 >< ('yf3x'- < "'(/3X1 >)2 >-<(x-< x >)('yf3x'- < "'(/3x' >) >2. 
(2.4) 

For non-skewed distributions the RMS-emittances are thus given by: 

én,x "'(/3axax'; 

én,y "'(/3ayay'; 
1 

(2.5) én,z aza"!f3 = -atau, 
me 

where U is the total energy of an electron in the bunch. For a beam the energy of an 
electron is much larger than the energy spread, so that a"!f3 = a~~)a"' = '!j. The transverse 
normalized RMS-emittance én,x or én,y equals "'(/3 times the RMS bunch radius times the RMS 
angular spread. If the factor "'(/3 is left out, the so-called geometrical emittance is obtained. 
This emittance is a decreasing function of the energy, an effect which is called "adiabatic 
damping". The longitudinal normalized RMS-emittance én,z equals ~c times the RMS bunch 
duration times the RMS energy spread. A high-quality bunch of N electrous is short and has 
a small radius, a small divergence, and a small energy spread. A high-quality bunch is thus 
characterized by small emittances. 

2.2.2 Practical meaning 

The emittance is a measure for the focusability of an electron beam. When realizing that 
the angular spread ax' is maximally equal to unity, then it is easy to see that a beam of 
given emittance En,x can he focussed toa minimum spot size ax 2 t:;;, i.e. the value of the 
geometrical emittance. If smaller spot sizes have to he realized the emittance of the beam 
has to he decreased. 
A nice way to visualize this, is by consiclering focusing of a laminar beam and of a non-laruinar 
beam, as illustrated in figure 2.1. A perfectly laminar beam can he focused with an ideal 
lens to a point of zero dimension1. A perfectly parallel laminar beam of finite spot size ax 
has no spread of transverse velocity: aPx = 0. In the focal point there is a finite transverse 
velocity spread, but the spot size equals zero. In both cases the emittance is thus zero. In 
the transverse phase space such a beam is characterized by an infinitely straight line through 
the origin. The area of this line and thus the emittance equals zero. 

1 Fundamental limits, like the diffraction limit, are disregarded as the intention of this section is only to 
illustrate how size and velocity spread determine the emittance of a beam. 
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Figure 2.1: non-laminar beam with at all positions in the cross-section of the beam a transverse 
velocity spread ~Vx. The beam is focused with an ideallens to a minimum spot size 8, whereas 
a laminar beam is focused to a point of zero dimension. Figure from reference {8}. 

Consider next a non-laminar beam which has at all positions in its cross-section a transverse 
velocity spread ~vx, and which is foeused to a spot of non-zero radius ó, as indicated in 
figure 2.1. Thc velocity spread in the non-laminar beam is reflccted by a non-zero area in 
the transverse phase space and thus a non-zero emittance. The shorter the focallength f of 
the lens, the smaller 8 will be. There is however a minimum value of 8, determined by the 
emittance. 

2.3 Brightness 

The usual definition of brightness (also referred to as speetral brightness or brilliance) is 
current density per unit solid angle and per unit energy spread, which can also be written in 
terms of emittances: 

1 I Q 
Bn = -- - ------

rv2(J2 ARMS [!RMS au meE E E ' 
1 n,x n,y n,z 

(2.6) 

where I = Qf3c is the current of the bunch, ARMS is the RMS-area of the projection of thc 
t:Tz 

bunch on the (x, y)-plane, nRMS is the RMS solid angle, and Q is the of charge the bunch. 
Note that the brightness thus defined is a Lorentz invariant quantity. The general definition 
of brightncss given above is however seldom used. Usually the brightness is split up in a 
normalized transverse brightness Bn,l_ and a longitudinal brightness En, 11: 

Bn,l_ 
1 I I (2.7) 

"(2(32 ARMS [!RMS = E E ; n,x n,y 

En, II 
I (2.8) ex 

' au 

However also another definition of brightness is often used, which is (2n)3 times smaller than 
thc brightness as defined by equation (2.6): 
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G Q 
Bn = ( )3 ; 27r me En,x En,y En,z 

(2.9) 

Be - I 
n,_l - (27r) 2é é n,x n,y 

(2.10) 

These are in fact peak brightnesses as is explained in the following. The factor (
2
!)3 is aresult 

of the assumption that the distribution in 6-D phase space is Gaussian in all 6 dimensions: 

(2.11) 

with Jo = J ( 0, o). Integration of the phase space density distri bution gives the number of 

particles N in the bunch, leading to: 

N 
Jo= 3 (27r) O'xO'pxO'yO'pyO'zO'pz 

(2.12) 

The normalized peak brightness is then given by B~ = eJom2c2 . 

2.4 Thermal emittance 

Photoemitted electrans start off with non-zero energy spread and angular spread, which de
termines the starting emittance of the bunch. It is the minimum possible emittance and is 
called the "thermal emittance" Eth· The thermal emittance can be estimated by assuming a 
thermalized distribution of electrans without any corrclation between position and momen
tum. A measure for the standard deviation of the momenturn is then aPi = JmkBT with 
i = x, y, z, where m is the rest mass of an electron, kB is Boltzmann's constant, and T is 
the effective temperature of the electrans that are emitted from the cathode. The minimal 
thermal emittance is due to the finite excess energy of the photoemitted electrons, combined 
with a finite initial angular distribution. 
The mean energy of the electrans equals the difference between the energy of the incident 
photons liw and the effective work function <l>e of the photocathode. The minimal emittance 
that can bc achieved when crcating bunches by photoemission is then given by: 

(2.13) 

The effective work function of a metal photocathode is generally lower than the real work 
function due to the presence of an electric field. This is called the Schottky effect which is 
described by: 

(2.14) 

where <[> is the work function of the metal, Eacc is the local acccleration field, and Eo is the 
permittivity of vacuum. For linear photocmission (Unw =4.65 eV) from flat, clean capper 
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surfaces ( <[> =4.6 eV) at room temperature thc thermal emittance is typically scveral tenths 
of mmmrad for a hard-cdged laser spot of 1 mm radius. For an electric field strength of 100 
kV/cm at thc cathodc thc thermal emittance E~\ = 0.58mmmrad. , 



Chapter 3 

From pancake to waterbag 

As explained in the introduetion a uniformly charged ellipsoidal bunch, called a "waterbag" 
bunch, is desirabie because of its linear space charge fields. This kind of bunch can be 
compressed longitudinally and transversely to any desired dimension with charged partiele 
opties that have sufficiently linear electro-magnetic fields. In this chapter it is explained how 
such an ideal electron bunch can be created. The idea is that an initially flat bunch, also 
called "pancake" bunch, evolves into a waterbag bunch driven by its own space charge fields. 
First in section 3.1 waterbag characteristics are described. lts space charge field is given 
and its phase space characteristics are presented. In section 3.2 it is shown that an oblate 
spheroid (which has a length that is shorter than its diameter) evolves into a prolate spheroid 
(which has a length that is longer than its diameter) . Finally in section 3.3 the waterbag 
recipe is presented. That is , it is explained how an ultra-flat spheroid can be approximated 
by a pancake bunch. Conditions on this pancake bunch and on the acceleration field are 
treated, which have to be fulfilled for the evolution of a pancake into a waterbag bunch. 
These conditions are leading to a parameter space of the magnitude of the surface charge 
density and the acceleration field strength. 

3.1 Waterbag characteristics 

A waterbag bunch is a hard-edged 3-D ellipsoid of uniform charge density. lts confining 
surface is given by: 

(3.1) 

where A, B, and C, are the lengths of the semi-axes of the ellipsoid. Consider an ellipsoidal 
bunch of uniform charge density po at rest (i.e. all electrans in the bunch have zero velocity) 
in its rest frame. The partiele distribution n is given by: 

where H (x) is the Heaviside step function of x: 

H (x)= { ~ 

11 

'if x < 0 
' if x 2: 0. 

(3.2) 

(3.3) 
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Figure 3.1: cross-section of a hom ogeneously charged ellipsoid. The arrows indicate partiele 
velocities. At to = 0 the charged particles are at rest. The linear space charge fi eld is leading 
to a linear velocity fi eld of the charged particles. As a result the ellipsoid is expanding jaster in 
the longitudinal than in the transverse direction as indicated for t1 > to . However, the bunch 
keeps its homogeneaus charge density dis tribution and thus its lin ear space charge fi eld. At 
som e tim e t2 > t 1 the initial fia t ellipsoid has expanded to a longitudinally stretched ellipsoid. 
The dashed contours indicate the shapes of the bunch as they were at previous times to and 

h · 

The space charge field, that is the electric field inside the bunch, is given by [9] : 

(3.4) 

where Mx , My, and Mz are geometrical constants, which are only depending on the dimensions 
of the ellipsoid A , B , and C. The space charge field is thus a linear function of position and 
is therefore leading to linear velocity-position correlations of the electrans in the bunch as 
depicted in figure 3.1. The 6-D phase spacc density distribution function f (r, ti) normalized 
to the number of part icles N in the bunch is generally given by: 

f ( r, ti) = Pon ( fj 6 (p - Dfj , 
e 

(3.5) 

where 6 (x ) the Dirac delta function of x. The 3 x 3 matrix D describes the coupling between 
spatial and momenturn coordinates. For an expansion purely driven by linear space charge 
fields this matrix is thus diagonal. The 6-D phase space can then he split up in the three 
decoupled 2-D phase spaces (x,px), (y ,py), and (z, pz ). A uniformly charged ellipsoid is thus 
characterized by straight lines through thc origin in all t he t hree 2-D phase spaces. Because of 
t hese linear velocity-posit ion correlations an initially homogcneously chargcd ellipsoid remains 
homogeneaus and thus retains a linear space charge field . In t he introduetion (sect ion 1.4) 
t his is explained for a homogeneaus sphere, which is a special kind of ellipsoid. A uniform 
ellipsoid is the most general kind of bunch that has linear space charge fields. Because of 
these linear internal fields a uniformly charged ellipsoid can he compressed in all dimensions 
with linear charged part iele opt ies. 
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3.2 Space charge fields in spheroids 

In practice bunches are usually cylindrically symmetrie. Cylindrically symmetrie ellipsoids 
are called spheroids of which three kinds are distinguished: 

• prolate, A= B < C; 

• oblate, A= B > C; 

• sphere, A= B = C . 

The geometrical factors in equation (3.4) are given by [9]: 

1 +f2 

Mz = ----rs [r - arctan (r)], 

1 
Mx = My = 2 (1 - Mz), (3.6) 

with r = y' A2 jC2 - 1 the eccentricity of the ellipsoid. Note that the eccentricity defined in 
this way is real for an oblate spheroid and purely imaginary for a prolate spheroid. However 
Mz is real for both kinds of spheroids. For large eccentricities, i.e for A = B »> C, Mz ---t 1 
and Mx = My --7 ~i and the electric fields are given by: 

Ex(x) 
3Q x 

16é0A2 A ' 

Ey(Y) 
3Q Y. (3.7) 

16é0A2 A' 

Ez(z) 
3Q z 

47ré0A2 C' 

where Q is the total charge of the bunch. Figure 3.2 shows a graph of the ratio ~:t~l as a 

function of ~. The electric field components Ex and Ez are evaluated at the extremal points 
of the ellipsoid, i.e. at x = A and z = C respectively. From this figure it is clear that in 
an oblate spheroid the space charge field is stronger at z = C than at x = A. Therefore a 
pancake-like oblate will evolve into a cigar-like prolate spheroid due to its own space charge 
fields. This is also indicated in figure 3.1. It is therefore concluded that waterbag bunches of 
any shape can he obtained by starting out with a very flat oblate spheroid. This suggest a 
way to realize waterbag bunches in practice, which is explained in the following section. 

3.3 Waterbag recipe 

In this section the subtitle of this report is explained: a waterbag bunch can he created by 
starting out with a pancake electron bunch. 
When creating an electron bunch, e.g. by photoemission, it is practically impossible to realize 
a 3-D ellipsoid, because this requires 3-D shaping of the laser pulse. However, ultra-short laser 
pulse technology provides the possibility to create cylindrically symmetrie bunches with a high 
aspect ratio, referred to as pancakes. Under certain conditions a pancake bunch will evolve 
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2 

c 
A 
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Figure 3.2: ratio ~:t~l of the electric fi elds at the extremal points of a homogeneaus spheroid 

as a function of ~. The x-component of the electric field is evaluated at x = A and the 
z-component at z = C. 

into a waterbag driven by its own space charge fields. This idea of "blow-out" of a short 
bunch to a waterbag was already mentioned by Serafini [10] in 1997. However, both the 
longitudinal and the transverse charge density distribution suggested in that reference are 
wrong. The correct distributions are given in reference [1]. It turns out that to realize the 
correct distribution in practice only 2-D (transverse) shaping of the ultra-short laserpulseis 
required, for which several technologies are available. 

3.3.1 Pancake conditions 

In theoretica! astrophysics it was observed that a uniform prolate spheroid will collapse under 
its own weight into a fiat disk, i.e. an oblate spheroid with C = 0 [11]. The driving force 
(gravitation) is linear like the (electrical) space charge force in a waterbag, but the direction 
is opposite. So this collapseis the time-reversed analog of the explosion of an electron bunch. 
The density distribution p(r, z ) of the fiat disk (after the collapsing) is given by: 

(3.8) 

where ao is the surface charge density at the center and r = y' x2 + y2 . Reversing this col
lapsing processimplies that an ultra-thinsheet of electrans with a charge density distribution 
as given by equation (3 .8) will evolve into a uniformly charged spheroid. 
However, it is obvious that an infinitely thin fiat disk (a 2-D body) will not evolve into any 
3-D body. So it is not completely true that the evolution of an ultra-thin sheet of electrans 
can beseen asthereverse of the collapse process. Contrary to the fiat disk the ultra-thin sheet 
has a small, but finite thickness. Furthermore, the sheet is created in time by photoemission 
from a metal surface. This has three consequences. 
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x 

Figure 3.3: side view and front view of a pancake bunch in a polar coordinate system. The 
pancake bunch has radius A and length 2C. The gray parts of the bunch indicate the volume to 
which Gauss 's law is applied to calculate the electric field at a point (ro, zo) inside the bunch. 

1. The initial charge density distribution does not fulfill equation (3.8): the Dirac delta 
function o (z) has to be replaced by a realistic longitudinal distribution function >.(z ). 

2. The front side of the ultrathin sheet is created earlier than the back side. 

3. Image-charge forces are counteracting the acceleration field during initiation of the 
bun eh. 

In the following these three points are examined in more detail. 

Longitudinal charge density function 
A pancake electron bunch is a bunch with a small aspect ratio [6]: ~ « 1, where C is the 
half-length of the bunch, and A is its radius. The rest frame bunch length is thus much 
smaller than the bunch radius. Figure 3.3 shows a schematic of a pancake bunch in apolar 
coordinate system. 

The longitudinal component of the electric field inside a pancake bunch can be estimated as 
follows. Suppose the bunch has a cylindrically symmetrie charge density distribution p (r, z). 
Assume that this can be written as the product of a surface charge density a(r) distribution 
and a longitudinal distribution function >.(z) : p (T, z) = a(r)>.(z). The longitudinal distri
bution is symmetrical in the plane z = 0 and is normalized to unity f~oo >.( z)dz = 1, but 
otherwise arbitrary. To calculate the electric field at a point (ro, zo ) inside the bunch Gauss's 
law is applied to a volume bounded by 0 ::; z :S: zo, ro :S: T :S: ro + l:!..T , and 0 :S: <p :S: 271' as 
depicted in figure 3.3, resulting in the following equation: 

271' iro+~r 1 zo 
1l'Ez [(ro + l:!..T) 2

- r5] + 211'Er [(To + l:!..r)- To] zo=- r-a(T)dr >.( z)dz. 
Eo ro o 

(3.9) 
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It is assumed that the z- and r-components of the electric field are slowly varying functions of 
r and that !:ir « ro. When taking terms up to the first order of !:ir of the Taylor expansion 
of the integrand of the first integral the equation above can be simplified to: 

(
!:ir ) (~) 1 1~ E z - + 1 +Er - ~ -a(ro) À(z)dz . 
2ro ro t:o o 

(3.10) 

In the limit !:ir -t 0 and assuming /b_E » ~ the following approximation holds for the 
r ro 

longitudinal component of the electric field inside a pancake bunch: 

( ) a ( r) 1z ( ') 1 E z r, z ~ -- À r, z dz . 
t:o o 

(3.11) 

With equation (3. 7) for an thin oblate spheroid it can be seen that the assumption t » ~ 
is reasonable. From that equation it follows that /b_E !:ll. ~ A.c for a very fiat oblate spheroid. 

r ZQ 

An important condusion at this point is that E z in a pancake bunch is proportional to 
the integrated longitudinal distribution and therefore independent of the detailed shape of 
.X(z) [1]. As a result , an electron inside a pancake bunch experiences the same acceleration as 
if it were part of the ideal charge density distribution described by equation (3.8). To realize 
this charge density distribution the intensity profile of the laser pulse has to be shaped only 
transversely; the temporal shape is arbitrary. How the required pulsc shape can be obtained 
is explained in chapter 5. 

Finite creation time 
Because some electroos are photoemittcd earlier than othcrs (because of a small but finite 
laser pulse duration) the veloeities of the first electroos increase during the photoemission pro
cess. This is leading to longitudinal velocity-position correlations associated with the laser 
pulse duration Tl. But the idca of the waterbag concept is that velocity-position correlations 
are associated with and only with the space charge field. The photoemission process can 
be considered as being instantaneous if the laser pulse length is much shorter than the final 
bunch length. The bunch length /':it due to only space charge farces at position z is given by 
[6] : 

(3.12) 

where !':it is expressed in terms of the Lorentz factor 'Y = 1 + e~c'!rz. An instantaneously 
created pancake bunch which is accelerated in a uniform acceleration field , expands due to 
space charge forces and reaches for 'Y » 1 an asymptotic length !':it (oo), which is given by [6]: 

meao 
!:it (oo) = E2 ' 

et:o ace 
(3.13) 

where m is the electron rest mass, e is the velocity of light , ao is the surface charge density, e 
is the elementary charge quantum, t:o is the permittivity of vacuum, and Eacc is the strength 
of the uniform acceleration field . The condition that the laser pulse length has to be much 
shortcr than the final bunch length can now be expressed as follows: 

meao 
Tl « !:it (oo) = E 2 et:o ace 

(3.14) 
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Image charge 
The self-field or image charge field set up by emitted electrons pulls the electrons back to 
the cathode. This causes also undesired longitudinal velocity-position correlations. These 
correlations are negligible if the acceleration field Eacc is much stronger then the self-field 
Eself (cro). This is leading to a lower limit of the acceleration field strength as a function of 
the surface charge density cro. An approximation for the self-field is ~ [6]. This condition 
can then be expressed as follows : 

3.3.2 Parameter space 

cro - « Eacc· 
t:o 

(3.15) 

The two conditions on the laser pulse duration and the image charge can be combined and 
mathematically expressed as follows: 

eEaccTl « ~ « 1. 
me EoEace 

(3.16) 

These two conditions are leading to constraints on the part of the parameterspace (cro, Eacc) 

for which a pancake bunch will evolve into a waterbag bunch. This is named the waterbag 
existence regime and is visualized in figure 3.4. In this figure the laser pulse length is 30 fs . 
The question arises what factor should be taken for the « symbols in equation (3.16). A 
first guess is a factor 10, so both « symbols are replaced by < 0.1. This case is rcpresented 
by the inner green triangle in figure 3.4. The solid black lines in figure 3.4 represent the case 
of equalities in equation (3.16). To find out what factor should really be taken for the « 
symbols, partiele tracking simulations have been done. These simulations and thcir results 
are presented in the next chapter. 
According to the waterbag existence regime in figurc 3.4 waterbag bunches of 1 - - 10 pC 
can be realized with an acceleration field of 10 MV /m and an initial bunch radius of 1 mm. 
If these bunches can be compressed to a duration of less than 100 fs and a width of about 
100 J.Lm, then bunches have been realized, which are ideal to examine uitra-fast processes 
with electron diffraction. These acceleration fields can be realized relatively easily with DC 
photoguns. For bunches of 100 pC a higher acceleration field of about 100 MV / mis required 
for which RF photoguns have to be used. Waterbag bunches of more than 1 nC seem vcry 
hard to realize. 

It is coneluded that a pancake electron bunch with a charge density distribution p (r, z) 

cro}1 - (r/A) 2 A(z) evolvcs into a waterbag bunch if the two conditions in equation (3.16) 

are satisfied. In the next chapter the parameter spacc (cro, Eacc) is explorcd by partiele 
tracking simulations, and in chapter 5 it is explained how thc required initial charge density 
distribution can be obtained. 
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Figure 3.4: parameterspace (o-o, Eacc) in which a pancake electron bunch will develop into a 
waterbag bunch ifthe initial charge density distributionfulfills equation (3.8). The laser pulse 
length is 30 fs. 



Chapter 4 

Exploration of the parameter space 
by partiele tracking simulations 

In the previous chapter thc waterbag existence regime is derived on the basis of simple phys
ical, analytica! arguments. In this chapter the parameter space (O'o, Eacc) that follows from 
equation (3.16), is explored by partiele tracking simulations. That is, an attempt is made 
to find additional support for the waterbag existence regime and to quantify the « signs in 
that equation. The simulations are done with the "Gcneral Partiele Tracer" code [12], GPT 

for short, which is briefly discussed insection 4.1. 
As follows from the previous chapter a waterbag bunch has two characteristics: it is a uni
formly charged ellipsoid, and it has linear position-momentum correlations. The latter is 
quantified by the emittance En,x= the lower the emittance of a bunch, the eloser to linear 
its position-momentum correlations are. However, a bunch with a low emittance does not 
necessarily have to be a waterbag. Therefor the bunch should also be a uniformly charged 
ellipsoid. A single criterion for this charaderistic is the linearity F L of the space charge field. 
This quantity is introduced in section 4.2. Then results of GPT simulations for several points 
in the parameter space are presented and discussed in section 4.3. 

4.1 GPT 

GPT is a commercially available 3-D partiele tracking simulation programme [12]. It is based 
on full 3-D partiele tracking techniques, providing a solid basis for the study of charged 
partiele dynamics in electro-magnetic fields. The relativistic equations of motion are solved 
by a fifth order Runge-Kutta solver. Calculations can be done with femtosecond precision. 
Running on a PC it can keep track of up to 106 interacting macropartieles. The GPT code 
ineludes: 

• cxternal fields; 

• space charge fields; 

• image charge fields. 

Not ineluded are retardation, field emission of electrons, and lowering of the effective work 
function of the catbode duc to the Schottky effect. 

19 
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4.2 Field linearity in a bunch 

One measure for the quality of a bunch is its emittance. A low emittance is however not a 
sufReient condition to qualify a bunch as being a waterbag. Therefore a second parameter is 
required, which quantifies e.g. the linearity of the electric field inside the bunch. Generalizing 
on the definition of the (2-D) emittance, which quantifies the linearity of position-momentum 
correlations, it is proposed to define the field linearity parameter F L as follows: 

FL= 
det(U) 
tr(U) ' 

where U is a matrix which contains all correlations between position and electric field: 

< x2 > < xy > < x z > < xEx > < xEy > < xEz > 
< x y > < y2 > < yz > < yEx > < yEy > < yEz > 

U= 
< x z > < yz > < z2 > < zEx > < zEy > < zEz > 

< xEx > < yEx > < z Ex > < E2 > < ExEy > < ExE z > x 
< xEy > < yEy > < zEy > < ExEy > < E2 > < EyEz > y 
< xEz > < yEz > < zEz > < ExEz > < EyEz > < E2 > z 

(4.1) 

Gomparing this definition to that of the (2-D) emittance two differences are clear: the mo
mentum is replaced by the space charge field , and the field linearity F L is normalized to the 
total RMS space charge field and the RMS dimensions of the bunch. With easy algebraics it 
can he shown that a perfect waterbag is characterized by F L = 0. The greater the deviation 
from a water bag, the higher F L. 

4.3 Exploration of the parameter space 

A uniform acceleration field is present around the initial position of the bunch. The electrons 
are initiated with a radial distribution given by equation (3.8) , with radius A = 1 mm. The 
bunch charge Q is represented by 104 macroparticles. In the simulations the electrons are 
ejected isotropically from the catbode surface with an energy of 0.4 e V, resulting in a thermal 
emittance of 0.46 mm mrad. The fini te duration of the photoemission process is taken into 
account by initiating the particles sequentially in time, using a Gaussian temporal profile "' 
exp(- t2/ 2al), with a full-width-at-half-maximum duration of 2.355at = 30fs. The influence 
of image charges is also taken into account. 
The initial bunch radius is fixed to 1 mm, while the charge of the bunch is varied. Figures 4.1 
to 4.4 show the field linearity parameter F L and the emittance En,x for bunches of 1, 10, 100, 
and 1000 pC respectively. The field linearity and the emittance are determined at 1 = 1.2 
(or U~ 100 keV) , indicated by solid, blue lines, and at 1 = 3.0 (or U~ 1.0 MeV), indicated 
by dotted, purple lines. The lines connecting the data points are only meant as a guide to 
the eye. In the figures the vertical black lines indicate the limits, which follow from equation 
(3.16) when the « signs are replaced by equalities. 
In equation (3.14) for the final bunch length !1t (oo) has been taken. For small values of 1 

however, the final bunch length is /ffJ times smaller, see equation (3 .12). As a consequence 

( ) 

1/ 4 
the up per limit for Eacc in the parameter space is f-j:i- times lower. In figures 4.1 to 
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Figure 4.1: results of simulations of a 1 pC bunch with an initial radius of 1 mm and a perfect 
hemispheric initial surface charge density distribution, which is accelerated in a uniform elec
tric fi eld to "( = 1.2 (blu e, solid line) , and to "( = 3.0 (dashed, purple line). These lines are 
on top of each other. The vertical lines indicate the upper limit as they follow from equation 
(3.14), when the « sign is replaced by an equality. The black line is for the case "f--" oo , the 
blue line for 'Y = 1.2, and the purple line for "( = 3.0. The fi eldlinearity parameter (a) and 
the emittance (b) are shown as a function of the acceleration fi eld strength. 
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Figure 4.2: results of simulations of a 10 pC bunch with an initial radius of 1 mm and a per
f ect hemispheric initial surface charge density distribution, which is accelerated in a uniform 
electric field to 1 = 1.2 {blue, solid line) , and to 1 = 3.0 ( dashed, purple line). Parts of 
these lines are on top of each other. The vertical lines indicate the upper limit as they follow 
from equation (3.14), when the « sign is replaced by an equality. The black line is for the 
case 1 ----> oo, the blue line for 1 = 1.2, and the purple line for 1 = 3.0. The field linearity 
parameter (a) and the emittance (b) are shown as a function of the acceleration field strength. 
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Figure 4.3: results of simulations of a 100 pC bunch with an initial radius of 1 mm and 
a perfect hemispheric initial surface charge density distribution, which is accelerated in a 
uniform electric fi eld to 'Y = 1.2 (blue, solid line), and to 'Y = 3.0 (dashed, purple line). The 
vertical lines indicate the limits as they follow from equation (3.14), when the « signs are 
replaced by equalities. The black line is for the case 'Y -----> oo, the blue line for 'Y = 1.2, and the 
purple line for 'Y = 3.0. The fi eld linearity parameter (a) and the emittance (b) are shown as 
a function of the acceleration fi eld strength. 
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Figure 4.4: results of simulations of a 1 nC bunch with an initial radius of 1 mm and a per
f ect hemispheric initial surfa ce charge density distribution, which is accelerated in a uniform 
electric fie ldto r = 1.2 (blue, solid line), and tor = 3.0 (dashed, purple line) . The vertical 
lines indicate the limits as they fo llow from equation (3. 14), when the « signs are replaced by 
equalities . The black line is for the case r --+ oo, the blue line for r = 1.2, and the purple line 
for r = 3.0. The fi eld linearity parameter (a) and the emittance (b) are shown as a function 
of the acceleration fi eld strength. 
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4.4 the corrected limits are visualizcd by a vcrtical solid, blue line for 'Y = 1.2 and a vertical 
dotted, purple linc for 'Y = 3.0. 

4.3.1 Discussion 

For bunches of 1 and 10 pC thc emittance equals thc thermal emittance and the field linearity 
parameter is close to zero, both indepcndently of the acceleration field strcngth. Only for thc 
10 pC bunch the corrected upper limit appears for 'Y = 1.2. Thc lowcr limit is not indicated 
in these picturcs bccause it is only reached after the bunch has travelcd such long distances, 
which are irrelevant in practicc. Contrary to what is expcctcd from thc "traditional approach" 
(sec section 1.3) the emittance is low when acceleration takes place in a low field. This can 
be cxplained by rcalizing that in these simulations the charge dcnsity is also relatively low. 
Thc dcvelopmcnt of the emittance during acceleration duc to non-linear space charge forces 
is givcn by [6]: 

En,x =cl ~ A log ('Y + H-=--1)' 
1rEo ace 

(4.2) 

where cl is a geometrical constant, which dcpcnds on the radial charge density distribution, 
Q is the charge of the bunch, and A is its radius. From this equation it is clear that for small 
charge densities the emittancc rcmains low. 
For bunches of 100 pC the uppcr limit shows up clearly. For 'Y = 3.0 it corresponds well to tbc 
theoretica! limit as indicated by thc vcrtical dottcd, purple line. For 'Y = 1.2 tbc uppcr limit 
is about 3 times lower than cxpcctcd, and is indicated by the vertical dashed, bluc linc. This 
factor corresponds to tbc first gucss insection 3.3.2 ofreplacing the « signs in cquation (3.16) 
by 0.1 <. The emittancc is up to 2 times higher than the thermal cmittancc. For acceleration 
fields close to tbc uppcr limit the emittance is up to 20% higher than tbc thcrmal emittancc. 
A rcason can bc that tbc lower limit bas become relevant. Thc image charge field is strongly 
non-linear and thcrcforc induccs a relatively large emittancc growth whcn tbc pancake has 
just been photocmitted from thc cathode. 
From figurc 4.4 it is clcar that either the emittancc or tbc field lincarity of 1 nC bunchcs is 
bad. For strong acceleration fields it is clear that tbc "traditional" approach as introduced 
in scction 1.3 works to keep the emittancc close to its thcrmal valuc. Regarding the field 
lincarity upper limits of the acceleration field are clcarly visiblc. For 'Y = 3.0 the upper limit 
is a about 3 times lower than cxpected, as indicatcd by the vertical dashed-dottcd, purplc 
linc. This factor corrcsponds to the first gucss in scction 3.3.2 of replacing the « signs in 
cquation (3.16) by 0.1 <. Taking tbc samc factor for tbc case of 'Y = 1.2 results in the vertical 
dashed, bluc line which is clearly at a too high accelcration field strength. Taking a factor 10 
would be consistent with the results of tbc simulations. 
To get an impression of thc distri bution in phase space figurc 4.5 shows the (x, Px) and (z, Pz) 
phase spaces of the 10 pC bunch at 'Y = 3.0, after acceleration in a uniform electric field of 
40 MV jm. The phasc spacc distributions are straight lines of fini te thickncss, which is duc to 
the thermal cmittance. 

4.3.2 Conclusions 

From these simulations it is concluded that bunches, which are idcal to examine uitra-fast 
proccsses with electron diffraction, can be realized: waterbag bunchcs of 1 pC and a final 
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energy of 100 keV can he created with an acceleration field between 0.6 and 60 MV /m. Fur
thermore, it is concluded that waterbag bunches with charges up to 100 pC can he created 
by starting out with a pancake bunch of 1 mm radius and 30 fs duration. 
From the simulations it follows that the upper limit is relatively more strict for higher surface 
charge densities. Bunches of 1 nC with an initial radius of 1 mm can have a low emittance 
when being accelerated in a strong electric field, but do not evolve into waterbag bunches. 
The results of the simulations are in good agreement with the analyticallimits derived in the 
previous chapter. In order to get better insight in the correlation between the field linear
ity and the emittance growth, simulations without thermal emittance should he clone. The 
definition of the field linearity parameter is just a proposal: normalization to the dimensions 
and/or the total space charge field might not he necessary. 
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Figure 4.5: results of simulations of a 10 pC bunch with an initia[ radius of 1 mm and a per
fect hemispheric initia[ surface charge density distribution, which is accelerated in a uniform 
electric field of 40MV /m. Panel (a) shows the (x,px) phase space at"(= 3.0, and panel (b} 
shows the (z, Pz) phase space at"( = 3.0. The longitudinal position z is relative to the center 
position Ze in the bunch. 
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Chapter 5 

Laser pulse shaping 

For a suitable point in the parameter space (ao, Eacc) all conditions but the laser intensity 
profile are fulfilled and a pancake bunch evolves into a waterbag if the initial surface charge 
density fulfills equation (3.8). This surface charge density distribution is linkcd to thc trans
verse laser intensity profile. In this chapter it is discussed how the requircd intensity profile 
can be obtained by shaping of thc transverse laser intensity distribution. 
First in section 5.1 thc femtosecond laser system availablc at the TU j c is bricfly discussed. In 
the next section thc required profiles for linear and non-linear photocmission are presentcd. 
Thcn insection 5.3 a list of possiblc laser profile shapcrs is given. Insection 5.4 it is explaincd 
how a profile shaper could best bc implemented in thc set-up. Finally in section 5.5 first rc
sults of laser profile shaping are prcscnted. That is shaping of a continuous HeNe laser bcam, 
spatial filtering of ultra-short Ti:S laser pulses (which will be uscd for photoemission expcri
ments) and considerations of two possible commcrcially available shapcrs: an LCD-SLM and 
the piShapcr. A GPT simulation with an initial charge density distribution that equals the 
best realizcd HeNe profile, is presented. Also a simulation is donc with the laser intensity 
profile realizcd by the piShapcr, as calculated by the manufacturcr. 

5.1 Available femtosecond laser system 

As explained in section 3.3.1 ultra-short laser pulses are nccessary to creatc a pancake electron 
bunch which will cvolvc into a water bag. At the TU je a Ti:S laser system is available which 
gcneratcs ultra-short laser pulses, with a minimum pulse width of 11 fs. Thc laser system 
consistsof three parts: a Ti:S oscillator, a Ti:S amplifier, and a Third Harmonie Generator 
(THG). The oscillator generates ultra-short laser pulscs of (19± 1) fs at a rcpetition frequcncy 
of 75 MHz. Thc center wavelength .Àc = 800 nm, and the energy per pulse is 5 nJ. At 
a repetition frcquency of 1 kHz pulses are amplificd to an energy of 1 mJ per pulse. The 
laser pulsc lcngth has then incrcased to (21 ± 1) fs. Finally the THG generates the sccond 
( .Àc = 400 mm) and third harmonie ( .Àc = 266 mm). A UV pulse has an energy of maximum 
100 JLJ. The pulse lengthof both thc second and third harmonie is expected to bc thc same 
as that of thc fundamental pulse after thc THG, i.c. (27 ± 1) fs. 

29 



30 CHAPTER 5. LASER PULSE SHAPING 

5.2 Required transverse laser intensity profiles 

For linear photoernission frorn a homogeneons photocathode the sarne equation holds for 
the transverse laser intensity profile I ( r) as for the required initial surface charge density 
distribution (equation (3.8)): 

(5.1) 

This intensity distribution is referred to as "hernispheric". For non-linear photoernission 
processes the quanturn efficiency depends on the intensity of the laser: for photoernission of 
order n the arnount of ernitted charge is proportional to the laser intensity to the power n. 
The resulting surface charge density distribution is thus related to the laser intensity profile 
by: 

a(r)cxr(r). (5.2) 

For non-linear photoernission of the order n the laser intensity profile has thus to fulfill the 
following equation: 

I 

In= Ia [1- (r/A) 2
] 

2
n. (5.3) 

The required intensity profiles for first, second, and third order photoernission are visualized 
in figure 5.1. In the limit n ____, oo the required laser profile is a flat-top, which is also shown 
in figure 5.1. Non-lir1ear photoernission is an interesting option for two reasons. 

1. Several kinds of laser profile modulators are only available to shape red laser pulses, not 
UV pulses. 

2. The required laser intensity profile makes that the shaping process is more efficient for 
non-linear than for linear photoernission. Despite the required higher intensity cornpared 
to linear photoernission, non-linear photoernission could in the end he more efficient. 

In contrast to cornrnon electron bunches a waterbag bunch has sharp edges. To obtain these 
sharp edges a prerequisite is that the radial laser intensity profile also has sharp edges. This 
is indeed the case for the intensity distribution proposed, and should he kept in rnind when 
creating the laser profile in practice. 

5.3 Spatial Light Modulators 

Usually the transverse intensity distribution of a laser pulse is Gaussian. In order to obtain 
another desired laser intensity distribution the transverse laser profile has to he shaped. Gen
erally this can he clone with a Spatial Light Modulator (SLM), which spatially rnodulates the 
amplitude and/or the phase of the electric field of the laser. All kinds of SLMscan he divided 
in two groups: static and dynarnic. Dynarnic SLMs are suitable for feedback. Because the 
laser profile is not perfectly stabie and because of expected non-homogeneons photoernission 
a dynarnic SLM is preferred. With feedback the SLM can he adjusted such that the initial 
charge density distribution fulfills equation (3.8). 
Exarnples of dynarnic SLMs are: Liquid Crystal Devices (LCD), Dcforrnable Mirror Devices 
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Figure 5.1: required transverse laser intensity profiles in case of first order (dotted, purple 
line), second order ( dashed, blue line) and third order (solid, red line) photoemission. A lso a 
flat -top profile is shown (solid, black line). All profiles are normalized to their center intensity 
Ia . 

(DMD) , magneto-optic SLMs, and acousto-optic SLMs. Examples of static SLMs are: mi
crolens arrays, neutral density filters, and the piShaper [13]. Except the piShaper these SLMs 
are briefly discussed in reference [14]. The most suitable SLM turns out to be the SLM-LCD. 
However, these are not available for modulation of UV light . In that case a DMD could be 
used. The piShaper is discussed in section 5.5.3. It is a commercially available device and 
can be used for radial shaping of either UV, blue, or red laser pulses. 

5.4 Laser profile shaping set-up 

Two fundamentally different ways of including an SLM intheset-up have been examined [14]: 
shaping in the Fourier plane or in the object plane. Figure 5.2 shows schematics of these two 
set-ups. 

Fourier plane 
From Fourier opties it is known that the intensity profile in the focal plane of a lens is the 
Fourier transform of the intensity profile at the lens. (See e.g. reference [15] for the theory of 
Fourier opties.) 
An advantage of shaping in the Fourier plane is that the required profiles are smooth. That 
is, the required profiles do nothave steep edges and are therefore less demanding for the SLM. 
A disadvantage however is that shaping in the Fourier plane is a trade-off between efficiency 
and spatial resolution. To obtain at the cathode a profile with steeper edges a larger part of 
the Fourier transform should be created. That is, higher frequencies should be included in 
the created Fourier transform. Therefor the incoming laser beam should have a larger diame
ter. For constant laser power this has the consequence that the maximum intensity Io is lower. 
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SLM cathode 

f 
(a) shaping in Fourier plane 

cathode 

(b) shaping in object plane 

Figure 5.2: two possible set-ups for laser profile shaping. The intensity profiles (red) are shown 
enlarged for clarity. (a) The SLM is placed close to a focusing lens. The incoming (Gaussian) 
laser beam is shaped to obtain the Fourier transfarm of a "hemispheric" profile. Focusing of 
this profile at the cathode results in the required "hemispheric" profile at the cathode. (b) The 
SLM is placed in the object plane. The incoming (Gaussian) laser beam is shaped to obtain 
the "hemispheric" profile. This profile is then imaged to the cathode. 
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Object plane 
Laser profile shaping in the object plane is relatively efficient and straightforward. In the 
object plane on the other hand, one needs to create a steep edge for which a high spatial 
resolution is required. It has turned out that the resolution of a LCD-SLM is high enough 
[14]. 

5.5 First results of radial laser intensity profile shaping 

5.5.1 Intensity profile shaping of a HeNe laser beam 

A first attempt has been made to shape the intensity profile of a continuous HeNe laser beam 
[14]. Different static neutral density filters have been used to shape the laser beam. The ND 
filters are simply slides with a fixed transmission profile. The transmission profiles have been 
created by printing a bitmap on the slide. The gray scale resolution of the slide is 524 pixels 
per cm, which is lower than the resolution of 666 pixels per cm of standard LCD-SLMs. The 
slide has 256 contrast steps per pixel which equals that of the LCD-SLM. The transmission 
functions of the filters are summarized in table 5.1 and line profiles of the corresponding 
shaped laser beam profiles together with the perfect hemispheric profile are shown in figure 
5.3. 

Table 5.1: transmission functions of neutral density filters that are used for radial intensity 
profile shaping of a HeNe laser beam 

case transmission function 
A 1 for r < R, 0 elsewhere 

B 11- (r/R)2r/2 

c 11 - (r/ R)2r/3 

D 11 - (r/R)2r/4 

E ~1 - (r/R)2r/5 

F ~1 - (r"/R)2r /6 

Profile E in figure 5.3 resembles most the required "hemispheric" profile for generating wa
terbag bunches. Simulations with GPT are clone for a bunch with an initial surface charge 
density distribution that equals profile E. The results are summarized in table 5.2. Gompar
ing these results to that of the case of a perfect hemispheric initial surface charge density 
distribution, it is seen that the emittance is (almost) the same and equal to the thermal 
emittance. The field linearity parameter is higher but of the same order of magnitude. It is 
concluded that even with this non-ideal laser profile waterbag bunches can be created: the 
initial charge density distribution does not have to fulfill equation (3.8) exactly. 

5.5.2 Spatial filtering of the femtosecond Ti:S laser pulse 

The shape of the laser pulse after the amplifier is not Gaussian at all. It resembles more 
the TEMn mode where most energy is at the edge rather than in the center of the pulse. 
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Figure 5.3: line profiles of a HeNe laser beam after skaping with neutral density filt ers. The 
intensity I is normalized to the maximum intensity Ia. The corresponding transmission func
tions of the filters are summarized in table 5.1. 

Table 5.2: results of simulations for bunches with an initial radius of 1 mm and an initial sur
face charge density distribution equal to profile E. The laser pulse has a Gaussian temporal 
profile with a full-width-at-half-maximum duration of 30 fs. The strength of the uniform ac
celeration fi eld is 10 MV j m . Results of simulations with the ideal hemispheric initial surface 
charge density distribution are shown for reference. 

'Y = 1.2 'Y = 3.0 
Q [pC] profile én,x [mm mrad] FL [x 1o -j] én,x [mm mrad] FL [x1o-j] 

1 E 0.4 2.8 0.4 1.3 
1 hemisphere 0.4 1.1 0.4 1.0 
10 E 0.5 0.15 0.5 0.72 
10 hemisphere 0.4 0.13 0.4 0.13 

Shaping this pulse to obtain the "hemispheric" profile would he very inefficient. It would he 
more efficient if most energy of the pulse is in its center, like a Gaussian pulse. 
With spatial filtering in principle every laser profile can he converted into a Gaussian. The 
principle of spatial filtering is shown in figure 5.4. A laser pulse with an arbitrary intensity 
profile is focussed. In the focal plane of the lens the Fourier transfarm of the laser pulse is 
obtained. As a result for every initial profile the intensity has a (local) maximum near its 
center at a position close to or at the focal plane. By cutting out this center peak with e.g. a 
pinhole, a Gaussian is obtained. The quality of this Gaussian depends on the diameter of the 
focused spot and of the diameter of the pinhole. In air the spot can he focused to an intensity 
of maximum "' 1018 W jm2 befare air breakdown occurs. Keeping this limit in mind the laser 
pulse is focussed to a diameter of 30 J.Lm. The diameter of the pinhole is 25J.Lm. Figure 5.5 
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Figure 5.4: the principle of spatial filtering. A laser pulse with an arbitrary intensity profile 
is focused to obtain its Fourier transform. The center peak of the Fourier transfarm is cut 
out by a pinhole, which is placed in or near the focal plane of lens 1. A second lens collimates 
the laser beam after the pinhole. 

shows the laser profile after being spatially filtered. 

5.5.3 piShaper 

The piShaper is a commercially available device which can be bought at MolTech GmbH 
in Germany [13]. This device has originally been developed to convert Gaussian laser pro
files into flat-top profiles, but according to the manufacturer principally all kinds of profiles 
can be obtained. The shape of the output profile depends only on the diameter Din of 
the input beam. The quality of the output beam depends on the quality of the Gaussian 
input beam. This device has been ordered recently, so it has not been used yet to shape 
the laser intensity profile. However, results of calculations of the manufacturer, as depicted 
in figure 5.6, are promising. The data of the manufacturer (black circles) are fitted to the 

curve fa = (1 + bx2 ) - l /c . Camparing this equation with equations (5.1) and (5.3) gives: 

A = A and n = - ~. Calculations of the manufacturer for several input diameters and the 

results of their fits are summarized in table 5.3. It is clear that with a proper input diameter 
( 4.50 mm < Din < 5.00 mm) a "hemispheric" profile can be obtained. 

Table 5.3: results of fits to calculations of the manufacturer of the piShaper. 
Din [mm] A [mm] n 

5.95 flat-top 00 

5.00 2.840 ± 0.006 1.58 ± 0.02 
4.50 2.880 ± 0.005 0.831 ± 0.009 
4.00 2.53 ± 0.01 0.83 ± 0.03 

Simulations with GPT have been done for a bunch with an initial surface charge density distri
bution that equals the laser profile after the piShaper in case Din = 4.50 mm. The results are 
summarized in table 5.4. Camparing these results to that of the case of a perfect hemispheric 
initial surface charge density distribution, it is seen that the emittance is (almost) the same, 
i.e. practically equal to the thermal emittance. The field linearity parameter F L is higher 
but of the sameorder of magnitude. It is concluded that even with this non-ideallaser profile 
waterbag bunches can be created: the initial charge density distribution does not have to 
fulfill equation (3.8) exactly. The piShaper can be a practical device to shape the transverse 
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Figure 5.5: transverse intensity profile of a Ti:S laser pulse after being spatially filt ered. Panel 
(b) shows a line profile of the laser spot. The pixel width is 4.65 p,m. 
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Figure 5.6: calculated output of the piShaper, if the input is a Gaussian laser pulse with 
D in = 4.50 mm. The black dots are data points from the manufacturer 's calculations. The 
dashed, blue line is a fit to these data points. The solid, red line is the ideal "hem ispheric" 
profile. 

Table 5.4: results of simulations for bunches with an initial radius of 1 mm and an ini
tial surface charge density distribution equal to the calculated profile of the laser after being 
shaped by the piShaper. The laser pulse has a Gaussian temporal profile with a full-width- at
half-maximum duration of 30 fs. The strength of the unifor·m acceleration fi eld is 10 MV j m . 
Results of simulations with the ideal hemispheric initial surface charge density distribution 
are shown for reference. 

I = 1.2 1 = 3.0 
Q [pC] profile En,x [mm mrad] FL [x 10 -3 ] En ,x [mm mrad] FL [x 10 -3 ] 

1 piShaper 0.4 2.9 0.4 1.5 
1 hemisphere 0.4 1.1 0.4 1.0 

10 piShaper 0.5 0.17 0.5 0.72 
10 hemisphere 0.4 0.13 0.4 0.13 

laser pulse intensity in order to create waterbag bunches. 

A disadvantage of the piShaper is that it is a static device, so it is not possible to correct for 
non-homogeneaus photoemission or for fiuctuations in the pointing and/ or the intensity dis
t ribution of the input laser beam. However, as a first step to obtain the desired "hemispheric" 
profile it seems a promising device. 

5.5.4 SLM-LCD 

An SLM-LCD seems a good device for laser beam shaping. This device is commercially 
available, e.g. at Boulder Non-Linear Inc. [16] and Hamamatsu [17]. The SLM-LCD is not 
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available for UV applications, so either red (Àc = 800) nm or blue (Àc = 400 nm) laser pulses 
should be shaped with this device. As mentioned before, this device is dynamic instead of e.g. 
the piShaper. With an SLM-LCD it is possible to correct for non-homogeneous photoemission 
and/or fluctuations in the pointing and/or the intensity distribution of the laser beam. 
An important requirement is that the LCD can withstand high laser intensities. Because 
Boulder Non-Linear Inc. could not guarantee that the damage threshold is above 1mJjcm2 a 
damage test has been carried out. The result is that the damage threshold is above 2.5 mJ / cm2 

per pulse at a repetition frequency of 1 kHz. The laser pulse duration was 30 fs and the center 
wavelength was 800 nm. For detailed information on the damage test see reference [14]. 



Chapter 6 

100 kV DC linear accelerator 

To demonstrate the waterbag concept a 100 kV DC photogun has been designed and con
structed. In this chapter the design is explained and results of the high voltage testing are 
presented. First , in section 6.1 considerations are discussed which lead to the choice for the 
dimensions of the accelerating structure. An overview of the entire photogun assembly is 
briefiy presented. The photogun assembly may be split up in two parts: 

1. the actual accelerating diode structure, consisting of a catbode and an anode; 

2. the housing, that is the vacuum vessel enclosing the diode structure, and the high 
voltage feedthrough. 

In section 6.2 the design of the diode is discussed in more detail. Then in section 6.3 high 
voltage design considerations are discussed and results of high voltage tests are presented. 
Next in section 6.4 the design of a solenoid (to compress bunches transversely) is discussed. 
In the final section possible improvements of the photogun are discussed. 

6 .1 Design considerations and overview 

This accelerator has been designed to demonstrate the waterbag concept and to be suitable 
for electron diffraction. For this reason it is chosen to keep the accelerator itself as simple as 
possible. 
As is clear from the introduetion (chapter 1) for a waterbag it is not necessary to go to 
relativistic energies as is the case in the traditional approach, see section 1.3. Therefore a 
"simple" DC accelerator will serve well, and a more "complicated" pulsed DC or RF gun is 
not necessary. As follows from the parameterspace (ao, Eacc), see figure 3.4, the acceleration 
field strength should be about 10 MV /m to create a waterbag with a charge of 1 pC and 1 mm 
initial radius. Taking into account the breakdown limit of vacuum, which is several tens of 
MV j m, a maximum acceleration field strength of 10 MV / m is taken as starting point. The 
bunch has to leave the diode through a hole in the anode. The size of this hole should be 
much larger than the initial pancake radius. For an initial bunch radius of 1 mm the diameter 
of the hole should therefore be at least 1 cm. The distortion of the acceleration field due the 
hole in the anode is negligible at the axis, if the distance between thc catbode and the anode 
is larger than the radius of the hole [18]. These considerations are resulting in a 1 cm gap and 
a potential difference between catbode and anode of 100 kV. Power supplies of severallOO kV 
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Figurc 6.1: 3-dimensional view of the 100 kV DG photogun. The brown piece is the photocath
ode. Photoemitted electrans are accelerated towards the anode and are leav·ing the gun through 
a hole. Optical entrance for the laser beam is provided at the left side of the photogun. In this 
way back-illumination of the photocathode is accomplished. 

DC are commercially available. In order to keep the DC gun compact a potential difference 
of lOOkV (instead of e.g. 300kV and a 3cm gap) has been chosen. 

Figure 6.1 shows an overview of the 100 kV DC photogun. The op ti cal entrance for the 
laser beam is at the left side of the gun. The laser back-illuminates the photocathode (brown 
piece in figure 6.1). The cathode is clamped in a holder, which is screwed onto the head 
of a cylindrical conductor. Via the conductor a high voltage of -100 kV is supplied to the 
cathode. The outer cylinder , i.e. the vacuum vessel, is grounded and insulated from the inner 
conductor by a PEEK (PolyEtherEtherKeton) cone. The plate at the right side of the gun 
is the anode, which is grounded as it is connected to the outer cylinder of the gun. The 
photoemitted electrons are accclerated towards the anode and are leaving the gun through 
the hole. 
All parts of the gun are made with an accuracy of 0.1 mm, which is sufficicnt for proper 
alignment of the cathodc with respect to the hole in thc anode. 
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6.2 Accelerating diode structure 

The actual accelerating structure is a diode, consisting of a photocathode which is illuminated , 
and an anode. The photocathode is a plano-convex fused silica lens with a thin silver film on 
top of the convex side. Both sicles of the lens are covered with an anti-refiection coating. A 
1 nm thick layer of chromium is deposited on the convex side. Next a thin silver layer (of 10, 
20, 30, or 40 nm thickness) is deposited, which is t he actual photoemission materiaL These 
thicknesses are based on the absorption length and the electron escape length of silver as is 
explained insection 8.1. The chromium interlayer is to enhance adhesion of the silver film to 
the fused silica lens. Both the chromium and the silver are deposited by vaporization. 
These kinds of cathocles can be used for back-illumination. The main advantage of back
illumination is that the paths of the laser beam and the electron beam are physically sep
arated. When doing front- illumination the laser beam path has to make an angle with the 
electron beam path, resulting in a non-zero angle of incidence at the cathode. This makes the 
alignment of the laser path more complicated. Furthermore, the angle of incidence has to be 
taken into account when shaping the transverse laser intensity profile such that this profile 
fulfills equation ( 5.1) at the cathode. 
A disadvantage of back-illumination is the lower yicld compared to front-illumination. Also 
the laser damage threshold is lower, because of the thin films that are used instead of a bulk 
metal. This limits the maximum surface charge density of the bunch. However , it should not 
be a problem to create a bunch with a surface charge density of several pCj mm2 , even by 
third-order photoemission. 
The photocathode is clamped in a holder as shown in figure 6.2. The cathode is pushed 
from the back to ensure d ectrical contact with the holder. In this way the cathode can be 
easily removed form the holder and replaced by another one. The photocathode can also be 
replaced by a bulk me tal cathode ( that has the same shape as the fused silica lens) to do 
front- illumination. 

Figure 6.2: photographs of the backside of a bulk capper photocathode clamped in the holder 
(left panel) and of the ring pushing at the back of the photocathode (right panel) to ensure 
electrical contact between the cathode and the holder. 

The diode has been carefully designed with SUPERFISH [19], a 2-D Poisson solver. Because of 
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the cylindrical symmetry of the geometry a 2-D solver can be used. The design of the diode 
is bascd on two requirements: 

• the maximum field strength should be at the tip of the cathode; 

• the acceleration field in the diode should bc sufficiently uniform over the diameter of 
the bunch. 

The first requirement ensures that the breakdown limit of the gun is determined by the diode, 
not by other parts of the gun. When supplying the high voltage to reach the desired accel
eration field strength one does not want to be limited by other parts of thc gun than the 
diode. The second requirement is that the acceleration field is sufficiently uniform, to pre
vent spherical aberrations of the electron bunch during acceleration. Simulations with GPT 

have been clone to check whether the designed diode introduces any aberrations. Figure 6.3 
shows a close-up of the diode structure and of the equipotential lines in the diode. Also the 
electric field clsewhere in the photogun has been calculated with SUPERFISH to be sure that 
everywhere in the gun the electric field is below the breakdown limit of vacuum. 

(a) (b) 

Figure 6.3: close-up of the diode structure. In the technical dmwing (a) the inner conductor, 
the holder, and the photocathode are clearly visible. Panel (b) shows the equipotential lines in 
the diode. The dashed line is the axis of symmetry. 

The shape of the cathode is that of a commercially available fused silica lens. The anode has 
then been optimized keeping thc two requirements in mind. The ellipsoidal shape of the anode 
is a consequence of a trade off between rounding of the anode and distance to the cathode, 
such that field enhancement is maximal at the cathade's tip. The diode gap is 11.4 mm 
measured from the cathade's tip to the narrowest place in the anode's hole. Thc radius of 
that hole is 8.0 mm. Wh en supplying a voltage of - 100 kV to the cathode the acceleration 
field strength is 118 kV/ cm at the cathode due to field enhancement. The effective diode gap 
is therefore 100 kV / 118 kV /cm = 0.85 cm. 
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6.3 High voltage considerations 

The photogun had to be designed such that if breakdown occurs, it is at the cathode's tip. 
Therefore understanding of breakdown mechanisms is important. In the following sections 
these mechanisms are discussed. In addition the 100 kV voltage supply and the high voltage 
feedthrough are treated. 

6.3.1 Field enhancement 

Consider a hemispheric bump on the surface of a flat plane in a uniform electric field. It 
can be calculated that the electric field is enhanced by a factor of three on the top of the 
hemisphere, independently on its radius. For sharp edges this factor is even higher. Therefore 
sharp edges have to be avoided in the photogun, so that the electric field is strongest at the 
cathode. 

6.3.2 Vacuum breakdown mechanisms 

Breakdown limits the maximum acceleration fieldstrengthand can cause irreversible damage 
to the acceleration structure including the photocathode. No exact theory of breakdown is 
known, butsome mechanisms are generally accepted to (partially) describe the phenomenon. 
These include rest gas ionization, vaporization of whiskers, and surface tracking. 

Rest gas ionization 
Breakdown occurs when a self-sustaining current is flowing from cathode to anode. The 
cmTent can be initiated by: 

• thermionic emission; 

• field emission; 

• photoemission; 

• ionization of molecules of the rest gas in the vacuum, e.g. by cosmie rays. 

The released electrons are then accelerated towards the anode and are thus gaining energy. 
On its way to the anode an electron might collide with a rest gas molecule and ionize it, 
setting up an avalanche effect. Instead of ionization the electron might excite a molecule. 
The probability of collision depends on the pressure of the rest gas, and the probabilities of 
ionization and excitation depend on the energy of the electron. The ionized molecule is accel
erated towards the cathode and can cause secondary electron emission. The excited molecule 
emits a photon when it is returning to its ground state. If this photon strikes the cathode 
an electron can be emitted and accelerated towards the anode. These secondary processes 
are leading to a series of avalanches, resulting in a sclf-sustaining current flow and thus in a 
breakdown. The breakdown voltage depends on the probabilities of collision and ionization. 
The energy of the electron depends on the distance traveled before collision with a molecule. 
So both probabilities are functions of the mean free path and thus of the pressure. The 
well-known Paschen law describes the breakdown voltage Vbd as a function of the product 
pd, where p is the pressure and d the distance of the gap between cathode and anode. This 
breakdown law is visualized in figure 6.4. For low pressures however, Paschen's law does not 
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Figure 6.4: breakdown voltage Vbd as a function of the product of the pressure p and the diode 
gap d, known as Paschen's law. Por air Vbd ,min = 327 V and pdmin = 0. 756 mbar cm. Figure 
from reference {21}. 

hold anymore, because it assumes a Poisson distribution of the distance a partiele travels 
between two subsequent collisions. According to Alston [20] for pressures bclow 10- 4 mbar 
the mean free path of an electron is larger than about 1 m which is generally larger than the 
gap size. For these pressures experiments have led to the breakdown voltage as a function of 
the diode gap as shown in figure 6.5. According to this figure for a 1 cm gap and a potential 
difference of 250 kV a background pressure p = 10- 4 mbar is low enough to prevent breakdown. 

Vaporization of whiskers 
At low pressures, when the mean free path of an electron is larger than the gap, another mech
anism is explaining breakdown: vaporization of metal, leading to a locally increased pressure. 
Local high current densities are present at whiskers because of field enhancement. Such a 
high current density can vaporize the whisker (when E 2: 2 MV /m [21]) resulting in a burst 
of material ejected into the vacuum. In this gas pulse the collision probability is higher and 
breakdown can occur. The advantage however is that the whisker is now destroyed. This is 
also the idea of "training" or "conditioning" of an accelerator structure. By slowly increasing 
the voltage whiskers are vaporized and the surface is smoothed leading toa higher breakdown 
voltage . 

Surface tracking 
Another breakdown mechanism is "surface tracking", which takes place at the surface of 
an insulator. Also this mechanism has not been completely understood and described yet. 
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Figure 6.5: breakdown voltage as a function of the gap width between two plane parallel elec
trades in vacuum. Figure from reference {20}. 

Humphries [21] gives some considerations which are helpful when designing a high voltage 
structure. 

1. The electric field is not necessarily perpendicular to an insulator. So a released electron 
can be accelerated almost parallel to an insulator, gaining a lot of energy, and strike 
the insulator. Because of its high energy the electron may cause a burst of insulating 
materiaL 

2. The secondary emission coefficient of insulators generally exceeds unity for electrons 
with an energy between lOOeV and a few keV. As aresult impact of an (e.g. field 
emitted) electron is leading to a positive surface charge. This acts as an attractor for 
other electrons, so that the field distartion increases continuously. This non-uniform 
surface electric field is leading to breakdown. According to reference [22] a gradient of 
3 kV /cm is safe. 

To prevent mechanism 2 from happening whiskers should not be present near insulators as 
they can serve as an electron souree as described before. Because therefore highly accurate 
machining is necessary, it is easier to shield the insulator ends. Figure 6.6 shows how these 
so-called triple points of metal, insulation and vacuum can be shielded. 

These breakdown considerations are leading in a natural way to the dimensions of the pho
togun. The length of the PEEK cone should be minimum 30 cm and other distances and 
radii should be such that the electric field strength is lower than lOOkV /cm, cxcept at the 
catbode's tip. 
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Figure 6.6: shielding of a triple point, where insulator, conductor, and vacuum meet. The 
end of the insulator is shielded by a round bulge. 

6.3.3 Vacuum considerations 

Although in figure 6.1 the PEEK cone seems to split the vacuum in the photogun in two parts, 
it is actually one vacuum. Because the electric field strength is lower outside the PEEK cone 
the pressure in that region could in principle be higher than inside the PEEK cone. However, 
then the conneetion of the PEEK cone to the anode should be vacuum proof and both parts 
should be pumped separately. Because a prcssure p = 10- 5 mbar will do in both parts, it is 
dccided to crcatc one vacuum. The photogun is pumped from both sicles with a turbopump. 
Outgassing of the insulating materials in the vacuum has turned out to be no problem. 
The pressure of 10- 5 mbar is also sufficient to avoid collisions of electrous in the bunch with 
background particles. 

6.3.4 High voltage supply and feedthr ough 

The Matsusada [23] high voltage power supply can deliver a maximum voltage of -100 kV and 
maximum current of 1.5 mA. The high voltage coax cable enters the gun via a feedthrough, 
which is shown in figure 6.7. About 50 cm from the end of the coax cabletheouter conductor 
is stripped off and connected to the outer cylinder of the gun. The inner conductor and the 
inner insulation of the cable enter the photogun. The inner conductor of the coax cable is 
connected to the inner conducting cylinder in the gun on which the cathode is mounted . The 
50 cm of cable inside the gun is necessary to minimize surface tracking. 
The inner side of the feedthrough widens exponentially. In this way the field strength is 
lowered along the coax cable. This so-called exponential cup is the result of a trade off 
between distance and rounding. A large voltage drop will now exist over the vacuum between 
thc inner insulation of the coax cable and the feedthrough. To prevent this large voltage drop 
the exponential cup is filled with epoxy so that the complete voltage drops over a dielectric 
lowering the maximum voltage drop . Therefore it is of major concern that no air bubbles 
exist in the epoxy. 
To prevent damage of the photocathode a 1.2 MD resistor can be placed between the high 
voltage supply and the photogun. In case of a breakdown at the cathode a current will flow 
to the anode. The cathode can then be seen as a charged capacitor, which is discharging in 
case of a breakdown. If the discharge is nearly instantaneous the cathode can be damaged 
because of the high current density. The resistor enlarges the RC-time in case of a breakdown 
so that the current density is lower. Because the coax cable is also a capacitor the resistor 
is placed as close as possible to the photogun. In this way the maximum charge in case of 
a breakdown is minimized. In case of a breakdown the high voltage mainly drops over the 
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(a) outside (b) inside 

Figure 6. 7: the feedthrough of the high voltage coax cable. (a) The outer conductor of the coax 
cableis connected to the outer part of the feedthrough. (b) The inner conductor and the inner 
insulation pass through the feedthrough. The exponential cup is filled with epoxy. 

resistor. To prevent breakdown at the resistor then it is safely stored in a box filled with oil. 
The box is designed such that no breakdown can occur inside of it. That is, the maximum 
electric field strength in the box can nowhere be larger than the breakdown voltage gradient 
of oil. 

6.3.5 Training of the 100 kV DC photogun 

As explained in section 6.3.2 whiskers should be removed form the surface of the accelerator. 
This is done by so-called training or conditioning of the photogun. The voltage is gradually 
incrcased until breakdown occurs. The increment step is about 500 V every 2 minutes. After 
breakdown the voltage is increased quickly (within 1 or 2 minutes) to about 90% of the 
previous breakdown voltage and then gradually increased again. In this way a voltage of 
73 kV has been reached without breakdown for 15 minutes. 
When opening the gun the problem spot is clearly visible, see figure 6.8. It seems that the 
high voltage cable is too close to the wall of the outer cylinder. To solve this problem the 
cable has been shortened ( from 50 cm to 40 cm), but still kept long enough to prevent surface 
tracking along the insulation of the cable. After this shortening the voltage was increased 
again. However, the same maximum voltage of 73 kV has been reached. 
The gun has been designed for 100kV, while in practice 73kV is reached without breakdown. 
Therefore it is concluded that, consiclering the high voltage point, the design of the photogun 
is good. The maximum acceleration field is then 8.6 MV / mat the cathode, which is sufficient 
to create waterbag bunches with charges up to 10 pC. 

6.4 Solenoirlal magnetic lens 

The same way optical beams can be focused by lenses, charged partiele beams can be focused 
by magnetic fields . Magnetic elements, such as solenoids, which produce such field are there
fore often called "magnetic lenses" . 
The focal length f of a solenoid depends on its magnetic field and on the energy of the 
electrans passing through it [21]: 
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Figure 6.8: photograph of the inside of the gun. At the right side of the cable a track is clearly 
visible at the vacuum vessel, which is likely due to breakdown from the cable to the wall. 

f 
= (2r mf3c) 2 

2 rL 2 ' e Jo B z(O , z) dz 
(6.1) 

whcre L is the lengthof the solenoid, 1 is the Lorentz factor, {3 is the velocity of t he electrons 
divided by the velocity of light c, and m is the electron rest mass. The z-component of the 
magnetic field B (p, z) on axis of a solenoid of N loops, which is centeredat z = L/2, is given 
by [24]: 

B (O z) = J..toN I sPin 
z ' 2L (a - 1) 

{ 
....:_ ln [a 1 + ak:.v a2Pin + z2]- z- f3Pin ln [a 1 + ak:.v a2Pin + (z- f3Pin)2 ] } ' (6.2) 

Pin 1 +...LJP2 +z2 Pin 1 +_1 VP2 +(z-f3p )2 
Pin 'l.n Pin 1.n tn 

whcrc 18 is the current, J..to is the permeability of vacuum, a= ~, {3 = _k_, and Pin and Pout 
Ptn Ptn 

are the inner and outer radius of the solenoid respectively. The magnetic field off-axis can be 
calculated using an cxpansion [24]: 

1 , 11/1 3 
Bp(p , z) = - 2Bz(O, z )p + 

16
B z (0 , z) p + ... ; 

) 1 /1 2 B z(p, z ) = Bz(O,z - 4 B z (O, z )p + ... (6.3) 
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Figure 6.9: photograph of the solenoid. The capper wire is red. At the right a circular channel 
for water cooling is visible. 

The power P dissipated by the solenoid is given by the following equation [24]: 

G 2 
P = >,Pr (NI) , (6.4) 

2 2 

where G = t ( PovrP;n)2 , and Pr is the resistivity of the material of the wire. The fill factor À 
Pout-Pm 

of the solenoid is the volume of the wires divided by the total volume of the solenoid. In this 
way spacing between the loops is taken into account. If the power is too high the temperature 
of the solenoid can get above the melting point of the wire. If necessary the temperature of 
the solenoid can be lowered by air or water cooling. 

To focus electron bunches generated by the 100kV DC photogun a solenoid has been de
signed and constructed. It has N = 600 ± 20 loops of copper wire of 1 mm diameter. The 
lengthof the solenoid is (42.0 ± 0.5) mm, the inner radius is (29.2 ± 0.5) mm, and the outer 
radius is ( 45.8 ± 0.5) mm. To conduct heat from the inside of the solenoid to the outside 
spaces between the loops are filled with thermoconductive paste. Furthermore the solenoid 
can be air-cooled or water-cooled. For water cooling a small circular channel is created in the 
side of the solenoid as shown in figure 6.9. The solenoid is placed as close as possible to the 
anode to compress electron bunches as soon as possible and to keep the beam line short. 
The power P dissipated by the solenoid is measured as a function of the current 18 . During 
the measurements the solenoid was cooled by a ventilator. Figure 6.10 shows the results of 
the power measurements, and the theoretica! graph calculated with equation (6.4) for this 
solenoid. The fill factor À is taken to be ~' which is the highest possible fill factor in case of 
wires with a circular cross-section. Air cooling of the solenoid was provided by a ventilator. 
For currents up to 3 A the measurements are consistent with theory. For higher currents the 
measured dissipated power is higher than theory predicts. In the theoretica! calculation the 
highest possible fill factor has been taken. It is however likcly that the real fill factor of the 
solenoid is smaller, which would lead to a smaller deviation between the measurements and 
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Figure 6.10: power P dissipated by the solenoid as a function the current ! 8 • The dots are 
measurements with air cooling of the solenoid. The line is the theoretical dissipated power as 
given by equation (6.4). 

theory. 
In case of water cooling a ventilator is still needed to blow warm air away from the solenoid. 
The dissipated power was the same as for the case of only air cooling. It is therefore concluded 
that no proper heat transfer to the water has been established. 

6.5 Possible improvements 

Breakdown occurs at a lower voltage than expectcd . A cause seems to besparking from the 
high voltage cable to the wallof the outer cylinder of the photogun (see figure 6.8). Shortening 
of the cable to increase the distance to the wall did not solve the problem. Another solution 
might be a longer vacuum vessel so that the cablc can be curled more parallel to the axis of 
symmetry rather than perpendicular to it . In this way the cable can be placed far from the 
wall. 
A bucking coil has to be designed and created. This bucking coil is needed to null the magnetic 
field on the cathode surface. Without a bucking coil there is a non-zero magnetic field at the 
cathode resulting in an undesired initial azimuthal momenturn of the photoemitted electrons. 
For the solenoid a thickcr copper wire can be used to increase its heat capacity. 

6.6 Simulation in a realistic acceleration field 

In chapter 4 the waterbag existence regime was determined for uniform acccleration fields. In 
the 100 kV DC photogun the field is however not uniform. A GPT simulation has been done 
to study the development of a 10 pC bunch in the realistic acceleration field of the 100 kV 
DC photogun as calculated with SUPERFISH. Thc initial radius of the bunch is 1 mm and 
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the initial surface charge density distribution is perfectly hemispheric. An artificial focussing 
solenoid consisting of one loop, has been placed at a distance of 25 mm from the cathode 
surface. The solenoid current is 3000 A and the radius of the loop is 20 mm. At a distance 
of 15.6 cm from the cathode the bunch has an emittance En x = 0.5 mmmrad and a field 
linearity F L = 0.095 x 10- 3 . The emittance is almost equal t~ the thermal emittance, while 
the field linearity is slightly better than for the case of a perfect uniform acceleration field 
(FL = 0.13 x 10- 3) . Figure 6. 11 shows the (x,px) and (z, pz) phase spaces at t = l.Ons. The 
bunch has then traveled a distance z = 15.6 cm. In both phase space the distri bution is a 
straight line of finite thickness due to the thermal emit tance. It is concluded that also in the 
realistic non-uniform acceleration field of the 100 kV DC photogun waterbag bunches can be 
created. 
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Figure 6.11: results of simulations of a lOpC bunch with an initial radius of 1 mm and 
a perfect hemispheric initial surface charge density distribution, which is accelerated in the 
realistic electric fi eld of the lOOkV DG photogun. (a) The (x, px) phase space at t = l.Ons. 
(b) The (z, pz ) phase space at t = l.Ons. The longitudinal position z is relative to the center 
position Ze in the bunch. 



Chapter 7 

RF time-focusing of waterbag 
bun eh es 

Creating waterbag bunches is only the first step. The next step is using its ideal properties 
to focus the bunch to minimum dimensions. In this chapter first insection 7.1 it is explained 
how waterbag bunches can he compressed longitudinally by time-dependent radio-frequency 
(RF) electric fields. Longitudinal compression is also referred to as time-focussing. Insection 
7.2 preliminary results of simulations of this focussing technique are presented . 

7.1 RF t ime-focusing 

A waterbag bunch has a positive position-momentum correlation in all directions. For time
focussing of a bunch the (z - Pz)-correlation has to he inverted to a negative correlation. 
Longitudinal compression of a bunch is in fact manipulation of its (z, Pz) phase space. For 
a waterbag bunch Pz is a linear function of z. To compress such a bunch the front electrans 
have to he slowed down relative to the center electrons, while the electrans at the back have 
to he accelerated. This is a rotation in (z, pz) phase space as shown in figure 7.1. If the 
rotation is such that the back electrans have a higher energy than the front electrons, then 
the back ones will overtake the front ones. At the focal point in the beam line the bunch then 
has a minimum length . 
The desired rotation in phase space can he realized by injection of the bunch at the proper 
phase of an electra-magnetic wave. This wave can he realized in practice as a standing wave 
in an RF cavity. The TMmo mode of the electric field in the cavity is given by [18] : 

Ë = EoJo (kr) sin(wt + VJo)ëz, (7.1) 

where Eo is the amplitude of the electric field, Jo is the zeroth order Bessel function of the 
first kind, k = ~ is the wave number , r = Jx2 + y2 the radial coordinate, and 'PO is a phase 
shift. The frequency w is given by: 

2.405 
w=wo10 =c~, (7.2) 

where Re is the radius of the cavity. 

53 
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Figure 7.1: time-focussing of a waterbag bunch with a pillbox RF cavity. If injection of 
the bunch takes place at the proper phase of the electric fi eld, then the front electrans are 
slowed down, while the back ones are accelerated. The corresponding phase spaces are shown 
schematically. Tim e-focussing is in fact a rotation in (z, Pz) phase space. At some distance 
after the pillbox cavity the back electrans will overtake the front ones, resulting in an ultra
short bunch at that position. 
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7.2 Simulations 

Prcliminary GPT simulations of time-focussing with a piUbox RF cavity have been done. The 
clectric field of a realistic cavity has been calculated with SUPERFISH [19]. The cylindrically 
symmetrie cavity has a radius Re = 38.3 mm, a width de = 10 mm, and a hole with a radius 
of 5 mm centered around the axis of symmetry. The resonant frequency of the TMow mode 
is 3.0123 GHz, and the maximum field strength is 0. 7 MV /m. 
A 1 pC waterbag bunch obtained by simulations with the realistic field of the 100 kV DC 
photogun, is injected in the RF pillbox. This bunch is then time-focussed with the RF piU
box, resulting in a minimum RMS bunch length of at = 200 fs, as shown in tigure 7.2. Such 
short bunches are ideal to study uitra-fast processes on the timescale of atomie motion by 
single-shot electron diffraction. 

7.3 Power consumption 

The required RF power PRF to drive a piUbox cavity at a frequency wow is given by: 

Wc 
PRF = w Qc, (7.3) 

where Wc is the energy stored in the cavity, and Qc is the quality factor of the cavity. An 
estimate for the quality factor is [18] Q ~ lrc ~ f-, where Vc is the volume of the cavity, 

c sd sd 

Sc is its total surface area, de is its width, and Ósd is the skin depth. Fora copper cavity with 
aresonant frequency wow= 3 GHz the skin depth is 1.2 p,m [31]. Fora cavity of 10 mm width 
the quality factor is then Q ~ 104 . The energy Wc stored in the cavity is given by [34]: 

(7.4) 

For the RF piUbox used in the simulations it follows that Wc = 51.9 p,J, leading to PRF = 
15W. 
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Figure 7.2: result of a simulation of time-focussing of a 1 pC waterbag bunch. At z = 0.2 m a 
minimum RMS bun eh duration of 200 fs is obtained. Panel (b) shows a close-up of panel (a) 
around z = 0.2 m. 



Chapter 8 

Photoemission: theory and 
experiments 

In this chapter rcsults of photocmission measurements are presented. The cxperiments are 
clone with the 100 kV DC gun which is described in chapter 6, and thc laser systcm which is 
described insection 5.1. Originally the aim of the experiments was to measurc the quanturn 
efficiency of first, second, and third order photoemission by back-illumination of vacuum 
deposited thin silvcr films as a function of the laser intensity and as a function of the silver 
film thickness (sec section 6.2). It has turned out howevcr, that the silvcr film is damagcd by 
thc photocmission proccss, which is probably due to thc chromium interlaycr (see section 6.2). 
Othcr experimentalists/rcsearch groups have also observcd this damagc [25]. Due to lack of 
time new photocathodes have not been manufactured. Thereforc it has been decided to do 
first linear photocmission by front-illumination of bulk copper. The charge of an electron 
bunch is measured as a function of the accclcration field strcngth. 
In this chaptcr first some basic photocmission thcory is explaincd. Thcn a summary of results 
of quanturn efficiency measurements from litcrature is presented. Ncxt prcliminary rcsults of 
the non-linear photoemission by back-illumination are presentcd, and finally results of linear 
photocmission by front-illumination. 

8.1 Theory of photoemission 

The photoemission proccss can bc described by the Spieer thrce step model [26]: 

1. optical absorption; 

2. electron transport; 

3. electron escape across the surface. 

A light beam of intcnsity I is incident on a surface. Part of it is rcflccted, while thc remainder 
(1- R) pcnctrates into thc materiaL Ris the reflcctivity of the materiaL Insidc the material 
light is absorbed over an absorbtion length la. Thc light intensity I(z) at a distancc z from 
the surface is thus given by: 

I(z) = /(0)(1- R)e-zfla. (8.1) 
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The photons absorbed between z and z + dz excite electrons and a fraction D'.pe of these 
electrons will be excited above vacuum level. The corresponding current density Jpe is given 
by: 

(8.2) 

Next a photoexcited electron has to travel to the surface andreach it with suflident energy to 
escape. This process is governed by the escape length Lt of the materiaL The corresponding 
probability Pt is given by: 

(8.3) 

For back-illumination Pt(d- z) should be regarded, where dis the film thickness. With the 
third step, electron escape, also a probability is associated: Pe. The contri bution dJpe(z) to 
the photoemission current Jpe in a slab of thickness dz at a distance z from the surface is 
given by: 

(8.4) 

leading to a photoemission current: 

Jpe ~ J(O)(l- R)P,ape [ l ~" j:; l· (8.5) 

Here the material is assumed to be infinitely thick. For back-illumination of a thin film of 
thickness d the photoemission current is given by: 

(8.6) 

The escape length Lt is determined by the dominant scattering process, that is electron
electron scattering in metals, and electron-phonon scattering in semi-conductors. In metals 
a photoexcited electron loses generally so much energy in one single collision that its energy 
is below the vacuum level. This electron is then lost for photoemission. The escape length 
of a free electron in a metal is therefore equal to the electron-electron mean free path and 
the photoemission current is mainly due to electrons that have traveled ballistically to the 
surface. It is obvious that for front-illumination of a thick metalplate a material with Lt » la 
is optimum: most of the electrons are photoexcited within the escape length. For back
illumination the film thickness should not be much larger than the escape length. 
All parameters in equations (8.5) and (8.6), but 1(0), are functions of the photon energy !îw. 
Furthermore the absorption length la, and theescape length Lt are also material dependent. 
The photoemission current is thus depending on the pboton energy and on the material of 
the photocathode. With equation (8.5) the quanturn efficiency QE of a material can be 
calculated. It is defined as the number of photoemitted electrons #e per absorbed photon 
#ph: 

QE = #e = Jpe/e 
#ph lo(l- R) 

(8.7) 
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For non-linear photoemission processes of the order n the photoemission current density Jpe,n 

is a function of the laser intensity to the power n. This can be easily understood as follows. 
For higher order photoemission processes an electron has to absorb n photons in a sufficiently 
small time interval dt. The probability that an electron absorbs a photon in a time-interval 
dt is proportional to the number of photons #ph that are present in the direct surrounding of 
the electron in that time-interval. The probability that an electron absorbs a second photon 
is proportional to #ph - 1, and so on for higher orders. So the probability that an electron 
absorbs two photons in a time dt is proportional to #ph (#ph - 1) ~ #;h. The number of 
photons per unit time and per unit area is of course given by the laser intensity. So it is 
concluded that Jpe,n ex In. The tot al current density can then be described by the combined 
effect of all n partial contributions, that is thermionic emission, one-photon emission, and 
multi-photon emission (or non-linear photoemission). This description is called the BSB
model, named after Bechtel, Smith, and Bloembergen [27] and is expressed by the following 
equation: 

00 

Jpe,tot = L Jpe,n, 
n=O 

(8.8) 

where Jpe,tot is the total photoemitted current density, and n is the order of the photoemis
sion process. The current density Jpe,n is the partial current density associated with the 
photoemission process of the order n. For each order the following general expression holds 
[27]: 

J =a (~)n Ain (1- R)nT2 F (nnw- <Pe) = b r 
pe,n n nw kET n ' (8.9) 

where e is the clementary charge, nw is the photon energy, A is the theoretica! Richardson 
coefficient, I is the incident laser intensity, R is the surface refiectivity, T is the absolute 
temperature of the surface, kB is Boltzmann's constant, and <Pe is the effective surface work 
function. The constant an contains the electron escape probability and the n-photon absorp
tion coefficient. This constant has to be determined experimentally. The constant bn is often 
called "non-linear constant". The Fowler function Fis given by [28]: 

x:SO 
(8.10) 

x 2: 0. 

8.2 Quanturn efficiencies from literature 

In literature several results of quanturn efficiency measurements are publisbed for both front
and back-illumination. For back-illumination only quanturn efficiency measurements of lin
ear photoemission have been found. Table 8.1 summarizes scveral values of the non-linear 
constant bn and of the quanturn efficiency QE as found in reference [29]. For non-linear 
photoemission QE is not givcn, because it is a function of the incident light intensity. In 
reference [29] also the ratio J::t as a function of the film thickness d (for back-illumination) 
is presented. Fitting of those data leads to the following equation: 
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(8.11) 

with abf = ( -5.1 ± 0.1) x 107 m-1. The measurements in this reference are all donc with a 
capper cathode. The material properties (absorption length, escapelengthand work function) 
of capper and silver are comparablc, so that the order of magnitude of the quanturn efficiency 
and of the non-linear constant are equal. 

Table 8.1: non-linear constant bn and quantum efficiencies for front-illumination [29). 
n À [nm] bn [(pC/m~s)/(W /m~)n] QE 
1 266 (2.1 ± 0.1) 106 (1.0 ± 0.1) 10 -5 

1 217 (1.9±0.1) 1015 (1.1 ± 0.1) 10 -3 

2 325 (6.6 ± 0.6) 10 7 

3 650 (5 ± 1) 10-~3 

In rcferencc [30] it is shown that the quanturn efficiency strongly depends on thc wavelength 
of the laser and on the cleaning of thc photocathodc. For illumination of capper with 266 nm 
laser pulscs quanturn efficicncies of up to 10-4 are possiblc. 

8.3 Experiments 

8.3.1 Aim 

Thc aim of thc cxpcriments is to measurc the yield of first, sccond, and third order photoc
mission by back-illumination of a silver cathodc and to do this for different thickncsses of the 
silver film. For silvcr the escape lcngth Lt = 6 nm [26]. For thickcr films the electron yield 
should thus dccreasc. To study this effect film thickncsses of 10, 20, 30, and 40 nm are uscd. 
A second goal is to do front-illumination on a capper bulk cathode (which has the same shapc 
as thc cathocles for back-illumination, sec scction 6.2). In this experiment thc maximum 
possible photoemitted charge as a function of thc acceleration field is detcrmincd. 

8.3.2 Set-up 

The quanturn efficiencics of non-linear photoemission by back-illumination have been mea
sured with the photogun described in chaptcr 6. Figure 8.1 shows a schematic of the diode, 
the bcam line, and the laser paths for both back- and front-illumination. A femtosecond laser 
(sec section 5.1) illuminates thc back-side of a silvcr cathode. (Sce section 6.2 fora detailcd 
dcscription of thc cathode). This silvcr film is so thin, that electrans will he emittcd at its 
front-sidc. These emittcd electrans are accclcratcd towards thc anode and lcave the diode 
through a hole in thc anode. Thc electrans are captured in a Faraday cup. For a detailed 
dcscription of the Faraday cup sec referencc [31]. As a rcsult of spacc charge thc electron 
bunch grows transvcrsely. A conscquencc could he that the bunch diameter is larger than 
the iris of thc Faraday cup. In order to capture all the electrous in the cup thc bunch is 
focused transversely by a solenoid (sec section 6.4). Thc signalof the Faraday cup is buffcred 
by a Canberra 2004 pre-amplifier and thcn, if nccessary, shaped and amplificd by an Ortec 
372 shaping amplifier. The shaping time cquals 1 J.1S and thc gain equals 20. In the end the 
signal is read out with an oscilloscopc. The Canberra pre-amplifier has a test-input which 
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Figure 8.1: schematic of complete set-up for quanturn efficiency measurements. 
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is used for calibration. The output voltage of thc combination of pre-amplifier and shaping 
amplifier is very sensitive to the supplied voltage. When calibrating this amplification set-up 
even a small uncertainty in the supplied voltage results in a relatively large uncertainty in the 
calibration factor. As aresult the uncertainty in the measured charge is also relatively large. 
For front-illumination a bulk copper cathode is used. This cathode has the same shape as 
the fused silica lenses on which the silver films are deposited for back-illumination. The laser 
beam enters from the side of the electron beam line and travels via a mirror to the cathode. 
The reflection from the cathode travels to another mirror and leaves the beam line. This is 
shown schematically in figure 8.1. The electron bunches have to pass through the gap between 
these two mirrors to be captured in the Faraday cup. (In case of back-illumination these UV 
mirrors are removed.) 
The intensity distribution and the size of the laser spot are measured with a Sony X710 CCD 
camera. From this picture the area of laser spot is determined. Also the non-linear constant 
bn is determined by summation over the pixel values to the power n: 

Q 1 
bn=-----

ApTl Nr Ne 
I: I: If 
i = l j = l J 

where Ap is the area of a pixel, Q is the charge of the bunch, and Tt is the laser pulse duration. 
The laser spot covers an area on the CCD capture that is given by Nr rows and N e columns. 

8.3.3 Third order photoemission by back-illumination 

Red (Ac= 800 nm) laser pulses are used for back-illumination of thin silver films. These cath
odes are described in section 6.2. The ( average) laser power is (25 ± 1) m W at a repetition 
frequency of 1 kHz. The laser pulse length is approximately 35 fs, according to reference [31]. 
Combining these numbers leads to an energy Ep = (25 ± 1) J.Û per pulse and a peak power of 
0.71 GW. The intensity profile of the laser is measured with a CCD camera todetermine the 
spotsize. Figure 8.3 shows a CCD capture of the laser spot. From that figure the non-linear 
constant b3 = h/ ! 3 is calculated as explained in the previous section. 
For the silver film of 30 nm thickness two quanturn efficiency measurements are clone at differ
ent laser intensities. To determine the charge of a bunch an average of 512 bunches is taken. 
The signal of the Faraday cup is measured with the shaping amplifier. For each measurement 
the laser pointing and the solenoid current are adjusted such that charge collected by the 



62 CHAPTER 8. PHOTOEMISSION: THEORY AND EXPERIMENTS 

Faraday cup is maximum. The results are summarized in table 8.2. 

Table 8.2: results of third order QE measurements. 
< I > [GW /cm:t] Q [pC] b3 [(pC/m2s)/(W /m2

)
3

] QE 
70 0.6 ± 0.2 (1.2 ± 0.4) 10 -24 (6 ± 2) 10 -9 

186 0.4 ± 0.2 (0.5 ± 0.2) 10 .24 (4 ± 2) 10 -9 

First it should bc concluded that with this laser system bunches of 1 pC can be created by 
back-illumination of thin silver films. Therefor the laser power should be increased, which 
can be done up to 1 mJ per pulse. That is 40 times higher than the laser power in this 
experiment. Furthcrmore it is likely that the measured charge is lower than it really was due 
to ballistic deficit . This effect has been observed for experiments of linear photoemission by 
front-illumination and is explained in section 8.3.4. 
Contrary to what is expected the charge is lower at a higher laser intensity. When examining 
the photocathode after the experiments it is clear that the silver film has been damaged. In 
figure 8.2 a clear line is visible corresponding toa sweep of the laser pointing. At this line there 
is no or little silver visible. Thc width of the line is about 0.2 mm, which is half of the FWHM 
width of the laser spot . This kind of damage only happens when the acceleration field is non
zero, so it cao not be caused by too high laser intensities. Other experimentalists/rcsearch 
groups have observed the same [25]. Thcir experience is that the chromium interlayer (see 
section 6.2) plays an important role: without this chromium layer the photocathode does oot 
get damaged. It is therefore recommended to create new photocathodes without an interlayer 
and to do the back-illumination experiments again. To increase adhesion at the rim of the 
photocathode, where it is clamped in the bolder, first chromium could be deposited by using 
a mask. Another option is to use copper instead of silvcr. 
The non-linear constant b3 is calculated directly from thc CCD capture. First the value of 
every pixel is raised to the power three, then these valucs are summed to calculate b3. The 
val u es thus obtained are almost two orders of magnitude smaller than that from reference [29]. 
First it should be noticed that in reference [29] b3 is measured for front- illumination, while 
in this report photoemission by back-illumination is done. This accounts only for a factor 5. 
Thc difference is then however still an order of magnitude. An explanation could be that the 
intensity to the power three as calculated from reference [29] is calculated as < I >3 . That 
is averaging thc intensity foliowed by raising to the power three. The non-linear constauts 
resulting from the measurements in this report are calculated by using < I 3 >, that is first 
raising to the power three (per pixel) foliowed by averaging. It cao be shown easily that 
< I >3 :S < I 3 >. As a conscquence b3 is higher when using < I >3 insteadof < I 3 >. The 
amount of discrepancy depends on the intensity distribution of the laser, which is oot given 
in reference [29]. 
In reference [32] the charge is measured as a function of the intensity. Because the spotsize 
is oot given b3 cao oot be calculated . To compare thc results of this report with those in 
refcrence [32] the ratio <K3 is calculated. For the measurements in this report <K3 equals 
1.8 x 10-45 pC/ (Wm- 2) 3 and 6.2 x 10- 47 pC/(Wm- 2) 3 rcspectively. In reference [32] this ratio 
equals 6.5 x 10- 45 pC/(Wm- 2) 3 . The order of magnitude of <K3 of the first measurement 
is thus consistent with literature. The results of the sccond measurement is inconsistent, 
because of the damaged photocathode. This discrepancy in the two measurements is also 
clcar when examining the non-linear factor b3, which is onc order of magnitude smaller for 
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Figure 8.2: microscope image of the line on a damaged photocathode. At this line the trans
parency of the cathode is higher than at the unaffected part. No or little silver is visible at 
this line. The width of the line is about 0.2 mm. 
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Figure 8.3: CCD capture of a cross-section of the UV laser pulse. Two spots are clearly 
visible, one brighter than the other. The pixel width is 4 .65 JJ.m. 

the second measurement. The quanturn efficiency has not dropped significantly, but this is 
because it is a function of the laser intensity. 

8.3.4 Linear photoemission by front-illumination 

Ultra-violet (>.c = 266 nm) laser pulses are used for photoemission of electrons from a bulk 
copper cathode. The average power is (32 ± 2) m W at a rcpetition frequency of 1 kHz. The 
laser pulse length is approximately 50 fs [31]. Combining these numbers leads to an energy 
Ep = (32 ± 2) JJ.J per pulse and a peak power of 0.64 GW. 

Figure 8.3 shows a CCD capture of the UV laser spot. In fact two spots are visible, one 
brighter than the other. The distance between the centers of these spots is 1.6 mm. This 
distance is so small that it would be likely that the photoemission current from both spots is 
focused into the Faraday cup. The FWHM widths of the spots are 0.44mm (weak spot) and 
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0.18 mm (bright spot) , leading to a photoemission area with a diameter d = 2.2 mm. The 

average intensity is then < I >= rpr~~ 14 = 1.68 x 1014 W /m2
. 

From the CCD capture the intensity of both spots is determined: I = 9.2 x 1014 W jm2 for 
the weak spot, and I= 3.9 x 1015 W jm2 for the bright spot. The intensity of the bright spot 
is thus only 4 times higher than that of the weak spot. The contribution of the weak spot to 
the photoemission current should therefore not he neglected. 
The total photoemitted charge is measured as a function of the acceleration field . The acceler
ation field is varied from 10 kV /cm to 50 kV /cm in steps of 2.5 kV /cm. At each measurement 
the laser pointing and the solenoid current are adjusted such that charge collected by the 
Faraday cup is maximum. Todetermine the charge of a bunch an average of 512 bunches is 
taken. Figure 8.4 shows the results of the measurements of the charge Q as function of the 
acceleration field Eacc· First it is concluded that by UV front-illumination of bulk capper 
bunches of more than 10 pC can he created. 
For the highest measured charge the quanturn efficiency and the factor b1 (see equation (8.9) , 
calculated directly from the CCD capture) are determined: QE = (2.0 ± 0.1) x 10- 6 and 
b1 = 1.3 x 106 (pC/m2s)/(W jm2

)). The quanturn effi ciency is one order of magnitude smaller 
than the one in literature, whereas b1 is of the sameorder of magnitude (see table 8.1) . This 
can he explained by misalignment so that not all charge has been detected. The UV laser 
spot actually consists of two spots. It is likely that the contribution to the photoemitted 
charge of one spot is not or not completely focused into the Faraday cup . To calculate the 
constant b1 t he laser intensity is determined from the CCD capture of the UV laser spot, not 
from a direct laser power measurement.Therefore QE can he inconsistent with b1. 

From figure 8.4 it is clear that the charge is an increasing function of the acceleration field 
strength. A reason could he that the charge density of the photoemitted bunch is so high 
that its space charge field cancels the acceleration field near the cathode surface. If now 
more electrans would he photoemitted, then the space charge field would he higher leading 
to an electric field which pushes the electrans back into the cathode. So the photoemission 
process is space charge limited. In figure 8.4 the space charge limited regime is above the 
line Q = Eon R2 Eacc , where R is the initial radius of the bunch. For non-relativistic energies 
and continuous beams the maximum current density in the space charge limited regime is 
described by Child's law [33]: 

(8.12) 

where Jpe is the current density, Vacc is the potential difference across the diode, and d is the 
diode gap. 
Next it is clear in figure 8.4 that the measurements with the shaping amplifier are inconsis
tent with those without the shaping amplifier. A cause could he so-called ballistic deficit: 
the shaping time is shorter than the length of the input signal. As a result only the first 
part of the input signal is shaped and amplified. This is leading to a lower signal than it 
should he. That is also what can he seen in figure 8.4: the charge determined with the 
shaping amplifier is lower than the charge determined without the shaping amplifier. With 
Child's law the bunch length can he calculated as follows. For the diode used in this exper
iment Jpe = v!Jc? x 0.0364 Av- 312m - 2 . Figure 8.4 shows also a fit of the data to the curve 

Q = acl v!/c2
. The result is acl = (0.045 ± 0.002) pC / V312

. Wh en the cross-section A of the 
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Figure 8.4: charge as a function of the acceleration fi eld strength. The black dots are mea
surements without the shaping amplifier, the red squares are m easurements with the shaping 
amplifi er. The straight solid line indicates the charge for which the image charge fi eld equals 
the acceleration fi eld strength. The curved solid line is a fit to the data points of the measure
m ents without the shaping amplifier (b lack dots) . 
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Figure 8.5: solenoid current as function of charge and as function of acceleration field. The 
black dots are measurements without the shaping amplifier, the red squares are measurements 
with the shaping amplifier. The solid line is the solenoid current as a function of the aceeter
ation field as calculated with equations ( 6.1) and ( 6. 3). 

bunch is known the bunch length can be calculated: T = 0 · 0t5~3~~-
12 1· The area A can be 

determined from the CCD picture as shown in figure 8.3. Because about 80% of the charge 
is emitted by the brightest spot that area is taken: A = 2.5 x 10- 8 m2 . The bunch length is 
then 49 p,s, which is indeed longer than the shaping time of 1 p,s. 

As a check the solcnoid current Is bas been measured as a function of the charge and as a 
function of the acceleration field strength. It should be an increasing function of the accel
eration field strength, which is indeed the case. The rcsults are shown in figurc 8.5. Also 
the theoretica! graph of Is as a function of Eacc is shown as calculated with equations (6.1) 
and (6.3). For all measurements without the shaping amplifier, the black dots , the solenoid 
current is systematically 2.6 ± 0.1 times higher than predicted by theory (see section 6.4). 
Tbc four measurcments with tbc shaping amplifier, indicated by the red squares, at lowest 
acceleration fields are inconsistent with the other measurements. These four measurements 
are systematically 6.9 ± 0.1 times higher than the theoretica! value. For both series of mea
surements a reason for the deviation from theory can bc misalignment. If the electron bunch 
is gcnerated off-axis, then it should bc focused into the gap between the two UV incoupling 
mirrors, see figure 8.1, to capture all electrous in the Faraday cup. When the distance from 
the center of tbc bunch to the axis is larger than the radius of iris, tbc focus bas to be in front 
of the iris as depicted in figure 8.6. The fraction of the bunch that will pass through the iris is 
thcn a decreasing function of the focallength. Remember however that the UV spot exists of 
two separate spots. If the focal length is too short, then the divergence of the second bunch 
could be so large that it will not pass completely through the iris. So it is likely that there 
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Figure 8.6: misalignment. One spot (light blue) is on-axis while the other ( dark blue) is off
axis. To be collected in the Faraday cup the bunches have to pass through the iris i. For a 
focal length f of the solenoid part of the off-axis bunch is focused such that it is collected in 
the Faraday cup. However, a fraction of the on-axis bunch is cut out by the iris and will not 
be detected. 

exists an optimum focal plane somewhere between the solenoid and the UV mirrors, where 
the detected charge is maximum. 

8.4 Discussion and conclusions 

From the two measurements of third order photoemission by back-illumination it is concluded 
that it would be possible to create bunches of more than 1 pC with the laser system as de
scribed in section 5.1. Using ultra-violet laser pulses for front-illumination charges of more 
than 10 pC can be obtained. 
The photocathodes used for back-illumination do not serve. The chromium interlayer (which 
is needed to enhance adhesion of silver to fused silica) makes that the silver film gets locally 
damaged during photoemission: at the place of illumination by the laser silver seems to be 
vaporized. This happens only when the acceleration field is non-zero, so it is not a result 
of ( too) high laser intensities at thc cathode. Other experimentalistsjresearch groups have 
observed the same. The mechanism however is unknown. It is recommended to create new 
photocathodes without the chromium interlayer and to do the non-linear photoemission cx
periments by back-illumination again. Another option is to use a copper film insteadof silver. 

For linear photoemission by front-illumination the constant b1 is consistent with literature, 
while the quanturn efficiency is one order of magnitude smaller. This can be explained by 
misalignment so that not all charge has been detected. The UV laser spot actually consists 
of two spots . It is likely that the contribution to the photoemitted charge of one spot is 
not or not completely focused into the Faraday cup. The constant b1 is calculated from the 
CCD capture of the UV laser spot, not from the charge measurements. Therefore QE can be 
inconsistent with b1. 
For third order photoemission by back-illumination the non-linear constant is almost two 
orders of magnitude smaller than that in literature. This can be explained by two reasons. 
First aresult of back-illumination is comparcd to a result of front-illumination in literature. 
This counts for a factor 5. Second, differences in calculating the third power of the intcnsity 
could be a reason. 
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Front-illumination with UV laser pulses was done in the space charge limited regime. To 
create waterbags this is a forbidden regime. Getting out of it can be realized by lowering the 
laser intensity by enlarging the spot size. When keeping the power of the laser pulses constant 
the same number of electrons can be photoemitted. Concerning the laser system waterbags 
with charges up to several tensof pC canthen be created . Also when doing back-illumination 
avoiding the space charge limited regime should be kept in mind. 
The solenoid serves well. For lOpC bunches of an energy of 50keV the required solenoid 
current is so low, that air cooling is sufficient to prevent heating problems. 
Measuring the signal of the Faraday cup should preferably be done without the shaping am
plifier. The accuracy is then up to 5 times higher and ballistic deficit is principally avoided. 



Chapter 9 

Discussion, conclusions, and 
outlook 

9.1 Discussion and conclusions 

When creating high-brightness electron bunches the problem is usually said tobespace charge 
density. However, this is not true. The real problem is the space charge density distribution. 
If the space charge field inside the bunch is a linear function of the position from the center, 
then the bunch can be comprcssed transvcrsely and longitudinally to any desired dimcosion 
with clectro-magnetic lenses, that have sufficiently linear electro-magnetic fields. 
A hard-edged 3-D ellipsoid of uniform charge density is the most general distribution for 
which the space charge field is a linear function of position. Such a bunch is referred to as 
"waterbag" and is a "Dream Beam" because of its ideal focusability propcrties. Without loss 
of generality cylindrically symmetrie bunches can be assumed, limiting possible shapes of a 
waterbag bunch to spheroids. A thin oblate uniformly charged bunch will evolve by its own 
space charge field into a thicker oblate and finally into a prolate, while remaining uniformly 
charged. This suggests a way to actually realize a waterbag bunch by starting out with an 
ultra-thin oblate spheroid, which can be approximated by a pancake bunch. Ultra-short laser 
pulses are available to create pancake bunches by photoemission. A waterbag bunch can be 
created by the blow-out of a pancake bunch when three conditions are fulfilled: 

1. the final bunch length has to be much larger than the laser pulse length; 

2. the acceleration field has to be much larger than the self-ficld of the bunch; 

3. the initial surface charge density distri bution a of the pancake has to be hemisphere-like: 
a(r) = aoJl- (r/A) 2 . 

Thc final bunch length is determined by the acceleration field strength Eacc and by the mag
nitude of thc surface charge density ao of the pancake. The first two conditions together 
are leading to constraints on the part of the parameterspace (ao, Eacc) for which a pancake 
bunch will evolve into a waterbag bunch. This is called the waterbag existence regime. Parti
ele tracking simulation with the GPT code have been done to find the limits of this existence 
regime. 
To fulfill the third condition, the transverse intensity profile of the laser pulses, which are 
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used for photoemission, has to he shaped. Simulations with an initial surface charge density 
distribution as that of a real shaped HeNe laser beam show that practical deviations from 
the perfect profile are tolerable. Two devices, the piShaper and a SLM-LCD, are proposed 
to shape the transverse laser profile of ultra-short laser pulses. Longitudinal shaping of the 
laser pulse is not necessary, because the z-component of the electric field in a pancake bunch 
is proportional to the integrated charge density distribution. This component is therefore 
independent of the detailed shape of the longitudinal charge density distribution. 
Anideal waterbag bunch has linear velocity-position correlations and linear field-position cor
relations. The first is expressed in a low emittance, the latter in a low F L, the field linearity 
parameter which is defined insection 4.2. Both parameters have to he examined todetermine 
whether a bunch is a waterbag or not. 

To demonstrate the waterbag concept a 100kV DC photogun has been designed and con
structed. In practice a maximum voltage of 73 kV is reached, leading to an acceleration field 
of 8.6 MV /m at the cathode surface. Preliminary photoemission experiments show that with 
this photogun waterbag bunches with an initial radius of 1 mm and a charge of 1 - -10 pC 
can he created, even by non-linear photoemission through back-illumination of thin silver 
films. Simulations with GPT show that also in the realistic non-uniform acceleration field of 
the photogun waterbags can he created. 
Preliminary results of GPT simulations of longitudinal compression with piUbox RF cavities 
show that it is possible to compress 1 pC bunches to below 100 fs duration. When these 
bunches are transversely compressed to 100 fLm radius, then ideal bunches for time-resolved 
electron diffraction are realized. The door would then he opened to study ultra-fast physical, 
biological, and chemical processes on the timescale of atomie motion by single-shot electron 
diffraction. 

9.2 Outlook 

To create waterbag bunches experimentally only one condition still has to he fulfilled: the 
transverse intensity profile of the laser pulse has to he hemispheric. This can he done in the 
near future with the piShaper. If necessary also an SLM-LCD has to he bought and used. 
For efficiency reasons the spatial filter has to he improved so that it would he possible to 
create bunches of several pC by back-illumination with 800 nm laser pulses. To do this also 
new photocathodes has to he made without a chromium interlayer between the fused silica 
substrate and the silver layer. It should also he investigated if a thin copper film is an option. 
Front-illumination of bulk copper to do either linear or non-linear photoemission is also still 
an option. 
When creating waterbags their experimental realization has to he proven. Therefore diag
nostics have to he developed. A phosphor screen can serve to mcasure the longitudinally 
intcgrated transverse profile, which should he hemispherical. The transverse emittance can 
he measured by sending the bunch through a thin slit and measuring the divergence of the 
transmitted beam. A streak camera in combination with an energy-spectrometcr can he used 
to measure the energy of the electrans in the bun eh as a function of their longitudinal position. 
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