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Summary 

In the Accelerator Physics group of the Eindhoven University of Technology, the 
Racetrack Mierotren Eindhoven (RTME) is about to be coupled to the travelling wave 
linear accelerator (linac). For a good injection of electrans in the RTME, the linac 
beam characteristics must be known well. 

To this end, several computer simulations have been performed, yielding the load line, 
the phase and energy spectrum and the transversal emittance of the beam. The 
transversal emittance agrees with the measurements rather well, the simulated load 
line and energy spectrum agree well with former measurements. From the simulations, 
it follows that about 30% of the linac beam can be accepted by the RTME, which 
corresponds to 15 to 20 mA in the macropulsein a 10 Me V set-up. 

Hamiltonian calculations on the partiele motion in the RTME cavity and the linac 
have been performed. The agreement with computer simulations is very good for the 
RTME cavity calculations and agreement is rather good for the linac calculations. 

Measurements determining the transversal emittance of the linac at different energy 
settings, different solenoid settings and with and without a correction for the earth 
magnetic field have been performed. The measurement set-up consisted of two 
movable slits in the horizontal and vertical plane at a distance of 58 cm from each 
other. The results are a 90% x-emittance of 11 mm·mrad and a 90% y-emittance of 
17 mm·mrad in the default linac set-up. The emittance decreases for increasing 
electron energy and for increasing solenoid current. The correction for the earth 
magnetic field results in a position and divergence shift of the beam. 

With the present study, the initia! beam conditions used as input in the RTME have 
been established, which provides the basis for further analysis of the RTME 
accelerator calculations. 
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1. The Accelerator lnjection Chain of the Electron 
Storage Ring EUTERPE 

In this report measurements on the Eindhoven University JO MeV travelling wave linear 
accelerator (linac) and calculations on the linac and the RaceTrack Microtron 
Eindhoven (RTME) are presented. The linac and the RTME are part ofthe injection chain 
of the electron starage ring EUTERPE. In this chapter the EUTERPE project is presented 
and the linac and RTME are described. 

1.1 The electron storage ring EUTERPE 

EUTERPE (Eindhoven University of Technology Ring for Protons and Electrons) is a 
university project for the realisation of a small storage ring [BOT89], first to serve as a 
post-accelerator for the 3 Me V proton cyclotron ILEC (lsochronous Low Energy Cyclotron) 
[HEI89], later intended as synchrotron radiation ring. 

The purpose of the electron storage ring is threefold. First, synchrotron radiation will be 
generated, to be used for studies of polymers, for katalysis and plasmaphysics. In the second 
place, beam dynamic studies with and without so-called insertion devices can be perforrned. 
Third, the ring can be used as basis for technology development. 

EUTERPE, depicted in fig. 1.1, has a circumference of about 40 meters. The electrons are 
stored at an energy of 400 Me V and at a beam current of more than 100 mA. The beam 
guiding system consists of 12 dipole magnets, 32 quadrupole magnets and 16 sextupole 
magnets. The critical wavelength of synchrotron radiation is 8 nm. 

At the moment, due to financial difficulties, completion of EUTERPE is uncertain. 

1.2 The accelerator injection chain 

EUTERPE will be injected from an accelerator injection chain that consists of a 10 Me V 
travelling wave linear accelerator foliowed by a 10 -75 Me V racetrack microtron. Both 
are powered by identical magnetrons. In order to have the same frequency and a constant 
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Partiele Dynamics in the JO Me V TUE Electron Linac 

phase difference, the magnetrons are coupled by feeding part of the mierotren magnetron 
power into the magnetron that powers the linac. 

Electrastatic 
Septurn 

r--

Dipale 

L.-

~=~ 
Linac 5 Me V 

Palymer irradiatian 

Figure 1.1: Layout of EUTERPE. 

1.2.1 The linear accelerator 

The 10 MeV travelling wave linear accelerator is an 'old' medica! linac (type 
M.E.L. SL75110), which was used for cancer treatment. After the machine had been 
written off, it was donated to the TUE. The linac has been completely revised and is now 
suited for electron beam manipulation. 

A schematic lay-out of the linac is given in figure 1.2 and some basic parameters are 
given in table 1.1. After being triggered by the trigger pulse generator, the pulse forming 
network generates a 40 kV pulse. This pulse is delivered to the magnetron and to the 
electron gun. The magnetron produces a high power RF pul se (2 MW, 3 GHz), which 
travels through a waveguide to the accelerator. Via a mode transformer, the RF wave is 
coupled into the circular disk-loaded structure. The disks, with circular apertures in the 
middle provide a longitudinal electric field and a decrease in phase velocity of the RF 
wave. The longitudinal electric field is used to accelerate the electrons, and the phase 
velocity is decreased, because of the fact that it has to match the electron velocity 
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1 The Accelerator Injection Chain ofthe Electron Starage Ring EUTERPE 

[PRU96]. The electroos are generated in the electron gun, where the same high voltage 
pulse, that is fed to the magnetron, is applied to a spiralled catbode wire. Once the 
electroos enter the waveguide, they are accelerated by the electromagnetic wave. At the 
end of the linac, the remaioder of the EM wave is separated from the electroos and is 
dumped in a load. 

2 3 

8 9 7 10 11 4 12 13 

Figure 1.2: The linear accelerator: 1) trigger pulse generator, 2) pulse forming network, 3) magnetron, 
4) RF window, 5) isolator, 6) group of focusing coils, 7) steering coils, 8) electron gun, 
9) focusing coil, 10) group offocusing coils, 11) RF load, 12) insulating disk, 13) faraday cup. 

Table 1.1: Parameters of the linac. 

Length (m) 
average gradient (MV /m) 
electron energy (Me V) 
FWHM energy spread(%) 
macro pulse current (mA) 
eperating frequency (MHz) 
pulse repetition rate (Hz) 
pulse duration (J..LS) 
filling time (J!s) 

2.25 
4.4 
10 

3.5 
50 

2998 
50,150,300 

1.7 
0.5 

Due to the interaction with the EM wave, the electroos will be longitudinally focused in 
bunches. Because of this longitudinally focusing, the motion in the transverse direction is 
inherently unstable. Therefore the electroos have to be focused in the transverse direction. 
This is done by using solenoids. Furthermore, steering coils are used to centre the beam in 
the waveguide. 
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1.2.2 The racetrack microtron 

The I 0 Me V electrons, resulting from the acceleration in the linac, are guided to the 
racetrack mierotren by a beam transport line. Fig. 1.3 depiets the mierotren and the beam 
transport line. This transport line consists of a quadrupele triplet, foliowed by a bending 
section and a quadrupele doublet [LEE96]. The beam transport line not only guides the 
beam from one machine to the other, but also matches the six dimensional emittance of 
the linac to the acceptance of the microtron. 

MEDIAN PLANE VIEW 

EXTRACTION 

/ 

I I I 
0 10 20 30 cm 

Linoc Quodrupales 

=:=:1--=--~-~--i----~._sending magnet 
Beam ',, FRONT VIEW 

'··-~----~----

centrol vocuum tank 

Figure 1.3: Layout of RlME. 

The racetrack mierotren is a compact redreulating type of bunched electron beam 
accelerator. lts main components are two 180 degree bending magnets and an accelerating 
structure, consisting of coupled standing wave cavities. After injection, the electrens are 
bent by the right bending magnet Then the electrens pass the cavity for the first time. 
During this passage the electron energy is raised by 5 MeV[COP94]. Due to the increase 
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in energy, the radius in the left bending section is larger. After the second bend, the 
electrons enter the mid-vacuum chamber. Here the position of the particles is measured 
and corrected [THE94]. Then the electrons are bent again, and so on. After 13 passages 
through the cavity and a total energy gain of 65 MeV, the electron beam is extracted. 
From bere, the electrons are guided to the electron storage ring by a second beam 
transport line, which consists of two doubly achromatic bending sections and two 
quadrupole doublets [LEE96]. 

1.2.3 Control and safeguarding of the injection chain 

The injection chain ofEUTERPE is controlled by a Phydas system [MUT95]. This system 
consists of a VME part and a Phybus part. The VME part constitutes the actual computer 
on which the software for the control of the injection chain runs. The Phybus is used for 
the communication with the accelerator hardware. lt controls external circuits for the 
electron gun current, the pulse repetition rate and the power supplies of the bending and 
focusing magnets. These external circuits have the advantage that the Phydas system is 
not occupied with regulating tasks during operation of the accelerators, so that Phydas can 
be used for data-acquisition during experiments. 

The safeguarding is done by a programmabie logic controller (PLC) [GRA95]. lt is 
important to make sure that it is not possible to damage the accelerators by improper 
handling of the operator. A number of conditions have to be fulfilled before a certain part 
of the machine can be put into operation. Por example current limits, water flow and 
vacuum are all controlled by the PLC. Also the room safeguarding is taken care of by the 
PLC. lf not all the conditions for safe operation are fulfilled, or in case of an error 
indication, the machine (or part of it) is switched off. 

1.3 Contents of this report 

This report is the result of a graduate study performed at the Accelerator Physics Group at 
the Eindhoven University of Technology. lt deals mainly with the 10 Me V linac and also 
with the racetrack microtron, which are the main parts of the injection chain of the 
electron storage ring, EUTERPE. The linac emittance has been measured, various 
computer simulations and Hamiltonian calculations have been performed. The purpose of 
these measurements, simulations and calculations is to get a better understanding of the 
beam dynamics in and at the end of the linac and the cavity of the RTME. 

In chapter 2 calculations and simulations on the 10 Me V TUE linac will be presented. The 
axial longitudinal electric field amplitude, the power flow, the beam current and the load 
line of the linac are calculated. Furthermore electron trajectories and energy increase for 
different input phases have been simulated as well as the phase and the energy spectrum 
and the transversal emittance. 

Chapter 3 deals with Hamiltonian mechanics. A description of the partiele dynamics in 
the linac and the RTME cavity is given. Partiele trajectories in the periodic part of the 
linac and the RTME cavity, determined with the Hamiltonian theory, are compared to 
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simulations of the computer code used in chapter 2. Using the Hamiltonian theory, the 
transfer matrix components of the perioctic part of the linac and the RTME cavity have 
been calculated as well. 

Chapter 4 describes the emittance measurements performed on the Iinac. The 
measurements have been done at different beam currents and at different solenoid 
currents. Also the effect of the earth magnetic field correction has been measured. 

Finally, inthelast chapter some concluding remarks will be given. 
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2. Numerical Calculations on the 10 MeV Linear 
Accelerator 

In this chapter numerical simulations on the linaclO are presented. The longitudinal axial 
electric field amplitude, the power flow and the beam current as a function of the 
longitudinal co-ordinate have been calculated. With these functions, partiele trajectories 
and electron energy at different input phases, the load line, the energy and phase 
spectrum and the radial emittance have been calculated, using the computer code 
PARMELA. 

2.1 General description of the 10 Me V Iinear accelerator 

In the linac, the electrens are accelerated by the axial component of a travelling 
electromagnetic wave. Only the transversal magnetic (TM) modes of the wave are relevant; 
transversal electric (TE) modes do not have an axial electric field component. By applying 
the proper drive frequency (2998 MHz in the linaclO) the TM010 mode is the one that is 
excited [JAC75]. This TM010 mode has all electric field lines pointing in the same direction, 
parallel to the z-axis (the propagation direction). The electric field is maximum at this axis 
and is zero at the boundary. The magnetic field rotates around the axis and is zero at the 
axis. Both the electric and magnetic field pattems are rotationally symmetrie. 

For acceleration, it is necessary that the phase velocity vp of the TM wave equals the 
electron velocity Ve. However, it is well known from electromagnetic wave theory that the 
phase velocity in a cylindrical waveguide is always larger than the speed of light c. In order 
to slow down the phase velocity, disks with a cylindrical iris in the middle are inserted in the 
waveguide, see fig. 2.1. In the first part of the linac, the cell geometry varles to take account 
of the variation in f3 = v/c during acceleration: by changing the aperture radius of the iris a, 
the iris thickness d, the intemal waveguide radius b and the distance between the irises D the 
phase velocity can be lowered to any desired value. In this way the phase velocity is 
matched to the electron velocity. From the position where Ve is approximately equal to the 
speed of light the geometry is kept constant. 
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Figure 2.1: Schematic representation of a disk loaded waveguide. 

As the duration of the high tension pulse (2 J.LS) is much larger than the period of the RF 
pulse (333 ps), electroos are homogeneously distributed over the RF wave at the electron 
gun. By a proper choice of geometry and injection energy, it is possible to catch more than 
half of the electroos in the acceleration process. Due to the variation of Ez in time and space 
the electroos will be focused in a small bunch ahead of the crest of the wave, see fig. 2.2. 
This bunch is caught within the so-called bucket, the area of the wave where stabie 
operation is possible. In the centre of this bucket, there is a phase, the synchronous phase, 
rPs. at which the electroos move synchronous to the wave. Electroos in front of rPs fall back, 
because they experience a smaller electric field. Similarly, electroos bebind ifl.v are forced 
forward, because of the larger electric field. 

-7 z 

Figure 2.2: Longitudinal focusing of the electrans in the bucket around the synchronous phase. 
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2 Numerical Calculations on the JO Me V Linear Accelerator 

Once the component of the electric field in the waveguide along the z-axis in a TM mode is 
known, the complete electromagnetic wave is specified [JAC75]. The TM010 mode can be 
Fourier analysed in terms of space harmonies, related to the longitudinal periodicity of the 
structure (for r ~ a): 

~ 

E (- t) "a EI (a-- r)ej(CtX-k.zl 
z z,r, = .L. n z 0 n ' (2.1) 

n=-oo 

where the an are the Fourier coefficients, Ez the amplitude, 10(x) is the zero-th order modified 
Bessel function and fin is defined by: 

(2.2) 

where k = culc is the total wavenumber and kn the longitudinal wavenumber: 
kn = Tv+ 2 mz/D. Further, kt= f/Jc/D, in which f/Jo denotes the phase shift per cell, which 
equals 2rr13 in the linac. The field is perioctic in the celllength D, except for the facto:- e-j~" , 

which is a consequence of Floquet's theorem. 

The Fourier coefficients are determined in two different ways. The computercode Superfish 
[SUP87] is used, which solves Maxwell's equations for a given frequency, in a structure 
with cylindrical symmetry and a conductor as boundary. The second method calculates the 
EM field pattem by means of a mode matching technique [PRU96]. This is based on 
calculations of reflection and transmission of the electromagnetic waves at the diaphragms 
in the linac, combined with relations between back- and forth travelling waves. The 
coefficients are given in table 2.1. Differences between both methods are probably due to 
the finite thickness of the iris in the Superfish calculations and the assumed infinitely thin 
iris in the mode matching technique method. 

Table 2.1: The Fourier coefficients for the ~ 1t mode, calculated with the mode matching technique and 

with Superfish. 

n 
-3 
-2 
-1 
0 
1 
2 
3 

an mode matching 
-4.6·10"3 

-3.7·10"2 

-3.5·10"1 

1.0 
7.6·10"2 

9.6·10"3 

1.2·10"3 

an Superfish 
-1.2·10"2 

-8.1·10"2 

-4.6·10"1 

1.0 
1.4·10"1 

2.2·10"2 

3.2·10"3 

With the irises in the waveguide the structure can be modelled as a chain of coupled 
pillboxes. With this model, good estimations, based on the structure dimensions, are 
obtained for the basic parameters of the structure. The longitudinal electric field of the 
TMo10 mode in such a pillbox is described by: 

a 1r .(l}( 

Ez(r,t) = EJ0 (b)e 1 
, (2.3) 

where a1 is the first root of the zero-thorder Bessel function 10, b and rare given in fig. 2.1 
and m is the resonant angular frequency. From this field configuration the structure 
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parameters of the linac can be calculated [GA092][GA094]. The results are given in 
table 2.2. 

Table 2.2: Structure parameters of a coupled pillbox travelling wave linac. 

U sed parameters 
a 
b 
d 
h 
D=h+d 
c 
k 
À 

<Po 
Rs.m = 0.2609 m!lffMHJ112 [DOM92] 
Jo( x) 

a1 
JJ(x) 

TMoto mode pillbox parameters 
radial resonant frequency 

dissipated power 

stored energy 

unloaded quality factor 

coupled pillbox parameters 
factor 

7t/2-mode resonant frequency 

eperating mode frequency 

TMoto mode attenuation factor 

correction factor 

coupling constant 

phase velocity/c 

group velocity/c 

shunt impedance per unit length 

JO 

Po10 

Wo JO 

QoJO 

f 

(J)rr/2 

(1)41. 

a 

Ecor 

ke 

vp!c 

vglc 

rsh 

iris aperture 
pillbox radius 
disk thickness 
pillbox length 

perioctic length 
speed of light 

total wave number 
free space wavelength 

eperating mode 
metal surface resistance 

zero-th order Bessel function 
first zero of J0(x) 

first order Bessel function 

a 1c 
b 

R, .... ~~111E1~ E;rrh~J,z (a1 )(h+h) 

af 
W,~10E1~ J,J,,hE;rrh4 Jf (a1) 

2a1
2 

3rrhh 2 J 1
2 (a1) 

(1)010~1 + f 

(J)rr/2~1- fEcorr cosl/Joe-ad 

k~(2.:2a) 2 
-1 

(..11!.... J (aa1 ))2 
aa1 1 h 

JE -ad 
corre 



2 Numerical Calculations on the JO Me V Linear Accelerator 

The electric field strength in eq. 2.1, Ez(z), can be calculated from the remaining power P(z) 
of the EM-wave at a certain position zin the linac and several structure parameters [LEI70] 
(see tab. 2.2 fora definition of the relevant parameters): 

(J) 

f---'~-'0 -r .. "P(z). 
VgQOlO 

(2.4) 

The mean energy increase of the beam, L1E, follows from eq 2.1 (neglecting Fourier 

coefficients, and estimating I 0 ( ä0 r) = 1 ): 

L 

!ill = J Ez (z) cos(q,a )dz, 
z=O 

in which L is the totallength of the linac and rPa the mean accelerating phase. 

The power of the wave decays for increasing z; this is described by the so-called power 
diffusion equation [LEI70]: 

dP(z) -- m!Pu P(z)- Ib cos(q,a) 
dz V gQOlO 

(J) 

~~~ r_,." P(z), 
V~ OIO 

(2.5) 

(2.6) 

where /b is the electron beam current. In this equation, the first right hand term describes 
the power dissipation in the structure and the second term describes the beam loading. 

2.2 The computer codes 

The electric field strength and the power diffusion are calculated as a function of the 
longitudinal co-ordinate z with a combination of the computer codes PARMELA 
[P AR94] and self written code LINPOWEZ. P ARMELA stands for Phase And Radial 
Motion in Electron Linacs, LINPOWEZ stands for LINac POWer and Ez calculation. First 
these two codes are briefly described, and then it is explained how the combination is 
applied. 

LINPOWEZ calculates the structure parameters (table 2.1) first, and then the power decay 
(eq. 2.6) fora specified value of the beam current as a function of z. This beam current is 
calculated with P ARMELA. Wh en the power decay is known, the electric field strength is 
calculated (eq. 2.4). The structure dimensions running this code are supplied by the 
manufacturer. The shunt impedance is calculated using the formula in tab. 2.1. For the 
value in the first 13 cells, the shunt impedance calculation fails as a result of the fact that 
electron speed in the equations used is assumed to be equal to the velocity of light. In 
these cells 115% of the manufacturers shunt impedance value [BAT93] is used (the 15% 
increase is taken to match to values in the perioctic part of the linac). A 15% difference is 
not unusual in different calculations of the shunt impedance [WU95] and furthermore in 
the calculations presented here the pillbox dissipated power is used, which differs slightly 
from the open 'pillbox' dissipated power value as well. 

P ARMELA is a commercial computer code that calculates the electron motion in the 
travelling wave linac. The input distribution of a bunch of test particles must be given. 
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Purthermere the dimensions of the cells and the Fourier coefficients of the electric field in 
each cell (eq. 2.1), the electric field strengths in each cell (eq. 2.4) and the magnetic field 
of the solenoids must be inserted. The cathode of the electron gun generates electrons, 
radiating in all directions, practically without energy spread and with a homogeneous 
distribution of the electroos over a circular area with a radius of 3.5 mm. Such an input 
distribution, combined with a model of the rest of the electron gun, is given as input in 
PARMELA. The cell dimensions are supplied by the manufacturer [BAT93]. The 
Superfish Fourier coefficients are used (table 2.1). The electric field strength fellows from 
the LINPOWEZ calculations and the magnetic field is prescribed according to forrner 
measurements [WIJ95]. In the calculations, space charge effects are oot taken into 
account, because they are expected oot to influence calculations much [LEE96]. 

To calculate the electric field strength Ez, LINPOWEZ is executed with an arbitrary 
electron beam current. Then the calculated Elz) is incorrect, but is further used as input in 
PARMELA. PARMELA calculates an electron beam current h(z), using this Ez(z). This 
lb(Z) is again inserted in LINPOWEZ, which then gives a better approximation of Elz). 

The mean accelerating phase </>a changes from 30° at 0 mA final beam current to 35° at 
236 mA. The meao phase </>a can be calculated directly at a beam current of 0 mA. Then <Pa 
does not influence the power diffusion equation and the mean energy from the 
PARMELA and LINPOWEZ must be the same. At somewhat higher beam currents, it is 
expected that </>a will oot change much and it appears that at a eertaio final beam current, 
the current as a function of z does oot change much. Then <Pa is determined by matching 
the mean energy of the PARMELA and LINPOWEZ calculations again. 

In this way, aftera couple of iterations between PARMELA and LINPOWEZ, h(z) and 
Ez(z) converge to eertaio functions. Norrnally, when a constant h(z) is taken in the first 
iteration step, the calculated functions lb(Z) and Ez(z), after two iteration processes, already 
differ less than 1% of the functions after more iteration steps. So the functions converge 
very fast and this way of calculation is thus a useful process. 

2.3 The beam current, the longitudinal electric field strength and the 
power flow 

The results of the calculations of the beam current, Ib, the power, P, and the axial 
longitudinal electric field amplitude, Ez, as a function of the longitudinal co-ordinate, z, 
are presented in fig. 2.3, 2.4 and 2.5. The calculations are performed at various beam 
currents of the final beam (indicated in the figures with small numbers). In fig. 2.4 and 2.5 
also the manufacturer's data [BAT93] are presented for an final beam current of 244 mA, 
in which case (in the calculations at 236 mA) the power decays to 0 Watt at the end of the 
linac. 

In figure 2.3, it is seen that the beam current decreases as a function of longitudinal 
co-ordinate, due to the fact that particles hit a diaphragm of the linac. In the beginning of 
the linac, the decrease is larger, as there are particles here, which are not caught in the 
bucket. These are oot sufficiently accelerated or even decelerated and thus their velocity 
stays low. Th en the effect of the transversal forces is large and the particles easily get lost. 
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Figure 2.3: The beam current as a function of the Iongitudinal co-ordinate, for final beam currents of 
236, 200, 150, 100 and 47 mA. 

Fig. 2.4 depiets the EM wave power decay. The decrease in power is larger in the 
beginning of the linac than at the end. In the beginning more power is dissipated in the 
structure and the beam loading is larger due to the higher beam current and the higher 
electric field magnitude (eq. 2.6). 
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Figure 2.4: The power of the EM wave as a function of the longitudinal co-ordinate, for final beam 
currents of 236, 200, 150, 100, 47 and 0 mA (solid lines) and the manufacturer's data for 
244 mA (dashed line). 

Fig. 2.5 depiets the electric field strength as a function of longitudinal co-ordinate. In the 
periodic part (z > 32 cm), the electric field strength decreases, according to the power 
decrease (eq. 2.4). In the a-periodic part, the electric field increases due to the design of 
the structure parameters. The two discontinuities in the figure are due to the fact that the 
radius of the diaphragms between cells 9-10, 10-11 and 11-12 decreases from 11.0 to 
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10.0 mm. Th is has a third power effect on the factor f and thus on the coupling constant ke 
and thus the group velocity vg decreases considerably (see tab. 2.1). That causes the 
sudden increase at ~ = 22 cm. 

From fig 2.4 and 2.5, it is seen that our calculation and that given by the manufacturer 
agree well. However a striking difference is seen in the longitudinal position of the 
discontinuities in fig. 2.5. This must be caused by a difference in structure dimensions 
used in the manufacturer's calculations and those presented here. 
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Figure 2.5: The amplitude of the axial longitudinal component of the electric field as a function of 
the longitudinal co-ordinate, for final beam currents of 236, 200, 150, 100, 47 and 0 mA 
(solid lines) and the manufacturer's data for 244 mA (dashed line). 

2.4 Electron trajectories and energy depending on input phase 

Figure 2.6 gives the radius of the trajectoriesof particles at 12 different input phases as a 
function of the longitudinal co-ordinate z. In the simulations the electric field settings of a 
70 mA final beam current are used, corresponding to a 10 Me V peak in the energy 
spectrum (see fig. 2.9 and 2.11 ). Simulated particles are ejected from the cathode at a 
radius of 3.0 cm without divergence. The first 8.2 cm at the z-axis correspond to the 
electron gun, so here is no difference between individual partiele trajectories. A strong 
focusing effect is seen in this region due to the solenoids. 

Particles with an input phase between -180° and -120° hit the linac edge (then r increases 
to 1 cm) or are accelerated backwards after a few centimetres. The partiele at -90° 
(fig. 2.6.b) has a strongly fluctuating trajectory, so particles at this phase with small 
differences in initial conditions have a large chance to hit the edge as well. At input 
phases from -60° to 150° the particles are well focused and they reach the end of the linac. 
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Figure 2.6: The radius of the partiele trajectory as a function of the longitudinal co-ordinate z at 12 
different input phases, for an final beam current of70 mA (10 Me V peak energy). 

Figure 2.7 shows the energy as a function of z of the same particles as of fig. 2.6. Again 
there is no difference in the first 8.2 cm at different phases. Particles at an input phase 
between -180° and -120° are not accelerated (their energy stays about equal to the rest 
mass energy). The -90° partiele is accelerated and decelerated again and again, so it is not 
caught in a bucket, but its energy stays high enough to proceed to the end of the linac. As 
its energy stays low, it is more sensitive for transversal forces, which explains its 
fluctuating trajectory in fig. 2.6. Particles at an input phase between -60° and 150° are 
well accelerated. 

In figure 2.8 a 70 mA simulation is presented in which about 400 particles reach the end 
of the linac. The energy of the particles at the end of the linac is plotted as a function of 
the input phase. An input distribution has been used in which the cathode radiates in all 
directions, which occurs in reality. It is seen that the linac acceptance is given by input 
phases between about -75° and 160° and that input phases between -45° and 145° result in 
an end energy around 10 MeV. Electrons in more than half of the total input phase 
spectrum are caught in the bucket. 
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Figure 2.7: The total partiele energy as a function of the Iongitudinal co-ordinate z at 12 different 
input phases, fora final beam current of70 mA (10 Me V peak energy). 
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Figure 2.8: Total energy of the ejected particles as a function of input phase, for a final beam 
current of 70 mA. 

2.5 Final beam energy and phase 

The 'load lines' following from previous measurements [WIJ95], from our numerical 
calculations and as supplied the manufacturer [BAT93] are given in fig. 2.9. The 'load 
line' is defined as the energy value of the peak. in the energy spectrum as a function of the 
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final beam current. Por a beam current larger than 80 mA the agreement between 
measurement and calculation is good. At lower beam currents the agreement between 
measurement and manufacturers data is better. The major difference in our calculations 
and the manufacturers data is the shunt impedance used (see sec. 2.3). However, the 
energy value of the peak in the spectrum is too low, using the manufacturers value of the 
shunt impedance. The real value is probably somewhere between the calculated and the 
manufacturers one. Furthermore, it bas to be realised that low beam currents are hard to 
measure (see sec. 4.1, for an account on this), which may explain the difference in 
calculation and measurement. The measurement of the beam current is accompanied by 
noise, which has a large effect on low signa! measurements. Finally, there is some 
uncertainty in the magnitude of the RF power (2 MW) at the beginning of the linac. 
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Figure 2.9: The load line: calculated (o), measured (o), manufacturers data (dotted line). 

Figure 2.10 gives the phase-energy relation (related to the longitudinal emittance) from 
the PARMELA simulation for final 47 mA (10.1 MeV, according to measurement) and 
70 mA (10.0 MeV, according to simulation) beams (solenoids default). PARMELA does 
not provide the phase of the test particles relatively to the EM wave. The phase difference 
of the particles at the end of the linac, however, can be calculated from the longitudinal 
position separation of the particles. Because of the larger resulting energy, the phase of the 
particles in the 47 mA simulations is slightly higher than in the 70 mA simulation. Apart 
from a 0.55 MeV shift, the longitudinal emittance in the 47 and 70 mA simulation is 
about the same. So, whether the simulated 70 mA current is takenor the measured 47 mA 
current, corresponding to the 10 Me V beam, the FWHM of the energy and the phase peak 
do not differ. 

In the figure not all particles have been plotted: the low energy tail extends to the rest 
mass energy and about -120°. The shape of the figure is explained as follows. The general 
elliptical shape with the low phase/low energy tail is formed in the a-periodic part due to 
the usual phase focusing phenomenon, which is also indicated in fig. 2.2: At a phase near 
the synchronous phase, f/Js, a particle, with a higher energy than the synchronous particle, 
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gets an increase in phase; conversely for a partiele with a smaller energy the phase 
decreases. At a certain phase deviation from l/Js the partiele velocity equals the phase 
velocity and the accelerating electric field is too small to accelerate it with respect to the 
phase velocity; then the phase decreases, etcetera. For some particles, the energy is too 
small to catch up with the EM wave, which explains the low phase tail. At the end of the 
a-periodic part, the partiele velocity is about equal to the speed of light, however the 
phase velocity is ju st above the speed of light ( vp = 3.0 108·1 08 m/s, according to 
table 2.2). Therefore the phase of all particles decreases (cf. fig. 3.10). At the end of the 
linac, the high phase end of the bucket is around phase zero, which explains that the final 
higher phase electrens have a larger energy. 

The acceptance of the RTME is about 18 degrees and I% in energy [WEB94]. From the 
data plotted in fig. 2.10 then, it follows that at most 34% of all particles ejected by the 
linac can be accepted by the RTME. 
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Figure 2.10: Phase-energy relation of the final 70 mA (o) and 47 mA (x) beam. 

From fig. 2.10 the energy spectrum can be determined; this spectrum is presented in 
fig. 2.11. The FWHM of the energy peak is about 0.7% in both the 47 and 70 mA 
simulation. The measurement of the energy spectrum [WU95] resulted in a FWHM of 
about 3.5% (see fig. 2.12). 

The energy spectrum bas been determined in a standard spectrometer measurement using 
a bending dipole magnet and a slit bebind it to select the energy. However, with the 
specific width of the slit and the magnitude of the emittance the beam spectrum bas not 
been measured sufficiently accurately. An account of this is given in Appendix A. 

18 



2 Numerical Calculations on the JO Me V Linear Accelerator 

150 
number of 
porticles ·. 

120 

t 
a. 90 

60 Vi 

JO 

0 
d ... · 

0 10 12 
• E (~eV) 

25 
number of 
particles 

20 

t 
b. 15 ·-· 

10 

... 

10.0 10.5 11.0 11.5 
• E (MeV) 

Figure 2.11: Energy spectrum offinal70 mA (solid line) and 47 mA (dotted line) beam, the number 
of simulated particles in a certain energy interval are plotted as a function of energy. 
a. energy spectrum from 0 to 12 Me V, interval= 0.2 Me V. 
b. energy spectrum from 10.0 to 11.5 Me V, interval= 0.01 Me V. 
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Figure 2.12: Comparison of measurement (Cl, right axis) and simulated measurements (solid line: 
70 mA, dotted line with 0.55 MeV shift down: 47 mA) ofthe energy spectrum. 

In comparison of measurement and simulation, the energy spectra of fig 2.11 have been 
taken and the following procedure has been used. Integrating over the entire energy range 
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the number of particles multiplied by the chance that they pass the slit: a Gaussian 
function (in the experiment FWHM = 0.194 Me V), which bas its maximum at the central 
energy value [App A]. The outcome of the integral is plotted as a function of the central 
energy value. The 47 mA si mulation bas been shifted down 0.55 Me V for comparison in 
fig. 2.12. 

Using this model for the measurement simulation results in a rather good agreement 
between calculated and measured spectra, from which can be concluded that the FWHM 
of the energy peak is about 1%. From comparison, it follows that in reality the high 
energy tail is smaller and the low energy tail is somewhat larger than in the simulation. 

30 
number of 
particles 

25 
t 

20 

15 

10 

5 

0 
-150 -100 -50 50 

Figure 2.13: Calculated phase spectrum offinal 70 mA (solid line) and 47 mA (dotted line) beams, 
intervals of 1 o. 

From fig. 2.10 also the phase spectrum can be calculated. Figure 2.13 presents this 
spectrum for the 47 and 70 mA simulation. It is seen that again there is only little 
difference between both simulations. The FWHM of the largest peak is about 5°. 
Unfortunately, measurements to check this simulation havenotbeen done. 

2.6 The transversal emittance of the beam 

2.6.1 Introduetion 

The collection of all partiele co-ordinates and divergences in a beam defines a 
six-dimensional hypervolume. The projection of this hypervolume to the two-dimensional 
planes (x, x), (y, y) and (z, Lip) defines three phase planes. The beam emittance, which is 
defined by the area of these phase planes, is a figure of merit for the quality of the beam. 
A higher emittance denotes a lower-quality beam. 
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Every partiele is represented by a point in (x, x')-space. The elliptically shaped area Ax, 
occupied by the points representing all particles in the beam: 

Ax = ff dxdx' (5.1) 

is related to the 100% emittance, €x, 1oo [REI94]: 

A x 
€ --

x,lOO- 7r (5.2) 

Accordingly, €x, 90, is defined by the smallest area that encloses 90% of all particles in the 
beam. cy and cz are defined similarly. 

If there is no relation between the partiele movements in the different phase planes, the 
normalised emittance, en = f3'f'ê, is a conserved quantity, according to Liouville's theorem 
(/3 en y are the scaled partiele velocity vlc and relativistic factor EIE0). In the presence of 
an axial magnetic field, there is coupling between x and y motion. But for an axially 
symmetrie beam, which is the case in the linac, the normalised emittance remains constant 
and equal in both planes. 

2.6.2 PARMELA simulations of the transversal emittance 

In fig. 2.14 the transversal emittance results of the PARMELA simulation of a 70 mA 
beam have been plotted. A calculation has been performed in which about 400 test 
particles reach the end of the linac. These particles are the dots in the figure. The density 
of these dots has been calculated. Then the density pattem has been smoothed. After that, 
the density levels have been determined, which contain 30%, 50%, 70% and 90% of the 
particles in the total volume. The areas contained by these levels determine the 30%, 50%, 
70% and 90% emittance. These emittances are respectively 3.0, 5.9, 10.3 and 
20.7 mm·mrad. 

The result of the 90% emittance measurement is 11 mm·mrad in the x-direction and 
17 mm·mrad in the y-direction. These values differ somewhat. The difference are 
probably due to measurement inaccuracy, see sec. 4.3, to the fact that space charge 
calculations are not carried out and to the fact that P ARMELA electric field calculations 
in the a-periodic part are not completely correct. PARMELA electric field calculations are 
basedon the Floquet series expansion of the electric field (eq. 2.1), which is only valid in 
pedodie structures. 

The acceptance of the RTME is 9.9 mm·mrad in x-direction and 26.4 mm·mrad [GOS96] 
in y-direction. Hence, about 70% of the (x, x')-phase plane and more than 90% of the 
(y, y')-phase plane of the linac beam is accepted by the RTME. Of the particles with the 
proper energy and phase (34% of all particles ejected by the linac, sec. 2.5), about 90% lie 
in the area defined by the 70% emittance. Thus, about 30% of all particles ejected by the 
linac are accepted by the RTME. 
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Figure 2.14: Emittance plot of a 70 mA final beam (default solenoid settings), the contours 
determine the 30, 50, 70 and 90% emittance. 
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In figure 2.15.a. the height Iines are given, the numbers represent the energy in MeV. 
In figure 2.15.b. a 3-d plot is given. 
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The energy distribution in the phase planeis depicted in fig. 2.15, as a function of position 
x and divergence x'. In the figure, it is seen that at small divergence (-2 mrad < x' < 
2 mrad) the energy of the particles is about 10 Me V. At larger divergence, there are only 
particles with a smaller energy. This leads to the conclusion that 90% of the phase and 
energy accepted particles are located in the 70% emittance area. 

Fig. 2.16 shows the transversal emittance as a function of the longitudinal co-ordinate z, 
for a default 10 Me V simulation, as calculated by P ARMELA. P ARMELA fits a 
minimum sized ellipse around 90% of the particles. Only a small difference in emittance 
results from the PARMELA and the smoothed density calculations is observed. 

The emittance of the beam at the end of the gun is very large because the divergence of 
the beam is very large here. After that, the emittance decreases. In the first 30 cm, the 
decrease is mainly due to loss of particles with a large divergence and position deviation 
from the axis. At larger z co-ordinate the decrease of the emittance is mainly due to the 
increase of energy. At some positions the emittance increases a little. This is probably due 
to some deviant particles that cause a sudden increase in the ellipse area, because it has to 
be fitted around 90% of all particles. The emittance increase could also be due to higher 
order focusing effects, like spherical aberrations, of the solenoids. 
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Figure 2.16: The transversal 90%-emittance as a function of the Iongitudinal co-ordinate z. 

In fig. 2.17 the normalised emittance at different beam currents has been plotted as a 
function of the longitudinal co-ordinate. Hence emittance decrease as a result of increase 
in energy is eliminated. The normalised emittance at different beam currents is about the 
same. In the first 50 cm two phenomena cause the variation in the normalised emittance. 
These are an increase due to longitudinal focusing (not in the first 8.2 cm where there the 
electron gun is positioned) and a decrease due to loss of particles in the beginning of the 
linac. Also higher order focusing effects of the first strong solenoid may have influence on 
the emittance. After 50 cm there is almost no longitudinal focusing anymore and the 
normalised emittance decreases only due to loss of particles. 
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Figure 2.17: The normalised x- and y-emittance {Jye90 at different beam currents as a function of the 
Iongitudinal co-ordinate z. 

The influence of the current through the third set of solenaids on the transversal emittance 
( calculated by P ARMELA) was simulated as wel I. Th is is also relevant for determining 
whether or not a more powerful power supply for these solenaids has to be bought. The 
results are printed in table 2.3. The influence of the solenaids is not very large and the 
present supply (20 A at 30V) is powerful enough. At 20 A the largest number of particles 
reaches the end of the linac and it appears that the emittance only increases for increasing 
solenoid current see table 2.3. 

lt is understandable that the percentage of particles reaching the end of the linac and the 
emittance increase at increasing solenoid current. In fact, the solenaids do not have an 
effect on the emittance. At a larger solenoid current, the particles are better focused. So 
also the particles, which account for a large emittance, will reach the end of the linac 
when applying a large solenoid current. Above 20 A, possibly higher order focusing 
effects become relevant, which account for small discontinuities in the emittance and the 
percentage of particles reaching the end of the linac. 

In contractietion to the simulations, it follows from emittance measurements, that the 
transversal emittance decreases for increasing solenoid current (see sec. 4.3). Because of 
stronger focusing effects at larger solenoid current, a measured decrease in beam size was 
expected, but a corresponding increase in beam divergence has not been measured. This 
may be due to the inaccuracy of the measurements or to the lack of space charge 
calculations. 
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Table 2.3: lnfluence of current in third set of solenoids on emittance 
and number of particles reaching end of linac. 

solenoid 
current (A) 

0 
10 
15 

17.5 
20 
25 
35 

emittance 
(mm·rnrad) 

14.3 
15.3 
16.8 
16.8 
16.8 
16.4 
17.7 

% of injected electrens 
which reaches end of linac 

47.8 
50.3 
51.3 
51.6 
51.7 
51.0 
51.5 

2. 7 Condoding remarks 

PARMELA calculations in combination with a theory presented by [GA092] and 
[GA094] have been performed to gain more insight in beam dynamics in the linac. 

Frem the simulations, the following is concluded: 
- Calculations on the EM wave power and the electric field strength in the linac agree 

with the manufacturer's data, which indicates that our calculations are trustworthy. 
- The linac acceptance of electrens with a resulting energy of about 10 Me V is 190°. 
- Load line calculations have been performed which agree to the measurements rather 

wel!. 
- The phase and energy spectrum have been simulated. The energy spectrum agrees with 

the measurement rather well, the phase spectrum bas never been measured. 
- Transversal emittance simulations have been performed. Measurements are of the same 

order of magnitude. 
- Frem the phase and energy spectrum and the transversal emittance simulations, it 

fellows that about 30% of the electrens resulting from the linac lie in the RTME 
acceptance. Th is means for a 10 Me V set up, that a current of 15 to 20 mA can be used 
as RTME input, which is more than enough, compared to a needed input of about 
1 mA [THE96]. 

Slight differences between simulations and reality may first be due to imperfections in the 
structure, second to the fact that space charge calculations are not carried out in the 
simulations and third to the fact that P ARMELA calculates the electric field in the 
a-periodic structure using the Floquet series expansion of the electric field, which is not 
completely correct bere. To impreve simuiatien results, it may thus be useful to study how 
to implement space charge calculations in PARMELA. Further, electric field calculations 
in a-periodic structures may be improved, using the mode matching technique [PRU96]. 
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3. Hamiltonian Calculations on Partiele Motion 

In this chapter an outfine of the Hamiltonian theory is presentedas a basis of a numerical 
program, which is applied to the RTME cavity and the periadie structure of the TUE 
linac. A comparison with PARMEI.A calculations is made. 

3.1 The Hamiltonian equations of motion 

Starting point for the study of charged partiele motion in RF linear accelerators is the 
relativistic Hamiltonian [GOL80]: 

where c is the speed of light, ER the partiele rest energy, e the charge, Px. Py. Pz the three 
canonical components of the momentum, (]J the scalar potential and A = (Ax, Ay, Az) the 
vector potential. The electromagnetic field (eq. 2.1) is translated to the vector potential via 
E =- a;; and (]J = 0, and the solenoid field B is added according to V x A= B [HAG92]. 

In the calculations, the z co-ordinate is used as independent variabie in stead of the time t 

and a couple of transformations are performed [LEE96]. This yields a Hamiltonian K1, 
from which the relative partiele energy, h, and the phase, kÇ, as a function of z follow: 

(3.2) 

(3.3) 

in which h = HIH;, with H the energy and H; the initia} energy, En = e~!' , kÇ = kjZ - mt 

and eR = ERIH; (an, Ez, k, mand kJ have been defined in sec. 2.1). 
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The solution of eq. 3.2 and eq. 3.3 is substituted in K1 and two transformations are 
performed, yielding a new Hamiltonian K3 [LEE96] from which follows: 

dx rex 
-
~ 2 2 ' dz ho- eR 

dy 1'Cy 
(3.4) 

-
~h2 -e2' dz 

0 R 

and 

(3.5) 

with x = x0coscp + yosincp, and y = yocoscp - xosincp, where x0 and y0 are the cartesian 
co-ordinates, 1'Cx = 1'Cx1coscp + 1'Cy1sincp, and 1'Cy = 1'Cy1coscp - 1'Cx1sincp, where 

~ 1 (2rcn ) ~ 1 (2rcn ) 1'Cxl = 1'Cxo- n~zênknxO cos D z + kÇo ' and 1'C)'I = 1'Cyo- n~zênknYo cos D z + kÇo ' 

with 1'Cxo and 1'Cyo the scaled canonical momenta: 1'Cxo = cp)H; and 1'Cyo = cpy!H;. The angle cp 
arises from the rotation from the magnetic field of the solenaids and is calculated from 
[HAG92]: 

(3.6) 

with b = [ecB(z)]/[H;k], in which B(z) is the axial longitudinal magnetic field amplitude. 
ho and Ç0 are the solutions of eq. 3.2 and eq. 3.3. 

In K3 some rapidly asciilating terms are present, these are removed by a transformation 
yielding K4 [LEE96]. From K4 , the following results: 

(3.7) 

and 

28 



3 Hamiltonian Calculations on Partiele Motion 

(3.8) 

1 
with x=xja, y=yfa, ffx =alrx -2bx and ff\' =alr). -2by, in which a 2 = ~ ' 

. h2 2 
o -eR 

1 da 
and b=--. 

2a dz 

The above presented theory is incorporated in a numerical computer code ( described in 
App. D), which calculates the electron motion in the RTME cavity or in the periadie 
structure of the linac. This program first calculates the energy and phase of a partiele as a 
function of the longitudinal co-ordinate, using eqs. 3.2 and 3.3. Using the energy and 
phase solutions, it calculates the partiele motion either using the K3 Hamiltonian (eqs. 3.4 
and 3.5) or the K4 Hamiltonian (eqs. 3.7 and 3.8). In case of an applied magnetic field, 
eq. 3.6 is used to calculate the angle cp. 

3.2 Hamiltonian calculations on the RTME cavity 

In this section Hamiltonian calculations on the RTME cavity are presented and compared 
to PARMELA calculations. Also a comparison is made to a third methad [ROS94]. In 
sec. 3.2.1 trajectories in the cavity are presented and in sec. 3.2.2 the transfer matrix 
components over the entire cavity are given. 

3.2.1 Hamiltonian and P ARMELA calcola ti ons on partiele motion 

Injection without divergence, 4 mm from the axis 
Figure 3.1 depiets the motion of electrons, which are injected into the RTME cavity, 
parallel to the z-axis and at a displacement of 4 mm from the axis, for different injection 
phases with respect to the EM wave. The trajectories have been calculated with 
P ARMELA and with the Hamiltonian K3 and K4 equations. lt is seen that there is a very 
good agreement between PARMELA and K4 calculations. Focusing is observed for initial 
phases lying between -90° and +90°. The K3 calculations result in slightly deviating 
trajectories from the other calculations. However neglecting all Fourier coefficients 
except a 0 = a1 = 1 results in trajectories, not distinguishable from K4 calculations. This is 
the result of the rapidly asciilating terms, which have a larger effect for larger n. 
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Figure 3.1: Trajectmies of electroos in the RTME cavity. Injection at different phases (indicated by 
1/J), at 10 MeV, without divergence and at 4 mm from the axis. The Hamiltonian K4 

calculations are presented by the dashed Iine, the KJ calculations by the dotted line and 
the PARMELA calculations by the solid line. 

Injection from the axis, with 10 mrad divergence 
In fig. 3.2 the trajectories are given of electrons, injected at 10 Me V from the axis, with a 
divergence of 10 mrad. It is seen that there is a very good agreement between Hamiltonian 
and PARMELA calculations. KJ and K4 calculations are not distinguishable now. This is 
due to the fact that the motion in fig. 3.2 is mainly determined by the initial divergence 
and due to the fact that the displacement from the axis in the main part of the calculations 
is smaller than in fig. 3.1. In fig. 3.1, there are slight (x-)deviations for small z, when all 
Fourier coefficients are used. These deviations arise, because of differences in the dnx 
calculations, which are linear with the displacement from the axis. Because of the 
accumulative character of the equations, the final deviations are rather large. In fig 3.2, 
the partiele is near the axis for small z, so differences in dnx calculations are very small. 
Hence, differences in x calculations in KJ and K4 calculations are negligible. Because of 
the accumulative character of the motion, the final deviations between calculations are 
much smaller than in fig. 3.1, and they are not visible in (the larger scaled) fig. 3.2. 
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Figure 3.2: Trajectories of electrons in the RTME. Injection at different phases (indicated by l/J), at 
10 MeV, at the axis and with a 10 mrad divergence. The Hamiltonian calculations are 
presented by the solid line, the PARMELA calculations by the dotted line. 

From eqs. 3.4 and 3.5 as well as from eqs. 3.7 and 3.8, it can be deduced that x(z) is a 
linear combination of x(O) and nx(O) [LEE96]. Hence, every trajectory of an injected 
particle, initially rnaving parallel to the axis, is easily calculated from fig. 3.1. Trajectodes 
of particles injected from the axis and with a eertaio divergence are found from fig. 3.2 
and particles with a eertaio divergence and a eertaio displacement from the axis are 
calculated from a combination of both figures. 

Energy increase as a fundion of injection phase 
From eqs. 3.2 and 3.3, the energy increase in the RTME cavity is calculated. Thus, the 
energy at the end of the cavity is calculated as a function of the injection phase. The same 
is done using PARMELA and the results are represented in fig. 3.3. Again, the agreement 
is very good, which was already expected from the results in figs. 3.1 and 3.2: energy and 
phase calculations are essential in the partiele trajectory calculations. 
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The energy at the end of the cavity bas been calculated at an injection energy of 10 Me V. 
However the difference between end energy and injection energy is almost independent of 
the injection energy, assuming h>>eR in the entire cavity. Then, from eqs. 3.2 and 3.3 it 
follows that Ç = Ço ""' constant and 

( ) 
~n=- kD (2nn ) h0 (z) = -E0 kzcos kso - LJ _ 

0
En -sin -z +kso + 1. · n--·""' 2nn D 

Thus: 

( ) Ln=- D (21Cn ) H(z) = H. - eE.zcos k~0 -
0
ea"E. --sin --z +kso . 

' • n=-.n>' • 2nn D 

So Hend - H; does not depend on H;. 

15.0 

Hend (MeV) 

î 12.5 

10.0 

7.5 

5.0 
0 60 120 180 240 300 360 

-+ ,p (') 

(3.9) 

(3.10) 

Figure 3.3: The energy at the end of the RTME cavity as a function of the injection phase, fP, at an 
injection energy of 10 MeV. The Hamiltonian calculations are presented by the double 
line, the PARMELA calculations by the dotted line. 

3.2.2 The transfer matrix components of the RTME cavity 

Electrons, inserted in the cavity at a eertaio displacement from the axis, x;, and a eertaio 
angular deviation, x;', leave the cavity at a displacement x1 and an angular deviation x/ 
Because of the fact that the calculations are linear, which follows from PARMELA 
calculations as well, the relation between initia} and final displacement can be expressed 
by a transport matrix: 

(3.11) 
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P ARMELA and the Hamiltonian theory are used to find final values x1 and x/ for different 
input values x; and x;'. From the results, the transfer matrix is calculated. The matrix can 
also be derived analytically [ROS94]: 

cos(a)- ~ (
2

) cos(f/J)sin(a) 

(
a b) T7 l/1 

c d = - r[ co~!!) +~Tl( !I) . 1 J sin( a) 
Y1 ~2TJ(lf1) 8 cos(f/1) 

~Tl(~) ~·cos(~) sin( a) 

;~ ( cos(a) +~Tl(~) cos(~)sin(a) J ' 
(3.12) 

in which f/1 is the accelerating phase of the wave, '}1, }J· the initial/final energy of the 
partiele and i the gradient in the partiele energy over the structure. Furthermore 

(3.13) 

and 

= 

TJ(l/1)= :.La;_1 +a;+l + 2an_1an+l cos(2lf1), (3.14) 
n=l 

where a11 are the Fourier coefficients of the electric field in the cavity [HAR93]. 

In fig. 3.4 the matrix components have been presented as resulting from the Hamiltonian 
K4 calculations, the P ARMELA calculations and the calculations based on eq. 3 .12, for 
particles injected at 10 Me Vandat different phases. In fig. 3.4 also the results of a matrix 
method [LEE96] based on the same Hamiltonian calculations as presented here have been 
given. It is seen that there is a good agreement between the different methods. A slight 
asymmetry with respect to f/1 = 180° is seen between the Hamiltonian and PARMELA 
calculations. This is aresult of phase focusing, which is nottaken into account in eq. 3.12. 
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Figure 3.4: The matrix components of the transfer matrix of the RTME cavity as a function of the 
injection phase, for an initia! energy of 10 Me V: calculated with PARMELA (····), with 
eq. 3.12 (-- -), with the Hamiltonian K4 theory ( ) and with the Hamiltonian 
matrix theory (- -). 

Figure 3.5 shows the matrix components, calculated as a function of the injection energy, 
with injection phase c/J = 0°. Again, it is seen that there is a very good agreement between 
the different methods. At phases near 0°, the components do not depend much on 
injection phase (see fig. 3.4). Normally the electrans are injected at a phase of about 4°, 
which is the optimum injection phase [WEB94]. So using fig. 3.5 the final x1 and x/ can 
be calculated for each cavity passage from the initial Xi and x/. 
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3.3 Hamiltonian calculations on the linac 

In this section Hamiltonian calculations on the linac are presented and compared to 
PARMELA calculations. Trajectories are calculated in the periadie part of the linac. 
Particles are injected at I MeV and at 2.5 MeV. Also the influence of the solenoid 
magnetic fields is studied. 

3.3.1 Calculations without magnetic fields 

Injection without divergence, 3 mm from the axis 
Figure 3.6 depiets the motion of electrons, which are inserted in the perioctic part 
(z = 25.5 cm) of the linac, at a kinetic energy of 1 Me V, without solenoid magnetic field. 
The energy of 1 Me V is roughly the kinetic energy of well accelerated particles at this 
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longitudinal position (see fig. 2.7). The Ez fields used are the fields corresponding to the 
I 0 Me V electron energy setting (sec. 2.5). The electrons are injected paraHel to the z-axis 
and at 3 mm displacement from the axis. Partiele motion is represented for injection 
phases of -30°, 0°, 30° and 60°. Particles injected at phases below -10° and above 80° are 
not accelerated well and (with exception of -30°) are not presented bere. PARMELA 
calculations are compared to Hamiltonian calculations using KJ and K4 . KJ calculations 
are performed, using aii known Fourier coefficients; neglecting coefficients does not 
result in trajectodes corresponding better to other calculations. In this section only the 
perioctic part of the linac is studied, because of the fact that in the a-periodic part, the 
electric field differs from the description of eq. 2.I [HAG96] and because of the fact that 
in this part of the linac, the electron energy is smali, in which case the presented 
Hamiltonian theory is not valid [LEE96]. 

Trajectodes in the entire perioctic part of the linac are shown in fig. 3.6.a. It is seen that 
the Hamiltonian and the P ARMELA calculations differ from each other. Over the entire 
perioctic part the deviation is about I mm. This corresponds to about 30% of the injection 
displacement of 3 mm. Because of the fact that aU calculations are linear, trajectodes of 
paraHel injected particles all have a maximum deviation of about 30%. 

The motion in the first six cells is given in figs. 3.6.b and 3.6.c. Separately, the 
displacement from the axis and the divergence as a function of the longitudinal 
co-ordinate are given. lt is seen that the trajectories in the first six cells as calculated by 
the different methods have similar profiles, but they deviate. In the beginning the K4 

calculations agree better to the P ARMELA calculations than the K3 calculations. Here the 
rapidly oscillating terms, which are only present in the KJ calculations probably have a 
disturbing influence. However the K4 calculations assume h >> er. while the KJ 
calculations only assume vd = VJ- Beside the approximation for the rapidly oscillating 
terms, this will be the main reason, why also K4 calculations differ from P ARMELA 
calculations. 

The rather large deviations between all calculations at the end of the structure are a result 
of the accuroulating differences for increasing z. Moreover, the differences between 
PARMELA and Hamiltonian calculations may be due to differences in the phase 
calculation, which have a large influence on the trajectory calculations. The phase 
evolution is described furtheron in this chapter, see also fig. 3.10. 

The divergence of the motion in the entire linac for l/J = 0 is shown in fig 3.6.d. For 
increasing z, the amplitude of the oscillations becomes smaller. This is a result of 
increasing energy and decreasing displacement from the axis (approximately, Ez is a 
parabolic function with respect to the axis; variations in Ez are larger at a larger 
displacement). 
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Figure 3.6: Trajectories of electrons in the periodic part of the linac, without solenoid magnetic 
field. Injection at I Me V kinetic energy, without divergence and at 3 mm from the axis. 
In the figures </> indicates the injection phase. PARMELA calculations are presented by 
the solid line, K3 calculations by the dashed line and K4 calculations by the dotted line. 
a. The displacement from the axis as a function of the longitudinal co-ordinate, z. for the 
entire periodic part of the linac. 
b. The displacement from the axis as a function of the longitudinal co-ordinate, for the 
first six cells of the periodic part of the linac. 
c. The divergence as a function of the longitudinal co-ordinate, for the first six cells of 
the periodic part of the Jinac. 
d. The divergence as a function of the longitudinal co-ordinate, for the entire periodic 
part of the linac. 

Injection from the axis, with 10 mrad divergence 
The motion of electrons, injected in the periodic part of the linac, without solenoid 
magnetic field and at a kinetic energy of 1 Me V, is shown in fig. 3. 7. The electrons are 
injected from the axis with a divergence of 10 mrad, the partiele motion is represented for 
different injection phases. Again PARMELA calculations are compared to Hamiltonian 
calculations. 
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Figure 3.7: Trajectories of electrons in the periodic part of the linac, without solenoid magnetic 
field. Injection at 1 Me V kinetic energy, from the axis with a 10 mrad divergence. In the 
figures t/J indicates the injection phase. PARMELA calculations are presented by the 
solid line, K3 calculations by the dashed line and K4 calculations by the dotted line. 
a. The displacement from the axis as a function of the longitudinal co-ordinate, z. for the 
entire periodic part of the linac. 
b. The displacement from the axis as a function of the longitudinal co-ordinate, for the 
first six cells of the periodic part of the linac. 
c. The divergence as a function of the longitudinal co-ordinate, for the first six cells of 
the periodic part of the linac. 
d. The divergence as a function of the longitudinal co-ordinate, for the entire periodic 
part of the linac. 

Again, it is seen that all calculations eventually differ from each other. In the first six 
cells, the calculations agree better than those of fig. 3.6, due to the fact that the amplitude 
of the oscillation in x' is smaller, because of smaller displacement from the axis and 
because the initial x' is 10 mrad: small variations do not have a strong influence on 
displacement In fig 3.7.d it is seen that oscillations in x' remaio large, despite of the 
increasing energy. This is a result of the increasing displacement from the axis. In 
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fig. 3.7.a calculations for the -30° partiele deviate strongly at the end of the perioctic part, 
due tothefact that the partiele energy becomes very small (fig. 3.10). 

Comparison to RTME calculations 
For the RTME cavity calculations (sec. 3.2) a much better agreement between 
Hamiltonian and P ARMELA calculations was seen than for the linac calculations. Here, 
the electron energy is largerand the lengthof the RTME cavity is only 45 cm with 9 cells 
(compared to 200 cm linac perioctic part, 60 cells). Because of the larger energy, the 
amplitude of the oscillations is smaller, and differences in the phase evolution calculation 
are negligible (the phase remains about constant at this energy). Furthermore, the K4 

calculations assume h>>er, which is better fulfilled in the RTME. As the total length of 
the RTME is smaller than the length of the linac, deviations because of the accumulative 
character of the calculations are smaller. 

Transport matrix coefficients 
The trajectory of an arbitrarily injected partiele at 1 Me V is found from a linear 
combination of figs. 3.6 and 3.7, because of the linear character of the Hamiltonian 
equations of motion. Thus, the transport matrix coefficients of the perioctic part of the 
linac can be calculated. 

The linear character of the electron· motion in the perioctic part of the linac has been 
checked with PARMELA for several initia} conditions of injected particles. PARMELA 
performs also higher order calculations. For calculations over the entire perioctic part, 
results are linear within 0.5%. This indicates that the linear approximation of the electron 
motion, as is present in the Hamiltonian equations of motion, is perfectly allowed. 

The matrix coefficients are represented in fig. 3.8 for the case without solenoid magnetic 
fields. Coefficients at a phase above 80° are not shown, because these particles are not 
well accelerated in the beginning, which results in inaccurate coefficients. For phases 
below -20°, the partiele energy at the end of the perioctic part is small again, soalso these 
calculations fail. The standard deviations shown are a result of two phenomena. First, 
there is an inaccuracy in the c and d component, because of the large oscillations in x'. 
The mean x' value at the end is used for the determination of the coefficients. The 
minimum and maximum value define the standard deviations. Second, it appears that 
P ARMELA results depend on the chosen integration step si ze. Th is dependenee is much 
larger than in the Hamiltonian calculations. This is the cause of the deviation in the a and 
b calculations. 

It is seen that the c and d coefficients are consistent for most phases. The a and b 
coefficient are not. However, the profiles of the depicted lines are similar, which is an 
indication that the Hamiltonian description of the partiele motion is not yet optimal but 
that it is already rather good. 
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Figure 3.8: The transport matrix coefficients of the periodic part of the linac, without solenoid 
magnetic fields, injection at 1 Me V, calculated with PARMELA (--o--), with K3 

(--x--) and with K4 (· • • 0 · · ·). 

Injection at 2.5 Me V 
Partiele motion, for injection at 2.5 MeV is represented in fig. 3.9. Different results agree 
better than in the case of 1.0 Me V injection. The final deviation between the calculations 
in the (3 mm, 0 mrad) case are now less than 0.5 mm (compared to 1 mm at 1 MeV 
injection). The (0 -mm, 10 mrad) results agree even better. In the first six cells the 
trajectodes from the different methods agree very well, so only the derivative is given. 
Now oscillations are smaller than in the 1 Me V case: the assumption h>>er in K4 is better 
fulfilled and the phase remains more constant. These are the main reasons for the better 
results. 
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Figure 3.9: Trajectories of electrons in the periodic part of the linac, without solenoid magnetic 
field. Injection at 2.5 Me V kinetic energy. In the figures lf> indicates the injection phase. 
PARMELA calculations are presented by the solid line, K3 calculations by the dashed 
line and K4 calculations by the dotted line. 
a. The displacement from the axis as a function of the longitudinal co-ordinate, z. for the 
entire periodic part of the linac. Particles are injected parallel to the axis at a 
displacement of 3 mm from the axis. 
b. The divergence as a function of the longitudinal co-ordinate, for the first six cells of 
the periodic part of the linac, for the (3 mm, 0 mrad) injected particles. 
c. The displacement from the axis as a function of the longitudinal co-ordinate, z. for the 
entire periodic part of the linac. Particles are injected from to the axis with a 10 rnrad 
divergence. 
d. The divergence as a function of the longitudinal co-ordinate, for the first six cells of 
the periodic part of the linac, for the (0 mm, 10 mrad) injected partic les. 

Phase and energy evolution 
The phase and energy evolution of particles injected at -30°, 0°, 30° and 60° is shown in 
fig. 3.10. In the beginning of the perioctic part the phase of the partiele decreases as a 
function of z. Th is is a result of the fact that the energy is rather low, i.e. the electron 
velocity is smaller than the phase velocity and the phase of the partiele decreases. 
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Particles injected at 0°, 30° and 60° are well accelerated and from a certain position on the 
phase remains almost constant. Then the energy increase is proportional to Ez (eq. 3.10). 
The phase of the -30° partiele decreases as well and at a certain position it becomes -90°. 
From here on the partiele is decelerated and its phase decreases fast. When the phase 
decreases below -270° the partiele is accelerated again. 
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Figure 3.10: The kinetic energy (fig. 3.9.a) and the phase (fig. 3.9.b) as a function of the 
Jongitudinal co-ordinate z, at different injection phases (indicated by t/J). Particles are 
injected at I MeV kinetic energy. The solid Iine presents the Hamiltonian calculations 
and the dotted lines present the PARMELA calculations. 

The energy evolution from PARMELA is compared to Hamiltonian theory, and this is 
represented in fig. 3.10. The agreement is good. PARMELA does notprovide the partiele 
phase. However, as the phase calculation is essential for the energy calculation, it follows 
that the phase calculations also agree. Small differences in the energy (and thus in the 
phase) calculations may account for deviations in trajectory calculations due to their 
sensitivity to energy and phase. 
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3.3.2 The solenoid magnetic field 

In this section, the magnetic field of the solenaids is incorporated. The default solenoid 
setting (11 = 20A, h = 14.5 A and /3 = 17.5A) are used. The magnetic field is 
implemented by a combination of single loop coils as described by [WIJ95]. 

Motion without electric field 
First, the influence of the magnetic field is studied in a situation without an electric field. 
This is depicted in fig. 3.11. Hamiltonian theory and PARMELA are compared for a 
1 Me V injected particle. Fig. 3.1l.a gives the trajectory of a partiele injected parallel to 
the axis at 3 mm from the axis, (x, y) = (3 mm, 0 mm) is used. Fig. 3.1l.b shows a 
particle, injected from the axis with a 10 mrad divergence, (x', y') = (10 mrad, 0 mrad). 
PARMELA and Hamiltonian calculation agree perfectly. lt is expected that also in an 
electric field the motion as depending on a longitudinal magnetic field is calculated 
properly. 
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Figure 3.11: Non accelerated partiele trajectories at the default magnetic solenoid field. The double 
line presents the Hamiltonian calculations, the dotted line the PARMELA calculations. 
a. Injection at 1 Me V, 3 mm off axis and without divergence. 
b. Injection at 1 Me V, from the axis and with a 10 mrad divergence. 

Motion in electric field 
In figs. 3.12 and 3.13 the motion of electrans is shown, which are injected at a kinetic 
energy of 1 Me V and where the so1enoid magnetic field has been turned on. Electrans are 
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actually injected in an imaginary non accelerating cavity in front of the perioctic part of the 
linac. Injection in such a cellis necessary, because PARMELA calculates fringe fieldsof 
the first cell. By positioning a non accelerating cell in front of the perioctic part as first 
cell, Hamiltonian and PARMELA calculations can be compared properly. In former 
calculations, this procedure, using a first cell, was not mentioned. Because of the 
magnetic field in this cell, which has influence on the injection parameters, it is essential 
he re. 
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Figure 3.12: Trajectories of electroos in the periodic part of the linac, with default solenoid 
magnetic fields, injection (in a not accelerating not depicted cavity) at 1 Me V, at 3mm 
from the axis and without divergence. The injection phase is indicated by l/J. 
PARMELA calculations are presented by the solid Iine, K3 calculations by the dashed 
line and K4 calculations by the dotted line. 
a. The x-displacement from the axis as a function of the longitudinal co-ordinate, for 
the entire periodic part of the linac. 
b. The y-displacement from the axis as a function of the longitudinal co-ordinate, for 
the entire periodic part of the linac. 
c. The total (r-)displacement from the axis as a function of the Iongitudinal co
ordinate, for the en ti re periodic part of the linac. 
d. The (r-)divergence as a function of the longitudinal co-ordinate for the first si x 
cells. 
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The motion of a particle, injected parallel to the axis, is given in fig. 3.12. The 
displacement from the axis is given by r, which consists of an x- and y- component, 
resulting from rotatien around the axis due to the magnetic fields, see fig. 3.12. Aside 
from the rotational effects, the partiele trajectories are strongly influenced by the magnetic 
fields, which caobeseen from cernparing figs. 3.12 and 3.6. Furthermore, final deviations 
are about as large as in the calculations without magnetic field. Again, this proves that the 
magnetic field part of the calculations is performed very wel I. 
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Figure 3.13: Trajectories of electrons in the periodic part of the linac, with default solenoid 
magnetic fields, injection (in a not accelerating not depicted cavity) at 1 MeV, from 
the axis and with a 10 mrad divergence. The injection phase is indicated by t/J. 
PARMELA calculations are presented by the solid line, K_t calculations by the dashed 
line and K4 calculations by the dotted line. 
a. The x-displacement from the axis as a function of the longitudinal co-ordinate, for 
the entire periodic part of the linac. 
b. The y-displacement from the axis as a function of the longitudinal co-ordinate, for 
the entire periodic part of the linac. 
c. The total (r-)dis placement from the axis as a function of the longitudinal co
ordinate, for the entire periodic part of the linac. 
d. The (r-)divergence as a function of the Iongitudinal co-ordinate for the first six 
cells. 
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Por completeness, also the electron motion in the magnetic field of a particle, with an 
initia! divergence has been calculated and represented in fig 3.13. Camparing this to 
fig. 3.7, it is seen again that final deviations are almost equal. What is more striking from 
the comparison is the very apparent focusing action of the solenoids, as the final radius 
with magnetic field is much smaller than without. 

3.4 Concluding remarks 

Hamiltonian calculations of electron trajectories and energy evolution in the RTME cavity 
and of the RTME transport matrix coefficients have been performed. The agreement to 
P ARMELA is very good. 

Similar calculations have been performed on the linac. Using PARMELA, the linear 
character of the motion, as present in the Hamiltonian equations of motion, has been 
proven. Hamiltonian calculations depending only on the magnetic field agree perfectly 
with PARMELA. However, Hamiltonian calculations in the linac electric field, show 
deviations from PARMELA. These are larger at lower electron energy. Therefore, no 
calculations are performed in the a-periodic part of the linac, in which also the electric 
field is not yet known exactly. 

To complete the Hamiltonian description of partiele motion in linear accelerators, the low 
energy part and electric fields in a-periodic structures must be further investigated. 

46 



4. Transversal Emittance Measurements on the Linac 

In this chapter measurements of the transversal emittance of the linac are presented. The 
emittance has been measured in the horizontal and vertical plane. Measurements have 
been done at different beam energies and solenoid currents. Also the influence of the 
earth magnetic field correction has been examined. 

4.1 Experiment set-up 

Principle 
Figure 4.1 gives a schematic representation of the set-up for the emittance measurement. 
The electron beam is intercepted by a tantalum slit (slit 1) that can be moved across the 
beam. At a distance of 58.0 cm from this slit, a second slit which can also be moved is 
positioned. A slit actually consists of two movable tantalum plates. Two plates form a slit 
in the horizontal plane and two in the vertical plane. During a measurement, only the slits 
in one plane are used, e.g. y-slits are open during an 'x-measurement'. The particles that 
pass both slits are collected in a Faraday cup, and the electron current is determined. 

Tantalum slit I) Tantalum slit 2) 

Faraday cup 
Linac 

I I I I I 
I I I I I Î 

I I 

1". ,J 
'' 58.0cm 

r1 

Figure 4.1: Schematic representation of experiment set-up, slit width and distance of slit to axis are 
not to scale. 

The position of the slits defines a point in a phase plane: particles passing the first slit 
have a certain position, the second slit then defines the divergence. By varying slit 
positions and measuring the Faraday cup current, an emittance plot can be constructed. 
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Electrooie set-up 
The measurement is controlled by a Phydas system. The control system is schematically 
depicted in figure 4.2. The stepper motor interface and the ADC are the main Phydas parts 
that are used in the experiment. The stepper motor interface controls four stepper motors, 
which are used to position the slits. The positions are checked by four input lines of the 
ADC at which a voltage is set, depending on the slit position. Further, three input lines of 
the ADC print are used to measure the Faraday cup and the tantalum plate currents. 

The stepper motors used cannot be controlled directly by the standard Phydas stepper 
motor interface, because it does not provide enough power. This interface is used to 
trigger and to assign the direction to the secend stepper motor interface. However, the 
trigger pulse is too narrow and bas to be broadened. That is done by the pulse broadener 
print, which produces a perfect rectangularly shaped pulse. However, the Phydas interface 
pulse is accompanied by a lot of noise, which is mainly a result of the high voltage 
(40 kV) pulses for the magnetron. This noise is normally so large in amplitude that it 
leads to trigger pulses for the secend interface. That in turn results in uncontrollable 
stepper motors. Thërefore, the pulse broadener also filters out the noise very carefully. 
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Figure 4.2: The electronic set-up for the experiment controL 

The slit position must be known as precisely as possible. Therefore a potentiometer is 
used, also driven by the stepper motor positioning the slit. The potentiometer control 
prints provide the potentiometer reference voltages of +5V and -5V, and the 
potentiometer setting, depending on the slit position, provides a voltage which is fed to 
the Phydas ADC. In principle, the slit position can be determined with an accuracy of 
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about 0.01 mm in this way. However a large unknown offset in the ADC-signal, related to 
the starting slit position, decreases the accuracy of the absolute position value. 

The ADC is also used to measure the current at the Faraday cup and at the tantalum 
plates, see figure 4.3. These currents are normally very small and the measurement is 
accompanied by a lot of noise, so the signal must be filtered. The Faraday cup (or 
tantalum plate) current, causes a voltage over a 100 .Q resistor, which is transported to a 
differential amplifier through one core of a 2-core screened cable. The other core is 
connected to the ground by a I 00 .Q resistor as wel I. Because of al most identical 
geometry, the noise at both cores will be about the same. The screening is directly 
connected to ground. The value of I 00 .Q is taken, as a compromise of high signal and 
low signal reflection over the cable [KEM96]. The amplifier signal a) (see figure 4.3) is 
subtracted from the Faraday cup signal b). The resulting signal, showing much less noise, 
is amplified. Then a low pass filter removes the remaining noise that is narrower than the 
2 J.Ls linac pulse. At the remaining signal, there still is a background signal at a frequency 
much lower than the pulse repetition frequency. This background signal influences the 
peak height very much, so it is removed by a base line restorer. Then the remaining signal 
just consists of equal peaks at a flat underground. The height of these peaks is determined 
by a peak detector, which gives a DC voltage equal to the peak voltage. The DC voltage, 
which is thus a measure for the Faraday cup current, can be determined by the Phydas 
ADC. Unfortunately, noise in the Faraday cup current cannot be filtered away sufficiently 
adequately, teading to large current measurement errors at low currents. 

2-core screened cable differential 

Figure 4.3: Layout of Faraday pulse transformation. 

4.2 Emittance determination from measurements 

The emittance measurement is done by determining the Faraday cup current in an array of 
2I positions and 2I different divergences, with a total stroke of 24.4 mm and a stepsize of 
I.22 mm. The slit opening is quite large, 2.44 mm, but a smaller width results in a 
Faraday cup current too small to be measured. 

There are two difficulties associated with this particular measurement set-up, which 
hamper the emittance determination. First, because of the large slit widths, the measured 
Faraday cup current is not always a good measure for the current at the defined point in 
phase space. This is the case when the electron density of a neighbouring point in phase 
space, at which electroos pass both slits as well, differs much from the electron density of 
the defined point in phase space. This problem appears in the measurements, because of 
the fact that the slit width and the corresponding 'slit divergence' are of the same order of 
magnitude as the beam width and beam divergence. Second, the emittance determination 
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is very sensitive to noise in the Faraday cup current measurement. At a point in phase 
space, where electron density is zero, the remaining noise level leads to spurious current 
values. Then, the 100% emittance seems much larger than it is in reality. The 90% 
emittance, though not as much as the 100% emittance, is still very sensitive to this 
phenomenon. 

For the reasons described above a rather complex procedure of emittance determination is 
used, which is given in the next paragraph. 

Bivariate Gaussian distribution 
The electron density in phase space is assumed to have a bivariate Gaussian distribution 
[DOU90]: 

(4.1) 

in which f(x, x') is the density at position (x, x'), Jlx and Jlx· are the expected values for x 
and x' (i.e. the co-ordinates of the centre of the emittance ellipse), crx and crx· are the 
standard deviations for x and x' and p is the correlation between x and x'. An example of a 
bivariate distribution is given in fig. 4.5. 
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Figure 4.5: Example of a bivariate normal distribution, (J.L .. , JJA = (2, -7), (O'x, a .. )= (1.3, 2.3) and 
p=0.6. 
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The 90%, 70%, 50% and 30%, in general the z·IOO% confidence ellipse is defined by 
[LED84]: 

The emittance defined by this ellipseis [App. B]: 

(4.3) 

with 

(4.4) 

in which e is the slope of the line through the origin and the point on the ellipse with the 
maximal x co-ordinate. 

As the slits define an area in phase space of 2.44*(2.44/0.58) mm·mrad, and as this area is 
moved over the entire emittance distribution, the current, belonging to the distribution 
above is calculated for the varying slit positions. The Faraday cup current is proportional 
to the double integral over the bivariate Gaussian distribution, with the boundary 
conditions defined by the slits [App. C]. In the measurements pis small and for simplicity 
is taken 0. 

The integral is numerically evaluated as a function of x at x' = 0 for a number of 
combinations of O'x and O'x·. descrihing the shape of the distribution. The integral is also 
evaluated as a function of x' at x = 0. In this way, from the distribution, the relation 
between spread O'x and the measured FWHM from the current profile along the x-axis has 
theoretically been determined, for several slit widths. This is presented in fig. 4.6. The 
same has been done for O'x· and the FWHM of the current profile along the x'-axis. By 
measuring the intensity as a function of x at zero divergence slit settings and by measuring 
the intensity as a function of x' at zero displacement, the values of O'x and O'x· are 
determined. 

Different energy or electron optical settings of the linac, provide different measured 
FWHM values, which correspond to different spread values O'x and O'x·· Por the 
determination of the spread values, it is seen in fig. 4.6 that it is important to know the slit 
width exactly. As an example, a value of O'x· = 1.0 mrad, results in a measured FWHM of 
3.2 mrad at 1.22 mm slits (see fig. 4.6) and 5.0 mrad at 2.44 mm. Similarly, measuring 5.0 
mrad FWHM results in O'x· = 2.0 mrad at 1.22 mm and O'x· = 1.0 mrad at 2.44 mm. Hence, 
results for O'x· depend rather strongly on the precise value of the slit opening. The 
inaccuracy in the determination of O'x due to uncertainty in the slit width is much smaller. 
A FWHM below 3.5 mm has not been measured, and it is seen in the figure that 
determination of a O'x is not very sensitive to differences in the slit width then. 
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Figure 4.6: a. Relation between O'x (O'x· = 1, 2, 3 mrad) and the measured FWHM of I (x, 0): slits of 
2.44 mm (0), 1.22 mm (~). 0 mm (D). 
b. Relation between O'x· (O'x = 1, 2, 3 mm) and the measured FWHM of I (0, x'): slits of 
2.44 mm (0), 2.38 mm (x), 1.22 mm(~). 0 mm(D). 

In fig. 4.7, an example is given for the measurement of a 10 MeV electron beam, with 
default solenoid s'ettings and with correction for the earth magnetic field. In this 
measurement, the measured values FWHMy = 4.35 mm (FWHMy indicates a FWHM 
determination in the vertical or y-plane) and FWHMy· = 6.70 mrad correspond to 
O'y = 1.708 mm and O'y· = 2.230 mrad (from fig. 4.6, O'x can be replaced by O'y and O'x· by 
O'y). The measured beam profile is given in fig. 4.7, together with the profile of the 
according bivariate distribution and the profile of the doubly integrated distribution. 
Above 30% of the maximal intensity, the integrated distribution resembles the measured 
signal very well. Below 30% the measured signal deviates from the integrated signal. In 
every measurement, the current determination as a function of x at zero divergence, 
!(x, 0), is always above and the /(0, x) determination is always below the integrated 
distribution. So, the emittance is not exactly bivariate Gaussian distributed. For the 
emittance value determination (eq. 4.3) however, the x and x' signal are multiplied, so the 
calculated emittance value will not differ much from the real emittance. 
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Figure 4.7: Comparison of measured profile (vl) fora 10 Me V beam (dashed line) with a Gaussian 
distribution with a,.= 1.708 mm and 0)·· = 2.230 mrad (solid line) and with a doubly 
integrated Gaussian distribution (see text) (dotted line). 
a. Normalised Faraday cup current at y' = 0 as a function of y. 
b. Normalised Faraday cup current at y = 0 as a function of y'. 

4.3 Transversal emittance results 

Fig. 4.8 depiets the emittance measurement of a 10 MeV beam, with default solenoid 
settings and with a correction for the earth magnetic field. The Faraday cup current 
measured in an array of 21 positions and 21 divergences, is put in a computer code, which 
interpolates the data to form a smooth current profile in phase space. Using this profile, 
the areas are determined, that contain 30%, 50%, 70% and 90% of the total beam current. 
1t is seen that the ellipse angle p is small, which justifies taking p = 0 in calculations. 1t 
has to be taken into account that the emittance figure determined in this way has the large 
measuring errors as described in sec. 4.2. Therefore the emittances in the rest of this 
section are determined according to the description of sec. 4.2. The result of fig. 4.8 is 
given as a comparison, and provides usabie values for the 30% and 50% levels. 
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Figure 4.8: the transversal x (h3) and y (vl) 30, 50, 70 and 90% emittance in a 10 Me V 
measurement, with earth magnetic field correction and default solenoid settings. 

All emittance measurements with different energy and electron optica! linac settings are 
presented in table 4.1. In this table, a measurement code and the date are given. A code 
starting with an 'h' means a measurement in the horizontal or (x, x') plane, a 'v' stands for 
the vertical or (y, y') plane. For each measurement, the varied parameters, beam current, 
whether or not the earth magnetic field correction is on and the current in the third set of 
solenoids are given. Further, the measured FWHM in x (or y) and x' (or y') and the 
calculated O'x (or O'y) and O'x· (or O'y·), which correspond to the measured FWHM, are given. 
At last, the 90% emittance is presented, which follows from O'x (or O'y) and O'x· (or O'y·). 

Because of the uncertainty in the slit width and because of the large influence of the slit2 
width (Fig 4.6.b), O'x· (or O'y) and the emittance are given for three different values of the 
slit2 width. 

x-emittance 
In measurement h7, a FWHMx· corresponding toa negative O'x· (assuming a slit width of 
2.44 mm) has been measured. This proves that the slit width is smaller than 2.44 mm. 
Therefore, in x-emittance determination the value is estimated by the 'slits 1.22 mm'
value, which is for a default 10 Me V beam about 11 mm·mrad, with O'x = 1.5 mm and 
O'x· = 1.6 mrad. The absolute maximum of the x-emittance is the 'slits 0 mm'-value: about 
12 mm·mrad. 

54 



Table 4.1: Presentation of the transverse emittance measurements. 

Measure- date beam earth current in FWHMin FWHMin u, (or u,.) u,. ( or u,.·) u,. ( or u, . .) u,. (or o; . .) 90% 90% 90% 
mentcode current magnetic third set of x(or y) x'(or y') slits: slits: slits: slits: Omm emittance emittance emittance 

(mA) field solenoids measure- measure- 2.44mm 2.44mm 1.22 mm (mrad) slits: slits: slits:Omm 
correction (A) ment ment (mm) (mrad) (mrad) 2.44mm 1.22 mm (mm·mrad) 

(mm) (mrad) (mm·mrad) (mm·mrad) 

hl 02-08-'96 47 on 17.5 3.76 4.25 1.43 0.10 1.60 1.81 0.66 10.51 11.91 

h2 07-08-'96 47 on 17.5 4.00 4.30 1.54 0.17 1.62 1.83 1.19 11.52 12.99 

h3 19-09-'96 47 on 17.5 3.88 4.49 1.49 0.42 1.72 1.91 2.90 11.77 13.06 

h4 05-08-'96 120 on 17.5 4.18 4.49 1.63 0.42 1.72 1.91 3.18 12.92 14.34 

h5 25-09-'96 47 on 5.0 4.70 4.37 1.87 0.27 1.66 1.86 2.30 14.32 16.04 
~ ···············································································-·········· .. ············~························~·························-···················································-························-······················································-··························-·························-··"··· 

h6 25-09-'96 47 on 10.0 4.56 4.49 1.81 0.42 1.72 1.91 3.53 14.32 15.90 s:::l ;:::: 
h7 12-08-'96 47 on 12.5 4.37 4.00 1.72 -0.30 1.46 1.70 -2.36 11.53 13.46 c.., 

..: 
26-09-'96 15.0 4.14 4.49 1.61 0.42 1.72 1.91 3.14 12.74 14.14 

~ 

~ h8 47 on ~ 
~ 

h9 26-09-'96 47 on 19.5 3.62 4.49 1.36 0.42 1.72 1.91 2.66 10.78 11.97 -
h10 05-08-'96 47 off 17.5 3.50 4.21 1.30 0.03 1.57 1.79 0.19 9.44 10.75 ~ 

···············································································-························-························-·························-··················································~························-······················· .... 
v1 02-08-'96 47 on 17.5 4.35 6.70 1.71 2.23 2.72 2.85 17.54 21.39 22.42 

..... s 
v2 05-08-'96 120 17.5 4.30 7.00 1.69 2.39 2.85 2.98 18.53 22.10 23.14 

;:::: 
on \"') 

~ 

v3 26-09-'96 47 on 5.0 5.10 6.90 2.06 2.34 2.81 2.94 22.16 26.59 27.84 ~ 
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v5 12-08-'96 47 on 12.5 4.79 6.60 1.92 2.18 2.68 2.81 19.24 23.66 24.80 :;::: 
~ 

v6 12-08-'96 47 on 19.5 4.49 7.00 1.77 2.39 2.85 2.98 19.50 23.26 24.35 ;:= 
~ 

v7 26-09-'96 47 on 19.5 4.ll 6.51 1.60 2.13 2.64 2.77 15.66 19.43 20.37 ;:::: 
c:;;-

v8 05-08-'96 47 off 17.5 4.25 6.74 1.66 2.25 2.74 2.87 17.27 20.99 21.99 c 
;:: 

s. 
~ 

t:'"-< s· 
~ 
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y-emittance 
The y-emittance should be the same as the x-emittance, because of rotationally symmetry. 
However, for a default 10 MeV beam, the y-emittance is about 17 mm·mrad, with 
O"y"'" 1.7 mm and O"y· "'" 2.2 mrad. Bither the beam is not perfect rotationally symmetrie, 
because of structure imperfection or because of the not symmetrie electron gun, or the 
second slit is wider than 2.44 mm: a larger slit results is smaller O"y· values, according to 
larger values, using a smaller slit. 

Comparison to numerical simulations 
Cernparing the default 10 Me V x- and y-emittance to the numerical simulations 
(sec. 2.6.2) it is seen that the 90% emittances in the simulations are larger. A comparison 
is made for the standard deviations O"x, O"y, O"x· and O"y· to the 70% emittance. The 70% 
emittance is chosen, because of the fact that the ellipse radii correspond better to the 
standard deviation at 70% than at 90% (fig. 4.7). The bivariate Gaussian distribution radii 

of a 70% emittance are <1 .J- 2ln(l- 0.7) , cf. eq. 4.3. This results in radii rx = 2.3 mm, 

rx· = 2.5 mrad, ry = 2.6 mm, ry· = 3.4 mrad. In the simulation, it is seen that 
rx = ry = 5.5 mm and rx· = ry· = 2.0 mrad. The differences are partly due to the 
phenomenon depicted in fig 4.7, that at low relative intensity the beam is broader but less 
divergent than corresponding to a bivariate Gaussian distributed one. Differences may 
further be attributed to the inaccuracy in the slit width, to structure imperfections, to 
inaccuracy in the numerical calculations due to improper electric field calculation in the 
a-periodic part, or to the absence of space charge calculations in the simulations. 
Regarding the last effect, especially for the low energetic electrons, which normally have 
a large divergence (fig. 2.15), the displacement from the axis is larger. Thus, they may hit 
a diaphragm and are expelled from the calculations. 

Reproducibility 
From the measurements h 1, h2 and h3, which are measured with the same settings and 
also from v6 and v7, it follows that the reproducibility is not very good. All measurements 
are done at different days. It is known that the linac is not very constant and that the slit 
width off-set may deviate between measurements. In these cases, it is expected that 
between experiments, performed at the same day, the deviations in the results are smaller. 

Beam current dependency 
To check the influence of the beam current, the default 47 mA measurement is compared 
to a 120 mA measurement. A higher current than 120 mA could not be reached. At 
120 mA the electron energy is 8.9 Me V (fig. 2.9). According to the si mulation (Fig. 2.17) 
the emittance of the 120 mA beam is about 10% larger. Cernparing the measurements h 1, 
h2 and h3 to h4 and v 1 to v2 results in an increase at higher beam current of about 10% as 
well. However, the inaccuracy of each measurement is of the same order. So this 
measurement does not show indisputably, that the measured emittance increases for 
increasing beam current. This has to be checked again, using another type of emittance 
measurement or applying a higher beam current. 

Earth magnetic field correction 
To check the influence of the earth magnetic field correction, measurement v 1 is 
compared to v8 and h 1, h2 and h3 to h 10. In the vertical plane the emittances are about 
equal, but in the horizontal plane, the emittance without earth magnetic field correction is 
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10% to 20% smaller than the emittance with earth magnetic field correction, taking the 
measuring inaccuracy into account. The position of the beam shifts under influence of the 
earth magnetic field: 0.5 mm in x-direction and 3 mm in y-direction. It is most probable 
that the beam is best centred with earth magnetic field correction. The divergence of the 
beam shifts as well, about 2.5 mrad, only in y-direction. 

Influence of third set of solenoids 
The current in the third set of solenoids influences the emittance. In fig. 4.9, <rx, <ry. <rx· and 
<ry· are plotted as a function of solenoid current. There is a decreasing trend in <rx and <ry 
for increasing · solenoid current, which is expected, because the particles are better 
focused. For <rx· and <ry·, there seems to be no relation to the solenoid current. From the 
simulations (table 2.3) and the fact that the total emittance is not influenced by solenoids, 
it is expected that <rx· and <ry· increase, but this does not follow from the measurements. 
The scatter in <rx ( <ry) and the fact that there is no relation between <rx· ( <ry) and the 
solenoid current are probably due to the bad reproducibility in the measurements. The 
measurements performed on the same day show less scatter. 
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Figure 4.9: The standard deviations O"x,O"x· (0) and O"y, O"y· (D) of the bivariate Gaussian distribution 
as a function of the current in the third set of solenoids. The O"x· value is the one 
assuming 1.22 mm widths, the O"y· value is the one assuming 2.44 mm slit widths. 

4.4 Condoding remarks 

Transversal emittance measurements have been performed using a measurement set-up 
with two movable slits in the horizontal and vertical plane at a distance of 58 cm from 
each other. At first, measurement results seemed good, but from further consideration of 
the measuring · technique, it foliowed that results were less reliable than expected. 
Therefore a mathematica! metbod has been developed, by which still valuable results 
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could be obtained. · From this method, it follows that the slit width has to be known as 
accurately as possible and that it has to be equal in all measurements in order to be able to 
compare measurements well. It appeared that both mentioned demands were not satisfied 
well, which explains rather bad reproducibility and thus rather large uncertainty in the 
results. 

There are three suggestion for better measuring techniques: 
With the used set-up, better results can be obtained by measuring the maximum 
electron densities in phase space with smaller slits and with a smaller step size. 

- A set of two well defined slits can be used with dipoles to sweep the beam across the 
slits. 

- A completely different technique using optical transition radiation can be used to 
determine emittances. This technique will be performed in future [SP097]. 

From the performed measurement, the following is concluded: 
The 90% x-emittance is about 11 mm·mrad, the 90% y-emittance is about 
17 mm·mrad. Hence the linac beam can be well matebed to the RTME x-acceptance of 
9.9 mm·mrad and y-acceptance of 26.4 mm·mrad. 

- The emittance increases with increasing beam current. 
- The earth magnetic field correction shifts the beam 0.5 mm in x-direction, 3 mm in 

y-direction and 2.5 mrad in y'-direction. lt also causes a decrease in x-emittance of 
about 15%. 

- A higher current in the third set of solenaids decreases the transversal emittance of the 
beam. Maximum power is required from this solenoid power supply in the present 
set-up, therefore it makes sense to use a more powerful supply in future. 

58 



5. Concluding Remarks 

In this report, a study is presented of the beam dynamics in linear accelerator structures, in 
particular of the 10 Me V TUE linac and the RTME accelerator cavity. Knowledge of linac 
characteristics is essential for proper matching with the RTME and the injection in this 
machine. 

The power flow and the electric field strength in the linac have been calculated, using the 
power diffusion equation, where the structure parameters have been calculated with a 
model based on the dimensions of the structure. The power flow and electric field strength 
agree to the manufacturer's data. Using the electric field strength, the computer code 
P ARMELA can be run, which yields the phase acceptance, the load line, the phase and 
energy spectrum and the transversal emittance of the linac. The transversal emittance 
agrees with the measurements rather well, the load line and the energy spectrum are in 
good agreement to the measurements. Comparing 10 Me V linac beam characteristics to 
the RTME acceptance, it is concluded that a 15 to 20 mA electron beam can be injected 
safely in the RTME. 

Hamiltonian calculations on electron motion in the RTME cavity have been performed. 
The agreement with PARMELA is very good. Similar calculations have been performed 
on the linac. Hamiltonian calculations depending only on the magnetic field agree with 
PARMELA perfectly. Hamiltonian calculations in the linac electric field, however, show 
deviations from P ARMELA. Deviations are larger for lower electron energy. 

Transversal emittance measurements have been performed using a measurement set-up 
with two movable slits in the horizontal and vertical plane at a distance of 58 cm from 
each other. For a good Faraday cup signal, the slit width bas to be about 2 mm, which 
appeared to be too large for straightforward emittance determination. Therefore a 
mathematical metbod bas been developed, by which proper results could be obtained. 
Default 10 Me V linac settings result in a measured x-emittance of about 11 mm·mrad and 
a y-emittance of about 17 mm·mrad. Thus, the linac beam can be well matebed to the 
RTME x-acceptance of 9.9 mm·mrad and y-acceptance of 26.4 mm·mrad. Furthermore, it 
appeared that the emittance increases for increasing beam current and for decreasing 
solenoid current in the third set of solenoids. Finally, it bas been measured that the earth 
magnetic field correction shifts the beam 0.5 mm in x-direction, 3 mm in y-direction and 
2.5 mrad in y'-direction. The earth magnetic field correction also causes a decrease in 
x-emittance of about 15%. 
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Appendix A : Determination of the Chance that a 
Partiele with a Certain Energy Passes the Slit in the 
Energy Spread Measurement 

The experimental set-up of the energy spread measurement [WU95] is depicted in 
fig. App.A.l. The beam, ejected by the linac, is bent after a distance L1 = 20 cm by a 
bending magnet (ben ding angle </J = 30°, radius r = 20 cm). After passing the magnet, the 
beam drifts a distance L2 = 20 cm, before being intercepted by a 1 mm slit. The current of 
the beam, passing the slit, is measured by a Faraday cup. By changing the magnetic field 
strength of the bending magnet, the part of the energy spectrum which is selected, is 
changed. This way the energy spectrum is measured. 

Linac 

L1 = 20 cm 

/r = 20 cm 
... lP= 30° 

Figure App.A.l: The energy spread measurement set-up. 

Faraday 
cup 

A disadvantage of this metbod is that the measurement is distorted by particles with a 
eertaio combination of divergence, off-axis displacement and energy. These particles also 
pass the slit, although they have an energy differing from the energy of the axial, not 
diverging particles which pass the slit. So it is determined in phase space, at what partiele 
energy, electroos reach the Faraday cup. 
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The transverse matrix from linac to slit is described by, assuming E>>Eo [BOT88]: 

x' 1 = 0 1 0 - Y,. sinfjJ cosf/J sinfjJ 0 1 0 x'; 
[ 

x 1 J [1 L
2 OJ[ cosfjJ rsinfjJ r(1-cosf/J)J[1 L

1 OJ( X; J 
Mie 0 0 1 0 0 1 0 0 1 M/e 

cosfjJ- Ll,. sinfjJ 

= - Y,. sinfjJ 

0 

L1 cosfjJ+rsinfjJ- L1LI,. sinfjJ 

-L;{ sinfjJ+cosfjJ 

0 

r( 1- cos~) + L2 sin fjJ ( ~; J 
smfjJ X; • 

1 MfE 

(App. A.l) 

All particles, which pass the slit, satisfy the condition: -0.5 mm < x1 < 0.5 mm, or using 
eq. App. A.1 and the used values: 

-05 < 366x + 346x'+ 127 M/e < 0.5 [x in m, x' in rad]. (App. A.2) 

The distribution of the particles in phase space is expected to be bivariate Gaussian with 
O"x = O"y ::::: 2 mm and O"x· = O"y·::::: 2 mrad. To calculate the chance that a random partiele of a 
certain energy passes the slit, the bivariate distribution is 2-dimensionally divided in an 
2-D array. The energy spectrum is divided in a 1-D array. Now for every element of the 
distribution array, the energy interval, in which the electroos pass the slit, is calculated. 
This interval is, in the energy array, increased by the value of the bivariate Gaussian 
distribution, which is a measure for the number of electroos with this energy. The energy 
array, which gives the relative chance P that a partiele with a certain energy passes the 
slit, forms a Gaussian curve, see fig. App. A.2. In this figure, the curve is normalised this 
way that the maximum relative chance is unity. The equation of this curve is: 

I("%)2 A -ï -a 
P= ~e , 

a-v2rc 
(App. A.3) 

with A= 0.02071 and 0"= 0.00826. 
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Figure App. A.2: The relative chance that a partiele with a certain energy passes the slit. The 
double line represents the numerical calculations, the dotted line represents the 
Gaussian fit. 
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Appendix B : Determination of Emittance in a Bi varia te 
Gaussian distribution 

Every ellipse can be described by the expression: 

)X2 + 2axy + {3y2 = ê. (AppB.l) 

lf the constants a, {3 and ysatisfy the equation: 

{3y-a 2 = 1, (App B.2) 

then ê equals the emittance [BOT88]. 

The expression for the z·IOO% confidence ellipse of a bivariate Gaussian distribution, 
(eq. 4.2) is multiplied by a constant C: 

(App B.3) 

Translating the centre of the ellipse to the origin: 

2 x xy y 2 
C-2 - C2p-- + C-

2 
= -C2(1- p ) ln(l- z). 

ax axay ay 
(App B.4) 

does not change the area of the ellipse. 
Now Cis determined, satisfying eq. App B.2: 

(App B.5) 

Thus the emittance ê yields: 

(App B.6) 
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In this equation, p is determined by the slope e of the line through the origin and the 
point on the ellipse with the maximal x co-ordinate [BOT88]. 

(App B.7) 
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Appendix C : The Double lntegral of the Bivariate 
Gaussian Distribution for the Emittance Determination 

For the determination of CTx (or CTy) the Faraday cup current is measured as a function of 
first slit position x0 (or Yo) with the second slit at the same position as the first one: 
I (x0 , 0). This is visualised in fig. App.C.l. Through the first slit, with width s1, the 
electrons pass which have an x-value between x0 - s1/2 and x0 + s1/2. The divergence of the 
electrons that pass slit2 depends on the positions at which they pass slit 1. In the figure, it 
is seen that, in cases 1 = s2, electrons with x= x0- s 112 at slit 1, pass slit2 if their divergence 
is between 0 and s2/L, with L the distance between both slits. It is seen similarly that 
electrons with x= x0 + s112 pass slit2 if their divergence is between -s2/L and 0. Or more 
generally, for arbitrary slit widths, electrons, with x-value x1, pass slit2 if their divergence 

. (xo -ts2)-xl (xo +ts2)-xl . 
IS between x'= and x'= . So the double mtegral for the 

L L 
l(x0 , 0) determination, reads: 

s
1 

(xo+t.v2 )-x 
Xn+2 L 

/(x0 ,0)= J J f(x,x')dx'dx, (App. C.l) 
x=xo-~ {xo-fs2}-x 

2 x' L 

withf(x, x') the bivariate Gaussian distribution as defined in chapter 4. 

sllil ~k2 

s, = 2.44mm 1' l_ ____ _____ _ 1' = 2.44 mm . ·l=x, -~-............. . ............. W l-=0 .... . 

L=58 cm 

Figure App. C.l: Visualisation of electrans passing both slits in the experiment for determination of Gx. 
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The determination of CTx· is similar to the determination of CTx. Now the Faraday cup 
current is measured as a function of second slit position x0 , with the first slit at around the 
axis: I (0, x'). This is visualised in fig. App.C.2. Through the first slit, the electrens pass 
which have an x-value between -s112 and +s112. In the figure, it is seen that, in case s1 = s2 , 

electrens with x= -s112 at slitl pass slit2 if their divergence is between x'0 and x'0 + s2/L. lt 
is seen similarly that electrens with x= +s112 pass slit2 if their divergence is between 
x'o- s2/L and x'o. Or more generally, for arbitrary slit widths, electrons, with x-value XJ. 

- 1 s -x 1 s -x 
pass slit2 if their divergence is between x'= x'0 + 2 ~ 1 and x'= x'0 + 2 2 L 1 

So the double integral for the /(0, x'0) determination, reads: 

+~ 

l(O,x' 0 ) = 1 
,\"I 

x=--
2 

' ts2-x 
xo+-L-

J f(x,x') dx'dx. 
I 

--.'f.,-X 
x'=x'o+_2_·_ 

L 

L=58 cm 

(App. C.2) 

slit 2 

Figure App. C.2: Visualisation of electrans passing both slits in the experiment for determination of ax·· 
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Appendix D : The Numerical Computer Code for 
Hamiltonian Calculations 

In this appendix an outfine of the computer code for calculations basedon the 
Hamiltonian equations of motions is given. 

Main Program: 

Initialisation: 

- BEGIN of main program. 
- Variabie declaration. 
- Assigning values to the constants e, 1t, m, c, k. 
- Reading Floquet's series Fourier coefficients from file. 
- Reading single loop coil settings for magnetic field calculations. 
- Writing test file to check magnetic field calculation, using sub-routine 'eq_Bz'. 
- Writing test file to check Ez calculations, using sub-routine 'eq_Iinez'. 
- Reading initia} settings particle: input phase, input energy, initia! x-value, initial y-value, 

Iongitudinal starting position, initial x'-value, initia! y'-value, integration step size 
(optional: reading a number of particles, with differing x, y, x', y', in one time). 

Trajeetory calculations: 

- Optional: A LOOP for calculation of trajectodes at several input phases (initia! input 
phase is ignored). 

- A DO WHILE loop until z = Zend or kinetic energy < 0. 

- Runge-Kutta calculation of energy and phase as a function of z, using 
sub-routines eq_hcorr and eq_kzetacorr. 

- End of do while loop. 

- Writing energy and phase as function of z to file. 
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- A LOOP in case of the 'calculating a number of particles in one time'-option is 
used. 

- Setting initial x ( or x ), y ( or y ), 'lrx ( or ft" x ), Try ( or ft" Y ), using sub-routine 

'eq_initialvalues'. 

- A DO WHILE loop until z = Zend or radius r > 1 cm. 

- Calculation of rotation angle l/J, using sub-routine 'eq_phi' 

- Calculation of dx, dy, d7rx, d7ry with the trapezium rule, using sub
routine 'eq_dx' and 'eq_dpix' for K3 calculations or sub-routine 
'eq_dx2' and 'eq_dpix2' for K4 calculations. 

- Calculation of new x, y, 'lrx, Try. 

- Calculation of the cartesian co-ordinates x0 and y0 and the divergences 
x', y', using sub-routine 'eq_xxdot'. 

- Writing values x0 , yo, x' and y' to file. 

- lncreasing z. 

- End of do while loop. 

- Optional: Calculation of transport matrix coefficients (for predefined initial 
settings). 

- End of 'more partiele calculation'-loop. 

- End of 'more input phases'-loop. 

- END of main program. 

Sub-routines: 

- eq_hcorr: Calculates dh, using eq. 3.2. 
Uses eq_linez. 

- eq_kzetacorr: Calculates dkÇ, using eq. 3.3. 

- eq_dx: Calculates dx (or dy) using eq. 3.4 (Hamiltonian K3). 

- eq_dx2: Calculates dX (or äy) using eq. 3.7 (Hamiltonian K4). 

- eq_dpix: Calculates d7rx ( or d7ry) using eq. 3.5 (Hamiltonian K3). 

Uses eq_Bz and eq_linez. 
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- eq_dpix2: Calculates difx (or difY) using eq. 3.8 (Hamiltonian K4 ). 

Uses eq_Bz and eq_linez. 

- eq_pz: Calculates Pz from Pz ""p = ]..~ E 2 -Eg . 
c 

Appendix D 

- eq_initialvalues: Transforms initial xo (or y0 ) and x' and y' to initial x (or y) and nx (or 
ny) (for both K3 and K4 calculations). 
Uses eq_pz. 

- eq_xxdot: Transforms from x, y, nx, Try and l/J to x0 , y0 , x' and y'. 
Uses eq_pz. 

- eq_linez: Calculates Ez for a given z. 

- eq_phi combined with eq_phicorr: Calculates the new <!>-value from the old value and 
eq. 3.6, using the trapezium rule. 
Uses eq_Bz. 

- eq_Bz: Calculates the longitudinal solenoid magnetic field strength for a given z. 
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Technology Assessment 

The graduation assignment has been carried out at the Nuclear Physics Techniques group 
of the Applied Physics department, at the Eindhoven University of Technology, cyclotron 
building. The application and development of technology is and has always been a major 
motive for the research activities. The group consists of the Analysis and the Accelerator 
Group. In the Accelerator Group especially the development of partiele accelerators is 
studied (e.g. the generation of radiation, electron beams etc.). The Analysis Group is 
active in the field of atomie element analysis (e.g. composition of materials). 

In the Accelerator Group, the Linac (10 MeV linear accelerator) - RTME (10-75 MeV 
Racetrack Micr:otron Eindhoven) combination is being built for polymer radiation, Pree 
Electron Laser (FEL) study with its applications, generation of synchrotron radiation 
(used in biophysics, photo-chemistry, surface and condensed matter physics and 
molecular and atomie physics) and for offering alternative ways of generation of 
electromagnetic radiation, especially in the ultraviolet (UV) domain. 
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gehad. En Sandra, voor die uurtjes dat je mij van mijn werk kwam afhouden. En 
natuurlijk mijn vrienden van Fysisch Genootschap NWYVRE, voor alle aktiviteiten, 
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