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Abstract

Short wavelength, high intensity Free Electron Lasers (FELs) require a high
brightness electron beam, i.e. the beam should have small transverse and
longitudinal sizes, small divergence and energy spread and high peak current.
Therefore, the detailed characterization of the beam is required.

The Photo Injector Test facility at DESY, Zeuthen site (PITZ), was established
as a test stand of the electron source for Free electron Laser in Hamburg (FLASH)
and the European X-ray Free Electron Laser (XFEL). The PITZ beamline consists
of various types of diagnostic devices for the detailed bunch characterization.
Mainly, the transverse phase space characterization is performed at PITZ, but
longitudinal phase space measurements are also of great importance for full
characterization of high brightness electron bunches from the photo injector.

One of the ways to measure the longitudinal phase space of electron bunch is
an RF deflector. It deflects particles transversely with respect to the movement
direction of the bunch in a linear dependence on their longitudinal coordinates
within the bunch. As a result it gives the possibility to perform measurements of
the bunch longitudinal properties in combination with a following transverse
beam characterization. Using additionally a dispersive section the longitudinal
phase space can be obtained as well.

Another approach to measure the longitudinal phase space of the bunch is a
tomographic method based on measurements of the momentum spectra while
varying the electron bunch energy chirp. The energy chirp at PITZ can be applied
and changed by varying the RF phase of the CDS booster — the accelerating
structure installed downstream the gun. The resulting momentum distribution can
be measured with a dipole spectrometer downstream. As a result, the longitudinal
phase space at the entrance and exit of the CDS booster can be reconstructed over
a wide range of bunch charges.

In this thesis both methods for longitudinal phase space measurements are
described in detail. Measurement techniques are introduced. Numerical
simulations of the measurements are performed and studied. Results of the first
longitudinal phase space measurements at PITZ using the tomographic technique
are presented.



Zusammenfassung

Hochstintensive Freie Elektronen Laser (FEL) fiir kurze Wellenlédngen
benotigen einen hochbrillanten Elektronenstrahl, das heifit, der Strahl sollte eine
geringe transversale und longitudinale Grofe haben. Er muss eine kleine
Divergenz, eine schmale Energieverteilung sowie einen hohen Spitzenstrom
besitzen. Zur Uberpriifung des geforderten Eigenschaften ist eine detaillierte
Charakterisierung des Strahls notwendig.

Der Photoinjektor Teststand bei DESY, Standort Zeuthen (PITZ), wurde als
Teststand fiir die Elektronenquellen des Freien Elektronen Lasers in Hamburg
(FLASH) und des European X-ray Free Electron Lasers (XFEL) eingerichtet. Er
enthdlt verschiedene Diagnosegerite fiir die detaillierte Charakterisierung von
Elektronenpaketen. Schwerpunkt der Untersuchung ist die Charakterisierung des
transversalen Phasenraums. Aber auch die Untersuchung des longitudinalen
Phasenraums ist vor grofler Bedeutung.

Eine Methode den longitudinalen Phasenraum von Elektronenpaketen zu
messen basiert auf einem HF-Deflektor. Dieser lenkt Teilchen transversal zu ihrer
Bewegungsrichtung ab, und zwar in linearer Abhédngigkeit von ihrer
longitudinalen Position im Paket. Damit ist die Mdglichkeit zur Messung von
longitudinalen Eigenschaften der Elektronenpakete gegeben, die mit einer
nachfolgenden transversalen Strahlcharakterisierung kombiniert werden kann.
Zusitzlich kann mit einer Elektronenspektrometers des longitudinalen
Phasenraums gemessen werden.

Eine weitere Moglichkeit zur Messung des longitudinalen Phasenraums der
Elektronenpakete ist die Tomographie. Sie beruht die auf der Messung des
Impulsspektrums des Elektronenstrahls bei unterschiedlicher Energie-Zeit
Abhingigkeit. Bei PITZ kann eine Energie-Zeit-Abhédngigkeit durch Variierung
der HF-Phase des Nachbeschleunigers (CDS booster) kontrolliert auf den
Elektronenstrahl eingeprigt werden. Daher wird die durch eine Verdnderung der
HF-Phase der Nachbeschleunigerkavitit die Energie-Zeit-Abhédngigkeit des
Elektronenstrahls verédndern. Die daraus resultierende neue Impulsverteilung wird
mit einem Dipolspektrometer gemessen werden. Auf diese Weise kann der
longitudinale Phasenraum am Eingang und Ausgang des Nachbeschleunigers iiber
einen weiten Bereich der Ladung der Elektronenpakete rekonstruiert werden.

In dieser Arbeit werden beide Methoden zur Messung des longitudinalen
Phasenraums detailliert beschrieben und neue Messtechniken werden vorgestellt.
Die numerischen Simulationen der Messungen wurden durchgefiihrt. Die
Resultate von Messungen des longitudinalen Phasenraums, die bei PITZ zum
ersten Mal mit Hilfe der Tomographietechnik durchgefiihrt wurden, werden in
dieser Arbeit dargestellt.
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Chapter 1

Introduction

In the last years the accelerator community working on synchrotron and Free
Electron Laser (FEL) band light sources has focused on maximizing the electron
beam brightness, i.e. the number of the charged particles per unit volume in the
six-dimensional phase space of the beam. Such high brightness electron beams
serve for the production of high intensity, high brightness synchrotron and FEL
light, which can be used, for example, to see atomic details of viruses, make a film
of chemical reactions or study matter under extreme conditions.

The sources of synchrotron radiation can be characterized by their brilliance or
spectral brightness. Brilliance is defined as the number of photons, emitted by the
source per time unit and in solid angle, per surface of the source, and in a
bandwidth of frequencies around the given one. The units in which it is usually
expressed are photons/s/mm?*/mrad*/0.1% BW, where 0.1% BW denotes a
bandwidth of 1073 - w centered at the frequency w of the emitted light.

One of the possible ways to create a light source with a very high brilliance is
a Free Electron Laser (FEL). In FELs the free ultra-relativistic electrons in
vacuum are grouped in an electron bunch and pass through a structure with a
periodical magnetic field, which is perpendicular to the moving direction
(undulator). As a result, the electron bunch emits synchrotron radiation in forward
direction. To amplify the light intensity an optical resonator based on two mirrors
can be used for low photon wavelength. Subsequent electron bunches passing
through the undulator, generate synchrotron light, and, as a result, the light stored
in the optical resonator is amplified, what gives the Light Amplification by
Stimulated Emission of Radiation (LASER). Such a type of accelerators is also
called low gain FEL.

For wavelengths shorter than about 100 nm it is difficult to produce mirrors
with high reflectivity which can be used for the optical resonator. Therefore, the
FELs for such wavelengths should be realized as a single-pass high-gain machine.
For this task a special regime of accelerator operation can be realized. The light,
emitted by some part of the electron bunch, passing through the undulator,
interacts with a part of the bunch ahead and causes an energy modulation of the
electrons in the front, i.e. some electrons gain energy and some lose energy. This
causes that the electron bunch going through the undulator with a sinusoidal
trajectory experiences a micro-bunching inside the bunch. Within a so called
coherence length these micro-bunches radiate coherently which causes a large
amplification of the radiation since now the radiation power is proportional to the
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Chapter 1: Introduction

number of particles involved squared. Such a specific process of the light
emission from the electron bunch in the undulator is called Self Amplified
Spontaneous Emission (SASE) [1]. An experimental demonstration of the SASE
mechanism with a gain of 3+10° has been carried out in the infrared wavelength
range in 1998 (see [2] and [3]).

For such an operation type of FEL however there are quite strong requirements
on the electron beam quality at the undulator entrance: small transverse emittance,
small energy spread and high beam peak current (high brightness). All this
parameters are included in the normalized 6D beam emittance at given bunch
charge. While this emittance cannot be decreased during transport and
acceleration, the electron bunch must be well prepared already in the injector part
of the accelerator, i.e. at the electron source.

The Photo Injector Test facility at DESY, Zeuthen Site (PITZ) was built as a
test stand [4] for the electron sources for FLASH and the European XFEL [5]. A
normal conducting L-band 1.6-cell copper gun cavity with a Cs,Te photocathode
produces 7 MeV electron bunches with up to 24 ps bunch length and up to several
nC charge. Then the electrons are further accelerated by an accelerating structure
to an energy of up to 27 MeV. Downstream the accelerating structure the PITZ
beamline consists of different diagnostics for detailed measurements of the
electron beam properties. Characterization of the electron bunch transverse phase
space at PITZ is mainly done by a slit scan technique [6]. For electron bunch
length measurements and longitudinal phase space measurements a streak camera
system was used in the last years (see [7] and [8]) in the straight section and in
dispersive sections, respectively. From a recently installed RF deflector a much
better time resolution and new possibilities for studies of the bunch longitudinal
properties compared to the streak camera measurements are expected.
Additionally to the measurements with the RF deflector or with the streak camera,
the electron bunch longitudinal phase space can be also measured with a
tomographic technique [9]. This technique uses measured momentum
distributions from the longitudinal phase space rotated by an accelerating
structure. From the restored phase space the slice energy spread, the time-energy
correlation and the beam current distribution can be extracted. In contrast to a
measurement with the RF deflector and with the streak camera, this method is a
multi-shot technique as the set of momentum distributions cannot be measured at
ones.

The goal of this work is to study the possible ways of performing time
resolved transverse and longitudinal phase space measurements with high
resolution at the PITZ facility. These measurements would allow the full
characterization of the low emittance, high brightness beams from an electron
source like a photocathode gun. To perform time resolved measurements at a
sub-picosecond scale an RF deflector, which is also called transverse deflecting
structure (TDS), was installed at PITZ at the end of 2011. Due to safety
limitations the delivered modulator of the RF system for the TDS could not be put
into operation up to now and a new modulator is currently ordered. Therefore this
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Chapter 1: Introduction

thesis has to concentrate on numerical studies of the implementation of the TDS at
PITZ and on measurements of the longitudinal phase space at PITZ using
tomographic technique.

In Chapter 2 of the thesis the basic beam dynamics is described. Phase space,
emittance and Twiss parameters are introduced. The PITZ facility is shortly
described in Chapter 3. The beamline components related to the thesis topic are
described there in more detail. The basic principles of the measurements with RF
deflectors are introduced in Chapter 4. Techniques for longitudinal phase space
measurements, longitudinal profile measurements and transverse slice emittance
measurements are introduced. The longitudinal resolution and its limitations are
discussed. Simulations for all type of measurements are performed and results are
presented in Chapter 5. This includes: longitudinal phase space measurements,
bunch length and longitudinal profile measurements and transverse slice emittance
measurements. The tomography method for longitudinal phase space
measurement is described in Chapter 6. The algebraic reconstruction technique for
tomography is introduced. The measurement technique for the longitudinal phase-
space measurements is described. Simulations of the measurements with the
tomographic technique are performed in Chapter 7. Experimental measurements
at the PITZ facility are carried out for various electron bunch temporal profiles
and charges and results are shown in Chapter 8. The strategy of the measurements
and the varied machine parameters are presented. The data analysis procedure is
introduced. The results are summarized in Chapter 9. Future measurements and
plans are suggested and discussed.
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Chapter 2

Beam dynamics

The force required to accelerate and bend a charged particle beam or to
provide focusing to hold the particles close to the ideal path in an accelerator is
known as the Lorentz force and is derived from electric and magnetic fields [10]:

F =eE + e[t x B], (2.1)

where e is the particle charge, E and B are the electric and magnetic field vectors,
respectively, and ¥ is the velocity vector of the particle. The basic formulation of
beam dynamics relies only on linear fields which are independent or only linearly
dependent on the distance of a certain particle from the ideal trajectory. Linear
beam dynamics deals with the mathematical description of particle trajectories in
the presence of linear fields only. The general task in beam optics is to transport
charged particles from point A to point B along the design path.

In the following sections the equation of motion, phase space, beam emittance
and transport matrix formalism will be described. They will be used in Chapter 4
to describe the working principles of an RF deflector and its applications. A
model of the particle acceleration by an RF cavity will be presented here as well.
It will be used to depict the tomographic technique for the longitudinal phase
space measurements presented in Chapter 6.

2.1 Equations of motion

Considering the presence of only z-dependent magnetic fields B,(z) and
B, (z) from dipole and quadrupole magnets, where z is the particles coordinate
along the design trajectory, x is the horizontal transverse coordinate with respect
to the design orbit and y is the vertical transverse coordinate, and absence of
longitudinal field B,(z) = 0 one obtains:

By(2) = —g(2) -y, (2.2)

By(z) = Bo(2) — g(2) - x, (2.3)
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here the presence of only a vertical dipole field By(z) and a quadrupole gradient
g(z) was considered. The equations of motion for a particle in such fields will
have the following form [10]:

x'" - (k(z) — L) X = Lc?p, (2.4)
p(z)? p(z)

y'+k(z)-y=0, (2.5)

where p(z) = py/eBy(z) is the Larmor radius and k(z) = eg(z)/p, is the
normalized quadrupole gradient along the trajectory, p is the particle momentum,
Do the design reference momentum and the relative momentum 6p is:

5p =52 (2.6)

For the particles having the design momentum p = p, the equations of motion are
simplified:

x"+K,(z)'x=0, (2.7)

y'+Ky(2)y=0, (2.8)
where K, (z) = p(;z —k(z) and K,(z) = k(z). Eq.(2.7) and (2.8) are also

known as Hill’s equations of linear transverse particle motion.
A general solution for Eq. (2.7) for the particle motion in the x-plane can be
written in the form [10]:

x(2) = \JeB(2) cos () + ), 2.9)

where ¢ is the emittance (see section 2.1.1), £(z) is so called the beta function,
Y(z) + Y, is the betatron phase function at the current z position, P, is the
betatron phase at initial position, ¥(z)' - f(z) = 1 and an analogy solution exists
for the y-plane.

The phase advance between two points z, and z; along the trajectory is
expressed as the difference A between the values of the betatron phase function
at these two points and can be calculated as follows:

AY =Y(z1) —P(z0) =

Z1

1
5 %dl (2.10)

2.1.1 Beam emittance

Each particle of a beam can be represented as a point in the six-dimensional
phase space (x, px, y, py, z, Op-) at any point along the beamline. In the case when
there is no coupling between the x and the y transverse planes and no coupling
between the transverse and the longitudinal particle motion one can split the six-
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dimensional phase space into three independent two-dimensional phase space
planes (x, px), (v, py) and (z, dp-). In the paragraphs that follow only the two-
dimensional phase space will be considered, if not mentioned otherwise.

The beam emittance characterizes the volume in the phase space which is
occupied by the beam. Its numerical value, multiplied by , is equal to the area
occupied by the beam in the phase space. The emittance, in the corresponding 2-d
plane, is a measure of the transverse or longitudinal temperature of the beam and
depends on the source characteristics of the beam or on effects like quantized
emission of photons into synchrotron radiation and its related excitation and
damping effects.

The definition of the RMS transverse emittance is:

& = J(xz)(x'z) — (xx')2. (2.11)

where x is the particles transverse coordinates, x’ is the particles transverse
divergences calculated as x' =p,/p, and p, is the particles longitudinal
momentum.

If the beam experiences acceleration during its propagation, the emittance
described according to Eq. (2.11) is not conserved. For such cases the normalized
transverse emittance can be introduced. The normalized RMS emittance is defined
as RMS transverse emittance multiplied by Byy, = po/mc:

&n = BoYo&o, (2.12)

where S, =v/c, v is the particle speed, ¢ is the speed of light, y, =
= (1 = By>) /% is the relativistic Lorentz factor and m is the mass of the particle.

2.1.2 Phase space ellipse and Twiss parameters

Liouville’s theorem states that under the influence of conservative forces the
particle density in phase space stays constant [10]. It provides a powerful tool to
describe the beam in the phase space. The knowledge of the area occupied by the
particles in the phase space at the beginning of a beam transport line allows to
determine the location and distribution of the beam at any other place along the
transport line without the need to calculate the trajectory of every individual
particle. All the particles in the phase space can be surrounded by an ellipse — the
phase space ellipse, described by [10]:

yx? + 2axx’ + Bx'? = ¢, (2.13)

where a, B, y, and ¢ are the ellipse parameters, see Fig. 2.1. The area enclosed by
the ellipse is the beam geometrical emittance € defined by

f dx dx' = me, (2.14)
ellipse

while the parameters a, 8, and y determine the shape and orientation of the ellipse
(see Fig. 2.1).
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AX

- area=Tms

Fig. 2.1: Phase space ellipse and Twiss parameters [10]: S corresponds to the beta
function, a corresponds to the alpha function and y corresponds to the gamma
function at the current longitudinal coordinate z.

The parameters a, [, and y are known as betatron parameters, see Eq. (2.9), and
also known as Twiss or lattice functions or Courant-Snyder parameters and the
following equations are valid [10]:

YB—a? =1, (2.15)

a(z) = - f'(2), (2.16)

The RMS beam size (x?), beam divergence (x'2) and covariance {(xx') can be
calculated as follows [10]:

(x2) = g3, (2.17)
(x'?) = &y, (2.18)
(xx") = —¢gpa, (2.19)

where ¢, is the RMS emittance, defined in Eq. (2.11).
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2.2 Transport matrices

The transformation of the beam particles spatial coordinates and divergences
between two points z, and z; along a trajectory can be expressed by the six-
dimensional transport matrix M:

X X
x' x'
M e M / \
/ \ R A
. : ) |

y |

) ;)
op Sp
where x, x', y, y' z, 8p are the particles spatial coordinates, divergences and
longitudinal momentum deviation at the start position z, and at the end position
z,. The matrix M is the transport matrix between the start and the end position.
Without correlation between the X and the Y transverse planes and absence of
correlation between the transverse and the longitudinal motion, the particles
spatial coordinates and divergences can be described separately for each
transverse plane with a two-dimensional transport matrix M:

X _ M1,1 M1,2 X
(x’)z1 My, Mz,z] (x’)zo' (2.21)
In terms of the betatron function, see Eq. (2.9), the transport matrix between the
two points will have the following view ([10] p. 170):

\/E (cosAY + aysinAy) \ B1BoSinAY
M = ° , (2.22)
ay — aq coshyp — 1+ a,a9

B1Bo VB1bBo

where ag, a4, o and B; are the Twiss parameters at the beginning and at the end
points, respectively, Ay is phase advance of the betatron function between start
and end points.

: (2.20)
M6,1 M6,6

Z1 Zo

sinAy %(COSAIIJ — aySinAy)
1 .

2.2.1 Drift space and quadrupole transport matrices

For a drift space, the two-dimensional transport matrix is defined as:

M, = [(1) i] (2.23)

where [ is the drift length.
For an ideal focusing quadrupole magnet (hard-edge model without the fringe
fields) the transport matrix has the form [10]:
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P
—sing

cos
My = [ v oW , (2.24)
—Vksing  cos¢ |
and for an ideal defocusing quadrupole magnet:
1 .
cosh —=sinh
. [ R (2.25)
Vksinhg  coshg |

where k is the quadrupole strength k = eg/p, e is the particle charge, g is the
quadrupole gradient, p is the particle momentum, ¢ = leff\/E, where lgff is the
effective length of the quadrupole magnet.

2.2.2 Emittance measurements using quadrupole scan

The resulting transport matrix of a quadrupole magnet followed by a drift
space will be the result of the product of the drift transport matrix and the
quadrupole transport matrix as follows:

1

ol cos ¢ \/Esingo
M_[O 1[

, (2.26)
—Vksing cos¢

Knowing the particle initial coordinate x, and divergence x,’ at the quadrupole
entrance, from Eq.(2.26) one can get the particle transverse coordinate x
downstream the drift space:

1
x = xo(cos Q- Wk sin (p) + x (l cos @ + \/_E sin (p). (2.27)

In case of ¢ « 1, known as the thin lens approximation, Eq. (2.27) can be
simplified:

x=x0(1 =1 Losrk)+ 20" (L + logy), (2.28)
and the RMS beam size can be calculated from the following equation:
2
(x2) = (01— L+ legp - k)™ +
200200 W1 = L+ Lopr - k) (L + Logp) + (20" YA + Lefp)?.

The right part of Eq. (2.29) is a second order polynomial of k. Measuring the
transverse beam size (x2) as a function of the strength of the quadrupole magnet &
and afterwards fitting the measured data by a second order polynomial, one can

(2.29)

find the unknown parameters {x,?2), (xo’z) and (xyx,'). In other words, the
measured beam size as a function of the strength of the quadrupole magnet is
fitted according Eq. (2.29) varying three unknown parameters: (x,2), (x,'>) and
(xpxo'). As a result the RMS emittance and Twiss parameters can be calculated
according Eq. (2.11) and Fig. 2.1 in section 2.1.2.

10
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2.2.3 Sector magnet transport matrix and momentum measurements

Up to this point it was considered that all particles have the same constant
longitudinal momentum. Besides the particle transverse coordinate and
divergence, the transport matrix for dipole magnets should include the relative

_ A . .
momentum deviation §p = ?p from the design reference particle momentum:

x My, My, Mis| , x
<x> =My, My, My, (x) , (2.30)
5}9 z M3,1 M3,2 M3,3 6p Z,

In the deflecting plane of a pure sector magnet with bending angle 6, bending
radius p and constant bending field along the beam trajectory the transport matrix
has the following form (see [10] and Appendix 1):

cos8 psin@ p(1-—cosH)
M, = —%sin@ cos 0 sind | (2.31)
0 0 1

The direction of bending is negative with respect to the x axis. For the opposite
direction of bending, coinciding with the x axis, this matrix can be calculated
from Eq. (2.31) by changing the sign of 8 and p:

cos 6 psin@ —p(1 — cosB)
M, =|- % sin@ cos —sin 6 . (2.32)
0 0 1

In the nondeflecting plane, the sector magnet behaves like a drift space with
lengthl = p - 6:

1 1 0
M, = [O 1 0]. (2.33)
0 0 1

More complete representations of the sector dipole magnet as a transport matrix
can be found in Appendix 1.

In the case of a sector magnet and a drift space with length L downstream the
magnet, the resulting transport matrix in the deflecting plane can be calculated as
a product of the magnet matrix and the drift matrix:

1 L o1 cos®  psin® p(1l—cos6)
0 1 0] - —sm 6 cosf sinf . (2.34)
0 0 1 1

Knowing the initial particle coordlnates Xy, divergences x," and relative
momentum 6p one can calculate the particle transverse coordinates x downstream
the dipole and the drift space:

11
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L
x = xo(cosf — Esin@) + x,'(Lcos6 + psin@) + 8p - D, (2.35)
where
D = Lsinf + p(1 — cos@) (2.36)

is the dispersion downstream the drift space. Eq. (2.35) shows that a particle
transverse coordinate on a screen has a linear dependence on its momentum. This
gives the possibility to perform measurements of the beam momentum and
momentum distribution by measuring the beam transverse projection on a screen
downstream a dipole magnet.

The resolution for such momentum measurements will be limited by the sum
of the first two terms on the right side of Eq. (2.35):

xo(cosO — %sin@) + xy'(LcosO + psin®). (2.37)

Adjusting the beam parameters one can optimize this sum to be as small as
possible to improve the momentum resolution.

2.3 Particle acceleration in an RF cavity

The acceleration of ultra-relativistic charged particles in a standing wave
accelerating structure can be represented in the following way. The amplitude of
the electric field on the axis of the standing wave structure at a specific time ¢ is a
function of the longitudinal coordinate along the structure and this field oscillates
in time according to the harmonic law:

E,(z,t) = Ey(2) - sin(wt + @), (2.38)

where E,(z,t) is the longitudinal electric field on the axis of the structure, E,(2)
is the electric field amplitude as a function of the longitudinal coordinate,
w = 2nf, where f is the RF frequency, t is the time and ¢ is the initial RF phase
of the structure when a particle enters it. Here it is assumed that the structure
consists of several identical cells, so Ey(z) is a periodic function. Therefore, to
have the most efficient acceleration, the time of flight of the particle through one
cell should be equal to the half period of the RF. The total acceleration of the
whole structure can be calculated by multiplying the acceleration of one cell by
the total number of cells.
The momentum of a particle passing one cell of an accelerating structure is:

12
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T

Pz =Dpo t+ f eEy(2) - sin(wt + @)dt (2.39)
0

where p, is the momentum of the particle downstream the structure, p, is the

momentum of the particle upstream the structure, e is the electrical charge of the

particle and T is the time of flight of the particle through the cell. Solving for the

sine function and taking into account that z = ct for ultra-relativistic particles the

momentum is:

T
P, =Dpo+e- cos(go)f Ey(ct) - sin(wt)dt +
0
(2.40)

+e - sin(go)j Ey(ct) - cos(wt)dt
0

The second integral in Eq. (2.40) will be zero since it integrates an odd function in
a half period (around 7/2). Here it is assumed that E(z) is an even function around
the cell center. As a result the particles momentum gain after the whole
accelerating structure is:

Pz =Do +V - cos(e), (2.41)

where V = Ne fOTE (ct) - sin(wt)dt is the maximum momentum gain by a

particle passing through the accelerating structure and N is the number of the
structure cells. The dependence of the particle momentum gain as a function of
the phase of the structure in Eq. (2.41) will be the same for traveling wave
structures, since in this case the charged particles are always moving
synchronously with the RF wave.

Fig. 2.2 shows a model of the acceleration of a bunch of charged particles by
an RF cavity. The resulting momentum of a particle coming to the cavity at phase

@ 1s:
Pz =Po +V - cos(p — o). (2.42)

Here ¢, is the phase for which a single particle, entering the cavity at this phase,
will obtain the highest possible momentum gain (for the whole bunch such phase
is also called Maximum Mean Momentum Gain (MMMG) phase). In Fig. 2.2 the
RF phase of the electric field in the cavity is increasing from left to right. The
head of the bunch is coming first to the cavity meaning that it comes in the earlier
phase than the tail. In other words, the bunch head in this figure is on the left side
and the tail is on the right side.

13
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Fig. 2.2: Model of the acceleration of a bunch of charged particles by an RF
cavity. The particle momentum gain is shown with the blue curve as a function of
the RF phase at which the particles enter the cavity.

As a result, if the whole bunch is coming to the cavity earlier than the phase ¢,
with a phase difference of Ag, the tail of the bunch will get higher acceleration
than the head. As a result the whole bunch will obtain a momentum chirp —
particles in the bunch will have a correlation between their longitudinal momenta
and longitudinal position within the bunch. The time momentum chirp k of the
bunch can be estimated as a first order derivative of Eq. (2.42) with an inversed
sign:

dp,
k= — d’i — Vo - sin(Ag), (2.43)

where V is the maximum momentum gain induced by the accelerating cavity,
w = 2nf and f is the operating RF frequency of the accelerating cavity, A¢ is the
phase at which the bunch enters the cavity relative to the phase ¢,. For the case
shown in Fig. 2.2 the momentum chirp k which the bunch gains from the
accelerating structure is negative since A is negative.
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Chapter 3

The Photo Injector Test facility at DESY,
Zeuthen site

One of the key parameters for the injector part of accelerator based light
sources is the electron bunch normalized transverse emittance. For example, for
the successful operation of the European X-ray Free Electron Laser (XFEL) the
transverse slice emittance should not exceed 1.4 mm mrad for 1 nC bunch charge
at the undulator entrance [11]. To demonstrate that the electron source could
fulfill such a requirement the Photo Injector Test facility at DESY, Zeuthen site
(PITZ), was built [4]. PITZ aims to develop and characterize the electron source
for Free electron LASer in Hamburg (FLASH) and the European XFEL in
Hamburg.

The current schematic layout of the PITZ beamline is shown in Fig. 3.1. The
main components of the PITZ setup are a photocathode laser system, an RF
photo-electron gun, an accelerating structure, a Cut Disk Structure (CDS) — also
called booster cavity, three dipole spectrometers — one in the low energy section
downstream the gun (Low Energy Dispersive Arm — LEDA), a second one in the
high energy section downstream the accelerating structure (the first High Energy
Dispersive Arm — HEDA1) and a third one at the end of the PITZ beamline (the
second High Energy Dispersive Arm — HEDA2), three Emittance Measurement
Stations (EMSYs), a Transverse Deflecting Structure (TDS) and a Phase Space
Tomography module (PST).

The working principle of the PITZ setup is shortly described in the following.
The laser beam of the photocathode laser system is imaged on the cathode surface
and causes photoemission. The emitted electrons are accelerated in the RF fields
of the gun cavity creating an electron bunch with the energy at the level of about
6.5 MeV. The resulted beam momentum can be measured with the LEDA dipole
located downstream. The CDS booster further accelerates the electron bunch up to
an energy of 26 MeV, which can be measured with the HEDA1 and HEDA2
dipoles.

Several diagnostic components between the gun and the booster are used: two
Faraday Cups (FCs) and one Integrating Current Transformer (ICT) for bunch
charge measurements and a few screen stations for transverse beam position and
beam size measurements.
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Fig. 3.1: PITZ beamline schematic layout. The beam propagates from left to right.
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Downstream the booster cavity the beamline consists of different types of
diagnostic devices for detailed electron bunch characterization. There are several
ICTs for bunch charge measurements. Three dedicated screen stations can be used
for beam position and beam size measurements as well as for transverse emittance
measurements utilizing the slit scan technique [6]. A tomography module located
further downstream the booster is also used for measurements of the transverse
phase space and can simultaneously restore the horizontal and vertical transverse
planes in contrast to the slit scan technique, see [12] and [13] for details.

The newly installed TDS cavity gives the possibility for time resolved,
longitudinal bunch profile and transverse slice emittance measurements. The first
screen in the dispersive section HEDA2, together with the TDS cavity, can be
used for longitudinal phase-space measurements. The achievable time resolution
for the longitudinal phase-space measurements is expected to be better than
0.3 ps. The momentum resolution can be estimated as 10 keV/c for such
measurements, see Chapter 4.

In the following sections the PITZ beamline components related to the thesis
topic will be described in more detail.

3.1 Photocathode laser system

The laser system at PITZ serves as a source of the specially shaped photon
pulses used to generate the electron pulses from the photocathode. The PITZ laser
system was designed and built by the Max Born Institute (MBI), Berlin [14]. The
system consists of a Yb:YAG oscillator, a longitudinal pulse shaper, amplifier
stages and conversion crystals. This system can produce up to 800 ultraviolet laser
pulses within a pulse train with 1 ps pulse separation and with a train repetition
rate of 10 Hz. The temporal distribution of the laser pulses can be adjusted with a
pulse shaper from typically 2 ps FWHM Gaussian profile to a flat-top profile with
a duration of about 21 ps FWHM and 2 ps rise and fall times [15]. The transverse
size of the laser spot at the cathode can be controlled with a Beam Shaping
Aperture (BSA) in the range from about 50 pm up to a couple of millimeters. The
pulse energy of the beam can be varied from 0 up to about 1.0 uJ per pulse at the
cathode.

The Yb:YAG oscillator produces laser pulses with a wavelength of 1030 nm.
Then the pulse shaper is installed to allow manipulation of the laser pulse
temporal profile. Further, the laser pulse energy is amplified and infrared laser
pulses are converted to ultraviolet in two steps with the frequency doubling
crystals: at the first crystal to 515 nm and then at the second one from 515 nm to
the 257.5 nm. The output laser wavelength is in the range of high spectral
sensitivity for the Cs,Te photocathodes and the resulting quantum efficiency for
this wavelength and this type of photocathode can be around 10% [16].

The transverse laser profile can be measured at the position of the virtual
cathode located at the same distance from the BSA and had the same imaging of
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the laser beam as the real photocathode. The temporal laser profile can be
measured using the Optical Sampling System (OSS) with temporal resolution of
about 1 ps [17].

3.2 RF gun

The normal conducting 1.3 GHz L-band 1.6-cell copper gun cavity with a
Cs,Te photocathode accelerates electron bunches up to 6.5 MeV energies,
Fig. 3.2. The cavity is surrounded by two solenoids: the main solenoid to focus
the beam and counteract its expansion due to space charge forces and the bucking
solenoid to compensate the longitudinal magnetic field from the main solenoid on
the cathode surface in order to minimize the residual angular momentum of the
emitted electrons.

Fig. 3.2: PITZ RF gun, 3D model. (1) is the Cs,Te photocathode, (2) is the 1.6-
cell L-band (1.3 GHz) standing wave copper RF gun cavity, (3) and (4) are the
bucking and the main solenoids correspondingly, (5) is the coaxial RF coupler, (6)
shows the trajectory of the UV laser beam, (7) is the in vacuum mirror, (8) depict
the electron bunch trajectory.

As it can be seen in Fig. 3.2, the laser beam (6) is reflected by a vacuum mirror (7)
and thus impinges the photocathode (1) close to normal incidence. As a result of
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the photoemission process electrons grouped in an electron bunch are created.
This bunch is accelerated inside the cavity (2) with RF fields feed through the
coaxial coupler (5). Afterwards the bunch is focused by the main solenoid (4) and
propagates along the PITZ beamline (8). The Bucking solenoid (3) compensates
the longitudinal magnetic field from the main solenoid (4) on the cathode surface
(D).

The gun is fed by a 10 MW klystron and can be operated with up to 700 pus RF
pulse duration, 7 MW peak RF power (corresponds to about 60 MV/m on-axis
peak electric field on the cathode surface) and 10 Hz repetition rate.

3.3 CDS Booster

For further acceleration of the electron bunch coming from the gun a CDS
booster is used. The CDS booster was designed by the Institute for Nuclear
Research (INR, Troitsk, Russia) and built by DESY (Hamburg, Germany). This
1.3 GHz L-band standing wave 14-cells copper structure was designed for RF
pulses with duration up to 900 us, 8 MW RF peak power, 10 Hz repetition rate
and with a maximum accelerating gradient of 14 MV/m [18]. It results in a bunch
energy gain of 20 MeV and a final bunch energy of about 26 MeV.

A 3D model of the PITZ CDS booster cavity is presented in Fig. 3.3.

Fig. 3.3: 3D model of the CDS booster [19]. 1 regular cells, 2 RF coupler cell, 3
RF input flanges, 4 RF probes, 5 photo multiplier detectors, 5a spare photo
multipliers, 6 vacuum gauge, 6a spare vacuum gauge, 7 pumping tubes with
bellows, 8 ion pumps, 9 inner cooling circuit outlets, 10 outer cooling circuit, 11
support and alignment system. The beam propagates from right to left.
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3.4 Screen stations

A number of screen stations can be used for measurements of the transverse
beam distribution and transverse position of the beam along the PITZ beamline.
The screen stations are equipped with one or both types of the following screens:
Yttrium Aluminum Garnet powder coated (YAG) screens or/and Optical
Transition Radiation (OTR) screens [20]. The YAG screens have a high
sensitivity and therefore are suitable for low intensity beam observations in the
low energy section as well as in the high energy section. For the high intensity
beams YAG screens saturate and cannot be used. The OTR screens have a
relatively small sensitivity for low energy, low intensity electrons and therefore
are used in the high energy section of the PITZ beamline for measurements and
observations of high intensity long bunch trains with high energy and high total
average current.

The two screen orientations used at PITZ are 45° and 90° with respect to the
direction of the beam propagation as shown in Fig. 3.4. For the 90° orientation a
mirror on a silicon substrate behind the screen is used to reflect the light emitted
from the screen to a CCD camera. The optical readout system for each screen
includes at least the following components: the screen, the mirror, the lens and the
CCD camera.

screen e mirror screen e
————————— —_— e f———————— —_—_——————— - = l———
i
:
1

71 = beam pipe jﬁ;—"' beam pipe

viewport | viewport
; — (90°)

lens lens "y

\
camera camera

Fig. 3.4: Two types of screen orientation used in the PITZ beamline: 45°, left
image, and 90°, right image [20]. The beam propagates from right to left.

For the YAG screens both types of orientation are used in the PITZ beamline.
For OTR screens mainly the 45° orientation is used, since the maximum light
intensity is radiated at the 45° angle.

The spatial resolution for the transverse beam size measurements will be
limited by the alignment of the optical readout system, by the lens imperfections
and by the size of the pixel of the CCD camera. The resolution limit from the
alignment can be roughly estimated as 50 um. The corresponding scaling
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parameters for the screens in the PITZ beamline related to the thesis are shown in
Table 3.1. Usually one of the two lenses for each screen can be used: the first, to
see the whole screen, and the second, to have a zoomed image of the area of
interest.

Table 3.1: Scaling parameters of the screens.

Screen Screen Focal length Scale, Comment
station orientation | of lens, [mm] [um/pix]
' R 50 115 HEDAI
Disp2.Serl 45 120 35 observation screen
. R 80 63 HEDA2
Disp3.Scrl 90 200 19 observation screen
100 74
Highl.Secrs 90° 160 39 ?C]rielZﬁl reference
250 13
. 140 75 Screen for TDS
PST.Scrl 90 200 46 measurements

For example, for the HEDA1 observation screen Disp2.Scrl for the lens 50,
the scale is 115 pm/pix. One pixel of the CCD camera for such scale will
correspond at this screen to a relative momentum spread of
115 um/0.6 m = 2-10, what is about 4 keV/c for 22 MeV/c beam (0.6 m is the
dispersion at the screen position, see section 3.5). This parameter will limited the
momentum distribution measurements as one cannot measure the size less than
one pixel. Moreover, one can expect here an additional error from the optics
alignment of about 1.8 keV/c (=22 MeV/c * 50 um/0.6 m). The same calculations
for the HEDA?2 observation screen and the lens 80 give about 1.5 keV/c for one
pixel, and an additional error from the optics alignment of about 1.2 keV/c.

For transverse projected emittance measurements using the slit scan technique
[6] three dedicated Emittance Measurement SYstems (EMSYs) are used at PITZ
located at different position along the beamline (see Fig. 3.1). Each EMSY has
two actuators, a vertical and a horizontal one, with four defined positions: two slit
masks with 10 and 50 pum slit opening (both slits are 1 mm thick), YAG screen or
OTR screen (for the second actuator) and initial empty position. The actuators
have to be inserted separately to the beam path to take a beam image from the
screen or to cut a small part of the beam (beamlet) by a slit mask. The image of
the beamlet is observed at another screen station downstream of EMSY.
Combining together all the beamlets for different positions of the EMSY slit the
transverse phase space can be reconstructed and the transverse emittance can be
calculated [21].
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3.5 The first High Energy Dispersive Arm

The first High Energy Dispersive Arm (HEDAI1) is located about 8 m
downstream the electron gun, see Fig. 3.1, and is used for measurements of the
beam momentum distribution with a mean momentum up to 40 MeV/c [22]. It
consists of a 180° vertical dipole magnet Disp2.D1, a moveable slit mask and a
quadrupole magnet Disp2.Q1, used for slice emittance measurements [23], two
screen stations Disp2.Scrl and Disp2.Scr2 and a beam dump, Fig. 3.5.
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Fig. 3.5: HEDA1 momentum measurement setup. The beam propagates from left
to right.

The momentum distribution is measured as a vertical profile of the beam on the
observation screen Disp2.Scrl. A reference screen — Highl.Scr5 and four
quadrupole magnets upstream the dipole can be used to optimize the setup for the
best momentum resolution [7].

The momentum p, of a reference particle, traveling on a design trajectory and
impinging on the vertical center of the observation screen Disp2.Scrl after the
dipole can be calculated as:

Po = eBp: (31)

where e is the electron charge, B is the magnetic field inside the dipole and p is
the bending radius of the dipole. The vertical coordinates of the other particles in
the bunch on the observation screen can be calculated using the following
equation (see Eq. (2.35) for the dipole bending angle 8 = 180°):

Yy=Yo+yo'L—35p-D, (3.2)

where y is the particle vertical coordinate on the observation screen, y, and y,’
are the particle vertical coordinate and the particle vertical divergence at the
dipole entrance, L is the drift length between the dipole exit and the observation
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screen, Op is the particle relative momentum with respect to the ideal reference
particle dp = (p —py)/pPo and D = 2p is the dispersion for the 180° dipole
magnet, where p = 0.3 m is the bending radius of this dipole at PITZ. The sign
was flipped compared to Eq. (2.35) to keep the same direction of the y axis. The
horizontal coordinates of the particles on the observation screen can be calculated
from the beam transport through a drift space with length equal to mp + L, see
Eq. (2.23).

The first two terms in the right part of equation (3.2) describe the
transformation of particle’s coordinate after the drift space with length L and
define the beam size there. The last term shows a linear dependence of the
particles vertical coordinate on the observation screen Disp2.Scrl on its
momentum. The best momentum resolution is achieved if the sum of two first
terms is the smallest for all particles, or, in other words, the vertical beam size
after a drift with a length L is the smallest. To adjust the momentum resolution the
reference screen Highl.Scr5 is installed in the straight section at the same distance
L downstream the dipole entrance as the screen Disp2.Scrl is downstream the
dipole exit [7]. The vertical beam size g,, can be measured there and adjusted by
tuning the quadrupole magnets upstream the dipole magnet to have the vertical
beam size as small as possible. As a result, the relative resolution of the
momentum measurements can be estimated as:

op = A_p = &.
p D

Longitudinal phase space measurements can be performed in this section as

well using the streak camera readout at the observation screen Disp2.Scrl [7], [8].

(3.3)

3.6 The second High Energy Dispersive Arm

The second High Energy Dispersive Arm (HEDA?2) at PITZ was designed and
manufactured in a collaboration between Laboratoire de I'Accélérateur Linéaire
(LAL, Orsay, France) and DESY. This dispersive section is located about 17 m
downstream the electron gun. HEDA?2 is designed for high resolution momentum
distribution measurements of the electron beam with beam mean momentum up to
40 MeV/c, longitudinal phase-space measurements with slice momentum spread
resolution down to 1 keV/c and for transverse slice emittance measurements [24].

The HEDA2 setup is shown in Fig. 3.6 and consists of three dipole magnets
D1, D2 and D3, a quadrupole magnet Disp3.Q1, used for slice emittance
measurements, three beam position monitors (BPMs), two ICTs and two screen
stations Disp3.Scrl and Disp3.Scr2. Each screen station has two screens - YAG
and OTR, which can be used for the electron beam observations and
measurements. The third dipole D3 is used to bend the electron beam trajectory
back to the straight section and send the beam to the beam dump at the end of the
PITZ beamline.
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Fig. 3.6: 3D model of HEDA2. The section consists of: three dipole magnets D1,
D2 and D3, two screen station Disp3.Scrl and Disp3.Scr2, a quadrupole magnet
Disp3.Q1, three BPMs and two ICTs. The beam propagates from right to left.
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Fig. 3.7: Layout of the HEDA2 section part related to the beam momentum
measurements. The beam propagates from left to right. The vertical axis Y points
out from the drawing plane.
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The momentum distribution is measured as a horizontal profile of the beam image
at the observation screen Disp3.Scrl, see schematic layout in Fig. 3.7. The two
quadrupole magnets upstream the dipole and the screens High2.Scrl upstream and
High2.Scr2 downstream the dipole can be used to optimize the setup for the best
momentum resolution.

The beam position on the observation screen Disp3.Scrl downstream the
dipole magnet depends on the beam momentum, the magnetic field and the length
of the particle path inside the dipole. The momentum p, of the reference particles
which are on the design trajectory and hit the screen center with zero horizontal
coordinate can be calculated from Eq. (3.1). For the other particles, having
momentum p, the horizontal coordinate on the observation screen Disp3.Scrl can
be calculated from the equation:

X = xoRl’l + XO'RLZ + 6p - D, (34)

where R; ; = —0.510, R;, = 0.870 m and D = —0.906 m (see Eq. (2.35) for the
dipole bending angle 8 = 60°, bending radius p = 0.6 m and L; = 0.7 m). x is
the particle horizontal spatial coordinate on the observation screen, x, is the
horizontal spatial coordinate at the dipole entrance and x, is the particle
horizontal divergence at the dipole entrance. The last term in the right part of
Eq. (3.4) shows a linear dependence of the particles horizontal coordinate on the
screen as a function of the particle momentum — particles with higher momentum
will be deflected towards the negative X coordinate. The dispersion is negative
while the bending direction coincides with the direction of the x axis, Fig. 3.7 and
Eq. (2.31) and Eq. (2.32).

The best momentum resolution will be achieved if the sum of two first terms
in the equation will be the smallest for all the particles in the beam. This condition
can be written in the following inequality:

|XOR1_1 + XOIRl,Zl < I(Spo . Dl, (35)

where 6p, will be the relative momentum resolution. The solution of this
inequality for the defined dp, can be represented as an area in the transverse
phase space for some given range of the horizontal coordinate x which, for
example, corresponds to the diameter of the beam pipe of the accelerator
beamline, Fig.3.8. The red line represents the zero sum of the left part of
inequality (3.5) and the light blue parallelogram represents the area which inner
points satisfy the condition of the inequality for some given range of the
horizontal coordinate x. From the other side, if the area, occupied by the particles,
is known (the transverse phase space of the bunch) the relative momentum
resolution 6p, can be estimated as the width of the area around the red line
multiplied by R , and divided by D:
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where g, s is the vertical RMS width of the phase space around the red line,
which is the non-correlated RMS divergence.
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Fig. 3.8: Solution of inequality (3.5) represented as a blue area in the transverse
phase space and the red line shows the zero sum of the left part of this inequality.

For example, if one takes the beam with 1 mm mrad normalized transverse RMS
emittance and stretches it along the red line up to the full range in the x axis —
30 mm wide, Fig. 3.8. Assuming the uniform particle distribution in the transverse
phase space, the non-correlated RMS divergence o, + of this beam can be

estimated as 3+10° for 22 MeV/c beam momentum. As a result the relative
momentum resolution 8p, will be about 310, and in absolute values it is
60 eV/c. For the similar beam parameters the numerical simulations gives worse
momentum resolution of about 0.2 keV/c. Such big difference relative to the
rough estimation comes from the fact that the dipole is not linear element for such
a wide beam and in result the particles motion cannot be fully described by the
matrix formalism.

In an experiment the best momentum resolution in the HEDA?2 section can be
achieved adjusting the quadrupole magnet upstream the dipole magnet in such a
way that the smallest electron bunch horizontal size at the observation screen
Disp3.Scrl is achieved.

Additionally to the beam momentum measurements the electron bunch
longitudinal phase space can be measured at the first screen Disp3.Scrl after the
Disp3.D1 dipole using the TDS cavity, Fig. 5.13. The electron bunch image on the
screen will show the bunch longitudinal phase space, where the image’s
horizontal axis corresponds to the momentum and the vertical axis corresponds to
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the longitudinal coordinate within the electron bunch (see more details in
Chapter 5).

The vertical slice emittance measurements can be done with a quadrupole scan
technique using the quadrupole magnet Disp3.Q1l and the second observation
screen Disp3.Scr2 of HEDA2. To select a longitudinal slice of the bunch the
horizontal slit at the Disp3.Scrl station will be used when a linear correlation
between the beam particles momenta and longitudinal coordinates will be realized
with booster off-crest operation [23].
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Chapter 4

The Transverse Deflecting Structure

RF deflecting structures are widely used for the characterization of electron
bunch longitudinal properties such as bunch longitudinal profile or even bunch
longitudinal phase space [25], [26], [27]. Also, the bunch transverse slice
emittance can be measured [28]. Such RF structures are also known as transverse
deflecting structures (TDS) because they deflect particles of the beam transversely
with respect to their design trajectories.

The first iris-loaded RF deflecting structure was built at SLAC in the 1960’s
for particle separation and called LOLA for the first letters in the names of its
inventors [29]. In 2003 this structure was installed at the FLASH linac (DESY,
Hamburg) [26]. Later it was decided to use a similar type of RF deflector for the
European X-ray Free Electron Laser: one downstream the gun and two
downstream of each of the two bunch compressors [30]. A prototype of the
structure for the XFEL was designed and manufactured by the Institute for
Nuclear Research (INR, Troitsk, Russia) in 2012 and is currently installed at the
PITZ facility [31], [32]. This PITZ TDS has the aim to prove the required
performance for all TDS subsystems as well as serve as a diagnostics tool for
PITZ.

The Transverse Deflecting Structure (TDS) for PITZ was designed and
manufactured by the Institute for Nuclear Research (INR, Troitsk, Russia) as a
prototype of the TDS cavity for the European XFEL injector [31]. The structure
deflects the electrons vertically in linear dependence on the longitudinal
coordinate of the particles inside the bunch, what in result allows measurements of
the longitudinal bunch properties (see more details in Chapter 5). A 3D model of
the TDS cavity installed at PITZ is shown in Fig. 4.1. A 3D model of a regular
TDS cell is shown in Fig. 4.2; the direction of the beam deflection is vertical. The
corresponding sizes are shown in Table 4.1, where Rh is the stabilization holes
radius, Rc is the cell inner radius, Ra is the aperture radius, L is the distance
between stabilization hole and the cavity center and d is the cell length equal to
one third of the RF wavelength.
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Fig. 4.1: 3D model of the transverse deflecting structure installed in the PITZ
beamline [31]. 1 is the regular cells, 2 are the RF input and output coupler cells, 3
is the RF probe, 4a and 4b are RF input and RF output flanges, respectively, 5 are
RF flanges for pumping. The beam propagates from right to left.

Fig. 4.2: A 3D model of the TDS regular cell. The direction of the electric field E
in the cell center is vertical. Rh is the stabilization holes radius, Rc is the inner
radius of the cell, Ra is the aperture radius, L is the distance between stabilization
hole and the cavity center and d is the cell length.
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Table 4.1: TDS cell parameters.

Rh Ra L d

21.55mm | 34.65 mm | 33.31 mm

Rc
55.27 mm

9.0 mm

The PITZ TDS, Fig. 4.1, is a traveling wave 3 GHz RF copper structure with
two stabilizing holes to have an RF field mode with vertical deflecting electric
field (LOLA type structure [29]). It operates in 2n/3 mode, i.e. the length of three
cells (three times d in Table 4.1) corresponds to one period of the RF wave. The
coupling between cells is made such that the RF phase velocity of the structure is
the speed of light in the vacuum.

The structure consists of 14 regular cells, Fig. 4.2, including RF input and
output coupler cells, 2 in Fig. 4.1. The total length of the structure including the
vacuum flanges is 0.7 m. The main design parameters of the TDS cavity are
summarized in Table 4.2 and the calculated RF parameters of the TDS cavity are
shown in Table 4.3 [31], [33].

Table 4.2: TDS main parameters.

RF frequency 2997 MHz
Number of cells 16
Deflecting Voltage 0.2-1.7MV (2.5 MW)
Pulse duration 0.7-3.1 us
Filling time <120 ns

Filling + decay time <200 ns

Table 4.3: Calculated RF parameters for the TDS.

RF frequency, f

2997.2 MHz

Group velocity, g,

-0.01587

Shunt impedance, ry,

16.85 MOhm/m

Quality factor, Q

11780

Attenuation, a

0.168 m™

The total deflecting voltage of the cavity is adjustable in the range from
0.2 MV to 1.7 MV (corresponding to about 2.5 MW RF peak power in the cavity),
depending on the type of measurement and the required time resolution (see
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Chapter 5). The duration of the flat part of the RF pulse in the cavity is adjustable
in the range from 0.7 ps up to 3.1 ps. The short filling and decay time of the TDS
RF pulse and the adjustable duration aim to select from one up to three (in case of
a time delay between the bunches of 1 ps) electron bunches from a long bunch
train for further analysis and not to disturb any other bunches in the train.

4.1 TDS basic operation principle

When passing the PITZ TDS cavity with RF fields switched on a particle on
the axis of the structure is under the action from both the transverse electric and
magnetic fields orthogonal to each other. The total transverse deflecting force
amplitude Ampy can be calculated from the Lorenz force law, Eq. (2.1):

Ampp = e|Eg, + iEjm + [0 X (Bre + iB)]|, (4.1)
and transverse deflecting force phase Phasey:

E U x iB
tan(Phaser) = i " [i . l_,Im],
Ege + [0 X iBge|

4.2)

where E Re> E mo §Re and §,m are the real and imaginary parts of the numerically
calculated electric and magnetic fields, respectively [31]. The calculated
transverse (vertical) deflecting force amplitude along the deflector axis z (a) and
deflecting force phase (b) are shown in Fig. 4.3. The resulted force which particle
see during traveling through the cavity is:

F = Ampy - cos(Phaserp + wt), (4.3)

When an electron bunch propagates through the traveling wave structure, the
electrons always see a constant phase of the deflecting force: Phaser + wt =
Const, Fig. 4.3 (b). In other words, the bunch is propagating through the structure
together with the RF field. As a result, if one part of the bunch starts to propagate
through the structure at some RF phase, when all RF fields are zero, this part will
go through the whole structure and will not see any deflecting force on its way.
But if one part of a bunch comes to the structure at some other RF phase, this part
will always see the RF field at this phase and therefore see a nearly constant
deflecting force along the structure.
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Fig. 4.3: Calculated transverse deflecting force amplitude of the TDS cavity as a
function of the longitudinal coordinate within the structure (a) and the deflecting
force phase along the z axis (b) at the current moment ¢ = 0 [31]. The beam
propagates from left to right. RF is feed from the right side.

For the case that the electron bunch length is much shorter than the RF
wavelength of the deflecting cavity and the bunch center propagates through the
structure at the “zero” RF phase, the strength of the deflection of each longitudinal
slice of the bunch can be estimated. With these conditions the deflecting angle of
each electron depends linearly on its longitudinal coordinate inside the bunch.

The basic operation principle of the TDS is illustrated in Fig. 4.4. An electron
bunch propagates from the left to the right side, passing through the deflecting
structure. After a drift space it is imaged on an observation screen. The structure
deflects the electrons of the bunch vertically in linear dependence on their
longitudinal coordinates within the bunch, which as a result enables measurements
of the longitudinal bunch properties.
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screen

Fig. 4.4: Illustration of the TDS operation principle. An electron bunch propagates
from the left to the right side, passing through the deflecting structure. After a
drift space it is imaged on a screen. A bunch longitudinal slice with length Az at
the position z, relative to the bunch center, is deflected by the cavity and is
imaged on the screen having, as a result, mean vertical position y and vertical size

YT'TYIS .

Let’s assume Az that initially there is a slice of the electron bunch with length
Az and with longitudinal position inside the bunch z relative to the bunch center
(see Fig. 4.4). As the bunch propagates through the structure, the mean vertical
position of the slice at the observation screen downstream the cavity can be
obtained as:

Ap, eVok
=tan(0)-L = -L =
y ) » e

z-L, 4.4

where 6 is the deflection angle, L is the drift distance between the TDS center and
the screen, Ap, is the transverse momentum applied to the slice by the TDS
cavity, p is the bunch longitudinal momentum, e is the electron charge, V, is the
amplitude of the deflecting voltage, k is the wave number (k = 27f /c), f is the
RF frequency, c is the speed of light. Here it was also assumed that the TDS is
much shorter than the drift space between the TDS and the screen afterwards.
Introducing the TDS shear parameter S as:

eVok
S = L, 4.5)
pc

one can get that the slice vertical position on the screen as:
y=S§-z (4.6)

From Eq. (4.6) one can see that the vertical position of the bunch slice on the
screen is proportional to the slice position within the bunch, and the coefficient of
proportionality is the TDS shear parameter. In the general case, if there are
magnetic elements between the TDS and the observation screen, the shear
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parameter can be calculated using the matrix formalism introduced in section 0.
From Eq. (2.22), using the matrix element M, , one can get the shear parameter as

[34]:
Vok
5= /ﬁy<s>-ﬁy(so)-sm(awy)-epc , 4.7)

where f,,(s) is the vertical beta function at the observation screen, f,,(so) is the
vertical beta function at the TDS center, 41, is the vertical betatron phase

advance defined between the TDS center and the observation screen and s is the
longitudinal coordinate along the beamline.

4.2 Longitudinal resolution

Due to the deflection of the electron bunch by the TDS cavity the vertical size
of the longitudinal slices, at the position of observation screen, will be defined not
only by the beam emittance and the beamline optics but also by the slice length
upstream and the strength of the deflection introduced by the TDS [35]:

Yims® = By(s) - &, + (S - 4z2)?, (4.8)

where ¢, is the vertical geometrical emittance at the screen position, S, (s) is the
vertical beta function at the screen position, Az is the slice length and S is the TDS
shear parameter.

Knowing the slice vertical position on the screen and its vertical size, one can
estimate the longitudinal resolution. Assume that there are two slices. The first is
at the bunch center, the second one has a longitudinal position z; within the
bunch, relative to the bunch center and they both have a length of Az. In order to
resolve these two slices on the screen downstream the TDS cavity, it is necessary
that the vertical position of the second slice on the screen is bigger than the
vertical size of the first slice. From Eq. (4.4) and Eq. (4.8) one can obtain:

S-z1 2 /By(s) &, + (S-42)2. (4.9)

With the assumption that the slice length is negligible the distance between the
two slices must be bigger than:

2 s VB ey (4.10)

1= S

or, in the general case the shear parameter S from Eq. (4.7) can be included so
that:
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Ve .pe
zy > TG s Vel (4.11)

The obtained parameter z; corresponds to the minimal distance between two
slices which can be resolved in such measurements, i.e. the longitudinal
resolution.

An example of the dependence of the longitudinal resolution as a function of
the TDS total deflecting voltage for different vertical beam size in the TDS is
shown in Fig. 4.5 for a beam geometrical emittance of ¢, =2.2:10% mm mrad
(normalized &y ~ 1 mm mrad), beta function phase advance between the TDS and
the screen 41, = 110°, particle momentum p = 23 MeV/c, and RF frequency of
the TDS frr=3 GHz..
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Fig. 4.5: TDS longitudinal resolution as a function of the total deflecting voltage
of the TDS cavity for a vertical beam size in the TDS of 0.15 mm — the green
curve, 0.3 mm — the red curve and for 0.6 mm — the blue curve.

From this plot one can see that with a higher deflecting voltage the longitudinal
resolution gets better. Moreover, analyzing Eq. (4.11), one can see that a bigger
beta function in the TDS, i.e. a bigger beam size, will give a better (smaller)
longitudinal resolution, Fig. 4.5.
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4.3 Induced slice momentum spread

The working principle of the TDS cavity is based on the Panofsky-Wenzel
theorem [36]. The theorem states that the longitudinal gradient of the transverse
force is proportional to the transverse gradient of the longitudinal force:

i)
5, FL="V.F (4.12)

In other words, transverse streaking is possible only when a transverse gradient of
the longitudinal field is present.

In a cylindrical coordinate system for the lowest order deflecting mode of the
RF field of the TDS cavity, first order solution gives the longitudinal component
of the electric field as [29]:

E,(r,p,z) = Ey kv cos(gp), (4.13)

where 1, @, z are the cylindrical coordinates, E, is electric field amplitude, k is
wave number. This field has 90° phase advance relative to the deflecting force and
for the zero crossing phase is at maximum. As a result from Eq. (4.13), the
additional longitudinal momentum of the particle, which have non-zero vertical
coordinate can be calculated as:

dpy = [eE,(rp,2)dt = [eEoky T =y [eE k=, (4.14)

where r cos(¢@) = y. Introducing the TDS total deflecting voltage as:
VO = fEO dZ, (415)

and dividing both parts of the Eq. (4.14) by the beam momentum p,, the relative
RMS TDS induced momentum spread for the whole electron bunch is:

eVok

PoC

o5 = 0, (4.16)

An example of the slice momentum spread downstream the TDS cavity as a
function of the TDS cavity deflecting voltage is shown on the Fig. 4.6 for several
vertical RMS beam sizes inside the cavity (see section 5.3.2 and Fig. 5.14), RF
frequency frr = 3.0 GHz and beam mean momentum p, = 23 MeV/c. From this
plot one can see that the TDS induced slice momentum spread is linearly growing
with the deflecting voltage in contrast to the longitudinal resolution, see Fig. 4.5.
As aresult, for the vertical beam size of 0.3 mm and for maximum TDS deflecting
voltage of 1.7 MV, the TDS induced slice momentum spread is about 32 keV/c.
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Fig. 4.6: The TDS induced slice momentum spread as a function of the total
deflecting voltage of the TDS cavity for a vertical RMS beam size in the TDS of
0.15 mm — the green curve, 0.3 mm — the red curve and for 0.6 mm the blue curve.

Also a higher value of the vertical beta function in the TDS (or the vertical beam
size 0,) will result in higher induced momentum spread, or in other words,

maintaining a small beam size in the TDS cavity will minimize the induced slice
momentum spread.

4.4 TDS transport matrix

For beam transport studies in the vertical deflecting direction and the
longitudinal phase space, the propagation of the beam through the TDS cavity can
be represented by the four-dimensional transport matrix [37]:

KL
y 1 L, 0| (v
2
v 0 1 K 0]y
= : (4.17)

z 0 0 1 0 z | >

KL. K°L
1o K s 5] bo)
» > 6 P)o
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where L; is the structure length and K = eVyk/poc, k is the wave number
(k = 2mf/c), y and y' are the vertical coordinate and divergence, z and dp are the
longitudinal coordinate and the relative momentum deviation, respectively. For
the horizontal, not deflecting, plane the TDS acts like a drift space with length L;,
as it was described in section 2.2.1.

4.5 TDS calibration

In order to perform different measurements with the TDS cavity one needs to
know the TDS shear parameter S defined in Eq. (4.5) and Eq. (4.7). It can be
calculated from Eq. (4.7) or it can be measured in an experiment. The vertical
mean position of the electron bunch on the observation screen downstream the
TDS cavity depends on the phase of the TDS RF field at which the electron bunch
propagates (see section 4.1). Let’s assume that the bunch enters later than the
“zero” RF phase with a time delay of At. In other words, the bunch is shifted
longitudinally by length of Az = ¢ - At from the “zero phase” field, see Fig. 4.7.

TDS

IR B y
Lj[gbunch |

| Az

Screen

Fig. 4.7: Illustration of the TDS calibration principle. The bunch propagates from
left to right. The bunch center of mass is shifted by Az relative to the RF “zero
phase” of the deflecting field (yellow curve). As a result, the bunch is deflected
vertically by y on the observation screen.

As a result, the whole bunch will get a transverse kick and the resulting vertical
mean position on the screen can be calculated from Eq. (4.4):

y =S Bc At, (4.18)

where S is the TDS shear parameter, Bc is the speed of the bunch. If one rewrites
the time delay in terms of the RF phase delay of Ap = 2mfAt, then:
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Ap Ag
2nf > Pe3600 7 (4.19)

y=Spc
where Ag is the RF phase delay in degrees, f'is the RF frequency. From Eq. (4.19)
one can see that the vertical mean position of the bunch on the screen depends
linearly on the TDS RF phase.
As a summary, to measure the TDS shear parameter in an experiment, one
should measure the vertical mean position on the screen as a function of the TDS
RF phase. A linear fit of the data will result in the TDS shear parameter S:

360 - f
S=K : (4.20)
Bc

where K is the first order term of the linear fit, i.e. slope. An example of a
simulation of the TDS calibration for a deflecting voltage of Vy = 0.15 MV is
shown in Fig. 4.8.
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Fig. 4.8: TDS calibration at the observation screen PST.Scrl, located 12.278 m
downstream the gun, for a deflecting voltage of the cavity of 0.15 MV. The bunch
vertical mean position as a function of the TDS RF phase is shown with red dots
and a linear fit is shown with the blue line.

The vertical axis in Fig. 4.8 corresponds to the vertical mean position of the
electron bunch on the screen and the horizontal axis corresponds to the TDS RF
phase in degrees. From the linear fit of the data one can calculate the slope
as K=0.1372 mm/deg. For an RF frequency of = 3 GHz and f = 1, Eq. (4.20)
gives the TDS shear parameter S = 0.494.
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Chapter 5

Simulations of measurements with the TDS

The TDS installed at PITZ will allow to perform the following measurements

of the electron bunch:

¢ longitudinal bunch profile measurements,

e transverse slice emittance measurements,

¢ longitudinal phase space measurements.
Numerical simulations reproducing all the measurement procedures with the TDS
can be performed using the particle tracking code ASTRA [38].

Since a bunch charge of 1 nC is mostly studied at PITZ [4] and will be used as
the nominal charge for the operation of the European XFEL [5], all simulations
presented in this chapter were performed for 1 nC bunch charge and about
23 MeV/c bunch mean momentum as typical for PITZ.

5.1 Longitudinal bunch profile measurements

The TDS cavity installed at PITZ will give the possibility to measure the
bunch length and the longitudinal profile with high time resolution. For such
measurements one needs to focus the beam vertically on one of the observation
screens downstream the TDS and then switch on the TDS. As a result, the vertical
profile of the beam image on the screen will correspond to the longitudinal profile
of the beam.

5.1.1 Measurement setup

The part of the PITZ beamline related to the bunch length measurement is
shown in Fig. 5.1. Six quadrupole magnets Highl.Ql — Q6 upstream the TDS
cavity can be used for the beam matching and focusing. The quadrupole
PST.QM1 located downstream the TDS can be used for additional beam focusing
on the observation screen PST.Scrl — the first observation screen downstream the
TDS cavity at 12.278 m from the gun.

41



Chapter 5: Simulations of measurements with the TDS
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Fig. 5.1: Measurement setup for bunch length measurements with the TDS cavity.
The beam propagates from left to right.

The distance between the TDS center and observation screen PST.Scrl is
1.278 m and is sufficient to stretch the 6 mm long bunch up to 36 mm vertically
(the size of the observation screen), see Eq. (4.5), for the maximal TDS deflecting
voltage of 1.7 MV. Also the inner diameter of the beam pipe of 35 mm is limiting
further stretching of the bunch.

5.1.2 Beam transport

The main goal of the beam transport is to focus the beam vertically on the
observation screen downstream the TDS, see Fig.5.1, so that the highest
longitudinal resolution (see section 4.2) is obtained. Fig. 5.2 shows an example of
such a beam transport for 1 nC bunch charge where the bunch transverse RMS
size is given as a function of the longitudinal coordinate along the beamline.
High1.Q1, Q2, Q3, Q5 and Q6 quadrupoles were used (see Fig. 5.1).
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Fig. 5.2: Transverse RMS size of the electron bunch along the beamline for bunch
length measurements. The red curve shows the horizontal and the blue curve
shows the vertical bunch RMS size. The yellow stripe shows the TDS position.
The vertical black line at about 12 m shows the position of the observation screen
PST.Scrl.
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The vertical size of the electron beam on the observation screen, achieved in this
example, is 50 um. According to inequality (4.10) this will result in a longitudinal
resolution of 8 um for maximum TDS deflecting voltage V = 1.7 MV, which
corresponds to TDS shear parameter of S = 6.2.

For measurements of the longitudinal profile it is not needed to have a small
transverse size in the TDS cavity as it is required for longitudinal phase space
measurements, see sections 4.3 and 5.3.2, since the induced slice energy spread
has only neglectable influence on the longitudinal bunch profile measurements.

5.1.3 Simulation results

As it was already mentioned, the first step before the measurements is to
obtain the TDS shear parameter for a certain observation screen, i.e. do the TDS
calibration. The TDS shear parameter calculated from the calibration for a
0.15 MV deflecting voltage is S = 0.51 according Eq. (4.20). Assuming a linear
dependence of the shear parameter on the TDS deflecting voltage, see section 4.1,
0.6 MV deflecting voltage will correspond to a TDS shear parameter S = 2.0 and
1.2 MV will correspond to a shear parameter S = 4.1.

Results of the simulated beam images on the observation screen PST.Scrl for
1 nC bunch charge and three different TDS deflecting voltages of 0.0 MV,
0.6 MV and 1.2 MV are presented in Fig. 5.3.
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Fig. 5.3: Beam images on observation screen PST.Scrl for 0.0 MV (a), 0.6 MV
(b) and 1.2 MV (c) TDS deflecting voltage.

The color code in this figure is used for illustration and represents how the seven
subsequent longitudinal slices of the electron bunch having equal charges are
distributed on the screen. The picture in Fig. 5.3 (a) shows the beam image on the
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PST.Scrl when the TDS is switched off. From this image one can obtain bunch
transverse sizes and, from the vertical size of 50 pm one can estimate the
longitudinal resolution knowing the TDS shear parameter. The picture in
Fig. 5.3 (b) shows the beam image with the TDS switched on and a TDS
deflecting voltage of 0.6 MV. According to the calibration, this voltage
corresponds to a TDS shear parameter S=2.0 and, thus, the longitudinal
resolution for this case is 25 um or 80 fs. The picture in Fig. 5.3 (c) shows the
beam image with a TDS deflecting voltage V = 1.2 MV, which corresponds to a
TDS shear parameter S = 4.1. This will give a longitudinal resolution of 12 um or
40 fs.

The resulting bunch longitudinal profile is shown in Fig. 5.4 with the red
curve. The profile is calculated as the vertical profile of the beam image, shown in
Fig. 5.3 (c¢) and scaled with the TDS shear parameter S =4.1 to get longitudinal
coordinate within the bunch, see Eq. (4.6). The original bunch longitudinal profile
(calculated from the simulated particle distribution) is shown in Fig. 5.4 with the
blue curve. Both profiles are calculated dividing the range of the longitudinal axis
from -5 mm to 5 mm into 200 longitudinal slices with the slice length of 50 pm.
On the observation screen it corresponds to the vertical distance of 0.2 mm, which
is resolvable with this screen, which resolution is about 20 um.
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Fig. 5.4: Comparison of the reconstructed bunch longitudinal profile, shown with
the red curve, with the original (simulated) one, shown with the blue curve. The
difference between two profiles is shown with the green curve. The plots are
normalized to the bunch charge to show the current distribution.

The simulation results of the bunch longitudinal profile measurements,
presented in Fig. 5.4, show good agreement between the reconstructed bunch
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longitudinal profile and the original simulated one. The maximal difference
between two profiles is about 4 A, the green curve in Fig. 5.4. The reconstructed
bunch longitudinal profile, the red curve in Fig. 5.4, is a bit longer than the
original simulated one, the blue curve, what come from the limited resolution of
this measurement, e.g. not zero vertical beam size on the observation screen with
the TDS switched off. The noise in the reconstruction and in the difference,
Fig. 5.4, comes from the relative low particle statistics for such detailed binning:
for this simulation 200000 particles were used.

5.2 Slice emittance measurements

As the TDS deflects the beam vertically, it will allow measurements of the
horizontal slice emittance. As a result of such vertical deflection, the vertical axis
of the beam image on the screen will contain information about the longitudinal
profile of the bunch and will be used to define the longitudinal slices within the
bunch. The horizontal axis will correspond to the horizontal sizes of the defined
longitudinal slices of the bunch. Using the resulting bunch image on the screen the
slice emittance can be calculated applying the quadrupole scan emittance
measurement technique to the horizontal slice of each longitudinal slice, as it was
described earlier in section 2.2.2.

5.2.1 Measurement setup

The part of the PITZ setup dedicated to the slice emittance measurements with
the TDS is the same as for the bunch length measurements shown in Fig. 5.1. Five
quadrupole magnets High1.Q1 — QS5 upstream the TDS cavity will be used for the
beam matching up to the TDS. The last quadrupole in front of the TDS —
High1.Q6 will be used to perform the quadrupole scan for the horizontal axis on
the first observation screen PST.Scrl downstream the TDS.

With the TDS switched on different electron bunch longitudinal slices will
receive different vertical kicks from the deflector and as a result they will have
different vertical coordinates on the observation screen. Measuring the horizontal
sizes of each of them as a function of the current of the quadrupole Highl.Q6
gives the necessary information to obtain the emittance value from the quadrupole
scan. The procedure of measuring the horizontal size of each slice and estimation
of how many slices can be resolved will be described in the following sections.

5.2.2 Beam transport

An example of the vertical and the horizontal RMS beam sizes along the
beamline are shown in Fig. 5.5. The idea of the beam transport here is to realize
the quadrupole scan for the horizontal beam size on the observation screen
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downstream the TDS while the vertical beam size is kept small in order to obtain
high longitudinal resolution, i.e. to resolve more longitudinal slices.
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Fig. 5.5: Transverse RMS size of the electron bunch along the beamline for slice
emittance measurements. The red curve shows the horizontal and the blue curve
shows the vertical RMS bunch sizes. The TDS cavity is shown as a yellow stripe
and the observation screen PST.Scrl is shown as a single vertical black line at
about 12 m.

5.2.3 Measurement procedure

For the slice emittance measurements the image of the bunch on the
observation screen is cut in several horizontal stripes having vertical width dY, see
Fig. 5.6, which will correspond to the bunch longitudinal slices. Each color of the
bunch part in this figure corresponds to one of seven longitudinal bunch slices
with equal charge, chosen in front of the quadrupole.

20

Y, [mm]

29 210 0 10 20
X, [mm]

Fig. 5.6: Bunch image on the observation screen downstream the TDS cavity. The
seven colors represent seven consequent longitudinal slices of the bunch with
equal charge. The image is cut in equal horizontal stripes with width d4Y.
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From this figure, one can see that the border between two consequent slices is not
a perfect horizontal line: the slices are overlapping with each other. This effect
comes from the not-zero vertical beam size when the TDS is switched off and will
limit the temporal resolution for such measurements.

After the image is cut, see Fig. 5.6, the emittance calculation can be performed
for each horizontal stripe separately using the quadrupole scan. The vertical
position of a stripe on the screen, divided by the TDS shear parameter (see section
4.1), will give the longitudinal position of the corresponding slice within the
bunch. As a result, the slice emittance as a function of the slice longitudinal
coordinate within the bunch can be obtained. The connection between the stripes
and longitudinal slices is not perfect, defined stripe width dY will not strictly
correspond to the slice length, see section 5.2.5. Moreover during the quadrupole
scan some particles from the one stripe may come to the neighboring stripe.

5.2.4 Simulation results

An example of the simulated quadrupole scan for the middle slice of the bunch
is presented in Fig. 5.7, where the red diamonds are the squared horizontal slice
RMS size o,” shown as a function of the quadrupole gradient. The data are fitted
with a second order polynomial, which will give in result emittance value as it
was described in section 2.2.2.

2.6 2.8 3.0 3.2 3.4 3.6
Gradient, [T/m]

Fig. 5.7: An example of a quadrupole scan for the middle slice of a bunch. The red
rhombs correspond to simulation data, the blue curve is a second order
polynomial fit.

A result of the calculated slice emittance for 17 slices is shown in Fig. 5.8,
where the red triangles are the calculated slice emittance using the quadrupole
scan, 1.e. simulated measurements, and the blue diamonds are the slice emittance
calculated directly from the simulated particles distribution.

47



Chapter 5: Simulations of measurements with the TDS

1.4 : : : : : : :
—=L05TRA | i i i i
=12 | e R e e -

L —i—(uad scan i i i E E
E 11— Fre==s e oeeeee- e e S boeeeee e o
£ 0 Jg N S e ]
g 0.6 +------- VT Tyt J: _______ 'i ________ i_ _______ i

c i i i | i i

1] ' ' | ' ' | ' '
£ 04 e e R B R

E i i | i i | i i
W 0.2 p---ooe boomoees demmeees oo bommees dmmmeees dmmmes oo bomenees

0 I E ! E I l I I
-5 -4 -3 -2 -1 0 1 2 3 4

Z, [mm]

Fig. 5.8: Simulated slice emittance measurements using quadrupole scan (red
triangles, Quad scan) and simulated initial slice emittance (blue diamonds,
ASTRA) with space charge forces taken into account.

These results show that there is almost no difference between the calculated and
the initial slice emittance in the middle of the bunch, for slices between -1 and
+1 mm. This difference grows towards the head and the tail of the bunch and can
be explained by the presence of space charge forces which are not taken into
account in the quadrupole scan analysis and this can be proven by additional
simulations. It can also arise from the bunch energy spread as the electrons in the
bunch have different energy and thus all the electrons together cannot be focused
perfectly like a mono-energetic beam, i.e. from chromatic effect. A simulation
with a mono-energetic beam doesn’t show a big difference in the calculated slice
emittance values using a quadrupole scan: the energy spread in the bunch being in
the order of 100 keV is sufficiently small.

In Fig. 5.9 results of the calculated slice emittance are shown for the
simulation without taking into account the space charge forces. This figure shows
that the calculated slice emittance from the quadrupole scan is in a good
agreement with the simulated initial one.
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Fig. 5.9: Simulated measured slice emittance from the quadrupole scan (red
triangles, Quad scan) and simulated initial slice emittance (blue diamonds,
ASTRA) without space charge forces taken into account.

5.2.5 Longitudinal resolution of the slice emittance measurements or how to
define slices

An estimation of the longitudinal resolution o, of the slice emittance
measurements can be done in a way similar to Eq. (4.10):

o, = 0y/S, (5.1

where S is the TDS shear parameter and o, is the vertical beam size on the
observation screen with the TDS switched off. A measurement of this resolution
can easily be done during the experiment together with the TDS calibration, as it
was discussed in section 4.5.

A more precise way to estimate the longitudinal resolution in simulations is to
restore the longitudinal coordinates of all the particles lying in one stripe on the
screen when the whole bunch is at the position of the quadrupole entrance. Such a
procedure is illustrated in Fig. 5.10.
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Fig. 5.10: An estimation of the bunch longitudinal slice length for slice emittance
measurements. The distribution of particles, which vertical coordinates are within
the stripe of width Ay on the observation screen, is shown upstream the
quadrupole with the blue area within the bunch and it has RMS length of g,.

The longitudinal coordinates of the particles, whose vertical coordinates are
within a stripe on the observation screen, see the right side of Fig. 5.10, are
restored and shown as a blue histogram within the bunch on the left side. The
calculated standard deviation o, of these longitudinal coordinates represents the
RMS length of the slice which corresponds to the longitudinal resolution for the
current stripe width of Ay.

When one will decrease the stripe width Ay to have higher resolution, at some
point the resolution will not grow anymore. It will happen at the stripe width
equal to the vertical beam size on the screen with the TDS switched off. The
simulated histograms of the particles longitudinal distributions in one longitudinal
slice are shown in Fig. 5.11 for the different stripe widths of Ay = 0.125, 0.25, 0.5,
1.0, 2.0 mm. As one can see from the stripe width of 2 mm and down to 0.25 mm
the width of the histogram is decreasing. But for 0.25 and 0.125 mm it is not
changing significantly. In other words, while the stripe width Ay remains bigger
than the vertical beam size o, with the TDS switched off, the resolution length is
close to the stripe width Ay divided by the TDS shear parameter. As the stripe
width Ay becomes equal or smaller than the vertical beam size g, with the TDS

switched off, the longitudinal resolution is limited by the beam size o, divided

by the TDS shear parameter, according Eq. (4.10). The dependence of resolution
length on the stipe width Ay is shown in Fig. 5.12.
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Fig. 5.11: Histograms of the particles longitudinal distribution in one slice which
corresponds to one stripe with width Ay of 2 mm (blue), 1 mm (green), 0.5 mm
(red), 0.25 mm (cyan) and 0.125 mm (magenta).
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Fig. 5.12: Slice RMS length as a function of the horizontal stripe width Ay.

From this plot one can see, that for a stripe width Ay of 0.5 mm and less the
obtained slice RMS length remains almost constant and does not decrease
anymore with the decrease of the stripe width. Therefore, the maximal achievable
resolution can be estimated as 0.1 mm or 0.3 ps RMS. The optimal stripe width
for slice emittance calculation is 0.5 mm, which results in about 70 slices for an
electron bunch with about 20 ps duration.
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5.3 Longitudinal phase space measurements

Besides using the streak camera in the dispersive sections [7], [8], in future
measurements of the longitudinal phase space at PITZ can be done with the TDS
cavity and the dipole magnet downstream with high temporal resolution as well as
with high momentum resolution. In order to allow for such measurements the
beamline optics should provide the possibility for focusing on the observation
screen in the plane of deflection when the TDS cavity is switched off. According
to Eq. (4.10) this condition would assure high temporal resolution. The beamline
optics also should be optimized in such a way that it provides the conditions for
the highest momentum resolution. Additionally, the TDS shear parameter has to
be measured.

5.3.1 Measurement setup

The TDS cavity together with the first dipole of the HEDA2 section will be
used for longitudinal phase space measurements, see Fig. 3.1, and a more detailed
diagram of the setup elements related to the longitudinal phase space
measurement is shown in Fig. 5.13. The resulting longitudinal phase space of the
bunch will be observed on the first screen downstream the dipole magnet —
Disp3.Scrl. The TDS entrance is located 10.7 m downstream the gun, the cavity
length is about 0.6 m, the distance between the cavity center and the dipole
entrance is about 6 m. The dipole Disp3.D1 has a bending radius of p = 0.6 m and
a bending angle of 8 =060°. The distance between the dipole exit and the
observation screen Disp3.Scrl is Ly = 0.7 m.

o] 10.7m 171 m z

o Q DS Q Q Disp3.D1
' | ‘ Il‘r: r . ( ' \

Y

Ly
Disp3.5cr1

Fig. 5.13: Schematic setup for longitudinal phase space measurements with the
TDS at PITZ. Disp3.D1 is a dipole magnet; Disp3.Scrl is an observation screen.
The beam propagates from left to right. The vertical axis Y points out from the
drawing plane.
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5.3.2 Measurement procedure

The following steps have to be done to perform longitudinal phase space
measurements with the TDS cavity:
beam transport to optimize the longitudinal and the momentum resolution;
calibration of the TDS cavity for the beam transport found;
measurements of the beam image on the observation screen.

First, to have the highest longitudinal resolution, the beam should have the
smallest vertical size (the deflection plane of the TDS is wvertical) on the
observation screen Disp3.Scrl downstream the dipole magnet. Also the beam
should have a small transverse size in the TDS cavity in order to be less affected
by the induced energy spread, see section 4.3. At the same time, the beam should
be optimized in such a way that the momentum resolution is the highest.

Fig. 5.14 shows the transverse RMS sizes of the bunch along the beamline for
the case of 1 nC bunch charge. The location of the TDS cavity is shown as a
yellow color stripe between 10 and 12 m and the location of the dipole is shown
as a light blue stripe between 17 and 18 m. For this plot the beam sizes were
simulated without taken into account the dipole field.

3 TDS _ Dipole Screen
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Fig. 5.14: Transverse RMS bunch sizes along the beamline for longitudinal phase
space measurements. The red curve is the horizontal and the blue curve is the
vertical bunch size. The yellow stripe shows the TDS, the light blue stripe shows
the dipole and the black vertical line shows the observation screen at about
18.6 m.

For the beam transport four quadrupoles upstream the TDS (around 6 m) and one
quadrupole downstream (around 17 m) are used to realize the small and round
beam size in the center of the TDS and to reach a high longitudinal and
momentum resolution on the observation screen correspondingly. The beam is
focused vertically on the observation screen and the divergence of the beam in
front of the dipole corresponds to the optimal one, see section 3.6. After the dipole
the horizontal beam size on the observation screen will correspond to the RMS
momentum spread in the bunch multiplied by the dispersion, Eq. (3.4).
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As a next step before the measurements one needs to obtain the TDS shear
parameter, i.e. to calibrate the longitudinal axis of the restored longitudinal phase
space, see section 4.5. Using Eq. (4.20), one calculates the TDS shear parameter
S§'=0.8 for 0.6 MV deflecting voltage of the TDS. This parameter differs from the
other type of measurements, sections 5.1 and 5.2, because of different beam
transport.

After the calibration is done, the RF phase of the TDS should be set to the
“zero” phase in order to have the beam vertical position at the screen center. An
image on the screen downstream the Disp3.D1 dipole magnet will represent the
longitudinal phase space. The vertical axis of the image corresponds to the
longitudinal coordinate within the bunch, scaled with the TDS shear parameter,
and the horizontal axis corresponds to the momentum.

5.3.3 Simulation results

Simulation results for a longitudinal phase space measurement are shown in
Fig. 5.15 for 1 nC bunch charge. The left plot (a) shows the electron bunch
longitudinal phase space upstream the TDS cavity. The middle plot (b) shows the
bunch longitudinal phase space downstream the TDS in front of the dipole
magnet. The right plot (c) shows the reconstructed longitudinal phase space from
the beam image on the observation screen Disp3.Scrl downstream the dipole
magnet.

p,, [MeV/ic]

2z, [rmm] ) ) 2, [mm] ) ) 2, [mm]

Fig. 5.15: Simulated longitudinal phase spaces for 1 nC bunch charge: in the front
of the TDS (a), in front of the dipole magnet (b) and the reconstructed phase space
at the position of the observation screen Disp3.Scrl downstream the dipole (¢).

The axis of the longitudinal coordinate within the bunch shown in Fig. 5.15 (c)
was restored using Eq. (4.4) and the momentum axis was restored using Eq. (3.4).

The reconstructed longitudinal phase space shown in Fig. 5.15 (c¢) is wider and
has slightly different shape from the original one, see Fig. 5.15 (a). This effect
comes from the TDS induced energy spread, described in section 4.3, and from
the limited resolution of the momentum measurement (see section 3.6).
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In Fig. 5.16 the evolution of the slice momentum spread induced by the TDS
cavity is shown. The blue curve shows the slice momentum spread at 10.0 m
downstream the gun in front of the TDS cavity, corresponding to the longitudinal
phase space from Fig. 5.15 (a), and the red curve is the slice momentum spread at
17.0 m downstream the gun in front of the dipole magnet, corresponding to the
longitudinal phase space on Fig. 5.15 (b).

[ &M
<

—10m]| | | |
L ___1Tm ................ ................ .............. f‘ .......

[\
h

— — M

Lo} on Lo}
.
PSR

N
L

n

Slice momentum spread, [keV/c]
[

<

|
#-—.—
1
[ ]
]
P

Z, [mm]

Fig. 5.16: Simulated slice momentum spread within the bunch: in front of the
TDS at z=10.0 m is shown with the blue curve and downstream the TDS in front
of the dipole magnet at z = 17.0 m is shown with the red dashed curve.

The effect of the TDS induced momentum spread can be estimated from the beam
parameters and the field amplitude in the TDS as it was described in section 4.3.
The RMS beam size in the TDS cavity is about 0.4 mm, see Fig. 5.14. Using
Eq. (4.16) for a TDS deflecting voltage of 0.6 MV, one can calculate an RMS
induced momentum spread of 15 keV/c for 23 MeV/c beam momentum.

5.4 Summary

The simulations of longitudinal profile measurements using TDS cavity show
consistent results. The achieved longitudinal resolution is about 17 pm and limited
by the beam size on the observation screen and this screen resolution (12 pm from
the transverse beam size plus 5 um, came from the screen resolution of 20 pm
dived by the TDS shear parameter).

Presence of the time jitter between the RF phase of the TDS cavity and the
bunch can significantly reduce time resolution of the measurements. From the
calibration shown in Fig. 4.8 one can see that RF phase jitter of 0.1 degree will
cause the beam position jitter on the observation screen up to about 0.1 mm for
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1.2 MV deflecting voltage. For single shot measurements it will not play a role
because of the bunch will jitter entirely. But for multi shot measurements, which
are required for the small bunch charges to have reasonable intensity from the
observation screen, it will reduce temporal resolution. For the case shown in
section 5.1.3 multi shot measurements with the RF phase jitter of 0.1 degree will
make worse the temporal resolution from 40 fs to 120 fs.

For the simulations of the slice emittance measurements the reconstructed slice
emittance using quadrupole scan is in good agreement with the original calculated
one from the simulated particles distribution. They perfectly coincide if not taking
into account the space charge forces in simulations, and with the space charge
forces there are small discrepancies between them.

The achieved longitudinal resolution for the simulation of the longitudinal
phase space measurements at PITZ for 1 nC bunch charge and about 8 mm bunch
length is 0.1 mm (0.3 ps duration) with an TDS induced momentum spread of
15 keV/c over about 1 keV/c original spread. For such type of measurements one
needs to take care of the quite strong influence of the longitudinal fields of the
TDS cavity on the electron beam.

For example, at FLASH for a normalized transverse emittance of 2 mm mrad,
transverse beam size in the TDS of 0.1 mm and 20 MV TDS deflecting voltage
the longitudinal resolution will be 8 um (27 fs) [39], [40]. With the same
transverse emittance and increased transverse beam size up to 1 mm in the TDS at
PITZ, for 1.8 MV TDS deflecting voltage the longitudinal resolution will be close
to the FLASH case — 8.8 um (30 fs). But, at FLASH, such a transverse beam size
will result in 120 keV/c induced momentum spread for a 1.2 GeV/c beam,
whereas at PITZ this will result in 115 keV/c for a 23 MeV/c beam. In relative
terms, for PITZ this is 50 times worse: 510~ versus 10™, and will completely
smear out the inner structure of the longitudinal phase space.
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Chapter 6

Longitudinal phase space tomography

Tomography is an object reconstruction technique which uses any kind of
penetrating wave or other ways to get projections of the object under different
perspectives. The method is used in radiology, archaeology, biology, geophysics,
oceanography, materials science, astrophysics, quantum information, and other
sciences. In most cases it is based on a mathematical procedure called
tomographic reconstruction. From its mathematical background tomography deals
with a reconstruction of an N-dimensional function from a number of (N-1)-
dimensional projections of this function [41]. For example, it can be represented
as the mathematical reconstruction of an unknown two-dimensional object using
its one-dimensional projections under different angles of observation or after
applying different transformations to the object. From here on if not mentioned
otherwise only two-dimensional functions will be used. In Fig. 6.1 a schematic
example of taking a one-dimensional projection from a two-dimensional unknown
object is shown.

Fig. 6.1: Tomographic transformation illustration. f(x,y) is an unknown 2D
object shown with the blue area, py(r) is one of the measured one-dimensional
projections of the object taken at an observation angle 6. The 6 angle varies in the
range from 0 to 7 to obtain all possible projections.
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In this figure, 6 is the angle at which the projection py(r) is taken, (r,s) is a
rotated coordinate system and pg(r) is the projection of f(x,y) on the r axis.
Taking many projections pg(r) of the unknown object for 8 € [0, m], the
unknown function f(x,y) can be restored using tomographic reconstruction
techniques, for example by algebraic reconstruction technique (ART) [42] or
maximum entropy technique (MENT) [43].

Tomographic techniques can be deployed for measurements of the
longitudinal phase space as the input projections correspond to the momentum
spectra where the bunch energy chirp has been varied [9]. From the reconstructed
longitudinal phase space, the electron bunch longitudinal profile and slice energy
spread can be extracted and the longitudinal emittance can be calculated. The
electron bunch longitudinal phase space at PITZ can be measured by varying the
RF phase of the accelerating structure — the CDS booster. The momentum spectra
measured downstream the booster at the HEDA1 or the HEDA2 dispersive
sections (see sections 3.5 and 3.6) can be used to feed the tomographic
reconstruction algorithm.

6.1 Algebraic Reconstruction Technique

One of the algorithms for tomographic reconstruction is the algebraic
reconstruction technique (ART) [42]. In ART the two-dimensional object of
reconstruction is defined as a two-dimensional matrix and is represented as one-
dimensional array with density value g; for each pixel [, see Fig. 6.2.

Je| i |
I -
g1\ 92| In

Fig. 6.2: Two-dimensional matrix representation of the object of reconstruction.
The pixel numeration is done from left to right and from bottom to top. Here L is
the total number of elements in the matrix and » is the number of elements in the
horizontal line, i.e. number of columns, m =n + I,k =L —n + [ and L is multiple
of n.

For all the projections p;;, where i represents the projection number, e.g. viewing
angle, and j represents the bin number of this projection, there is such a matrix
a;j; which relates the image pixel g;, [ € [1, L], to the projections by the
following sum of all matrix elements:
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L

pij = Z aiji " gi- (6.1)

=1

In other words this matrix a;;; represents the contribution of each g; to p;;. In the
case of longitudinal phase space tomography the matrix a;j; is built from the
beam transport function of the accelerating structure.

Knowing all the projections p;;, the object of reconstruction g; can be
obtained from an iterative procedure over the projections, starting from an initial
guess g(© [42]:

)]
(k1) _ (k) | al]q(pu X1t 9g; ) (6.2)
9q = Yq '
ana inm
until some required convergence is achieved. The initial guess can be, for

example, a matrix with all zero elements. During the iterations the non-

negativeness of each solution gc(lkﬂ) can be forced by setting all negative values

to zero and then reusing them in the next cycle of iterations, since a negative
phase space distribution is not physical. However, noise and inconsistencies in the
measured projections can lead to stripe artifacts in the solution due to the additive
nature of the algorithm [44].

The convergence of the reconstruction algorithm can be verified as the relative
root mean square between all the elements from two consequent iteration steps:

W _ (k-1
o = q(a$” - 9§ ) / max(g®) 6.3)

Qmax

where g, and max(g®) are the number of elements and the maximal element
in the reconstructed image g®), respectively, and k is the number of the current
iteration. A criterion for the convergence of the algorithm can be defined as C (k)
is less than some number, sufficient that the following iterations will not visibly
improve the reconstruction results.

An example of the ART algorithm convergence as a function of the number of
iteration steps for the measured data (see section 8.3.1) is shown in Fig. 6.3. For
the initial guess g(*) an array with zero elements was used. As it can be seen from
Fig. 6.3, for this example, already after 60 iterations the convergence C (k) is less
than 1073,
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Fig. 6.3: Convergence of the ART algorithm as a function of the number of
iteration steps. The vertical axis shows the convergence C(k) according to
Eq. (6.3) and the horizontal axis shows the number of iterations.

The corresponding reconstruction results of the measured data are shown in
Fig. 6.4 for different numbers of iteration steps. It can be seen that after 10
iteration steps the core part of the object of reconstruction lie on some wide hill
with long slopes, Fig. 6.4 (a). 50 iteration steps lead to significant improvement of
the reconstruction result as can be seen in Fig. 6.4 (b). After 100 iteration steps the
result is slightly improved in terms of reconstruction artifacts compared to the
case with 50 iteration steps, Fig. 6.4 (c). Finally, the reconstruction result after
200 iteration steps has almost no difference with the result after 100 iteration
steps, Fig. 6.4 (d). Nevertheless, one can clearly see that with increase in the
number of iterations also the width of the core distribution gets smaller.
Calculated longitudinal RMS emittances for these four reconstructed phase spaces
are 157, 67, 56 and 53 mm keV/c, respectively.

To summarize, 100 iteration steps are sufficient as further iterations do not
significantly improve the reconstruction. In terms of convergence from Eq. (6.3),
C (k) should be less or equal to 3-10". However, one needs to keep in mind that
the reconstruction still tends to overestimate the longitudinal emittance.

For simplicity in the simulation of measurements and reconstructions of the
measured data for longitudinal phase space tomography, shown in this thesis in
Chapter 7 and Chapter 8, always 100 iterations are used.

60



Chapter 6: Longitudinal phase space tomography

100
80
60

40
20
0

[ [ke\ic]

20
-40
-60
-80

-100

i m -

[ [keVic]

t0oadi
-3 B

2, [mm] ) ) ) 2, [mm]

Fig. 6.4: An example of ART reconstruction of the experimental tomography data
after 10 (a), 50 (b), 100 (c) and 200 (d) iteration steps.

6.2 Application of ART for Ilongitudinal phase space
measurements

To perform a tomographic reconstruction using the ART algorithm defined by
Eq. (6.2) one needs to prepare the a;j; matrix which describes the transformation
of the bunch longitudinal phase space by the accelerating structure. In other
words, one needs to show how the longitudinal coordinates and the longitudinal
momenta of the electrons in the bunch are being transformed during the
acceleration for different RF phases of the accelerating structure.

For the longitudinal coordinates it is assumed that these coordinates of the
particles within the bunch stay constant relative to the center of mass during
acceleration:

2, = 2, (6.4)

where z, is the particle longitudinal coordinate within the bunch relative to the
center of mass upstream the accelerating structure and z; is the corresponding
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coordinate downstream the structure. This will be true for ultra-relativistic
particles. For example, for the PITZ case, beam momentum upstream the booster
cavity is about 6.5 MeV/c. The distance between two particles in the bunch whose
longitudinal momentum differs by 20 keV/c becomes bigger only by about 30 pum
during propagation through the booster cavity with the length of about 1.6 m
(without taking into account acceleration). As a result, for the bunch with
20 keV/c momentum spread and with the length of about 6 mm it will cause the
elongation of the bunch up to about 0.5%.

Using particle acceleration model described in section 2.3 the longitudinal
momentum of a single particle p,, after acceleration can be calculated from

Eq. (2.42):

Zo
Dzq = Pzo TV - cos (w(t - ?) - (po), (6.5)

where p,, is the longitudinal component of momentum at the entrance of the
accelerating structure, p,, at the exit of the accelerating structure, ¢ is the speed of
light, V is the momentum gain of the accelerating structure, ¢, is the RF phase for
which the single particle, entering the cavity will obtain the highest possible
momentum gain and t = ¢/w is the time when the particle enters the structure (¢
is the phase at which particle enters the cavity; if ¢ = ¢, a particle in the center
of mass will obtain momentum gain V). As a result, the momentum of the particle
relative to the mean momentum of the bunch after acceleration is a function of
two parameters: RF relative phase ¢ — ¢, and particle coordinate z, relative to
the center of mass:

Apsy = 9(0 — 9o 20) =V - [cos (w (¢ = =2) — o) — cos(wt — go)|- (6.6)

c
Eq. (6.6) describes a transformation of the longitudinal phase space caused by the
accelerating structure including changing of the acceleration field along the
bunch, therefore the back transformation will give as a result the longitudinal
phase space upstream the accelerating structure. Using the approximations from
equations (6.4) and (6.6), the matrix a;j; can be obtained and the tomographic
reconstruction can be performed according to Eq. (6.2). The longitudinal phase
space downstream the accelerating structure can be obtained by applying the
acceleration model to the reconstructed phase space upstream.

For the bunch length much shorter than the RF wavelength:

Zg; K A =2mc/w, (6.7)
Eq. (6.6) can be simplified (w % L m):

A =V-25in( - —wz—o)sin(wz—0)~V'w'Sin( - )'@ (6.8)
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where ¢ = wt. The momentum chirp k,, in the longitudinal phase space can be
calculated from Eq. (6.8) by dividing the right part by z,:

1
ky, =V-w-sin(p — @) = (6.9)

6.3 Data taking for tomographic reconstruction

The momentum distributions measured for different booster RF phases which
are needed as an input for the tomographic reconstruction are saved for each
electron bunch charge and temporal laser profile. According to the previous
sections, the experimental data has to be prepared before applying the
reconstruction algorithm.

In order to perform the tomographic reconstruction the matrix a;j; has to be
created using Eq. (6.4) and Eq. (6.6). First, the size of the reconstructed area in the
longitudinal phase space plane has to be defined as follows. The range of the
momentum axis is chosen as the maximum span between minimum and maximum
momentum for all booster RF phases. The range of the longitudinal coordinate
axis can be estimated from the maximal momentum chirp applied to the bunch
during measurements and the momentum spread of the bunch when this chirp is
applied. This range can be fine adjusted later after the first reconstruction is
performed.

An example of a measured momentum distribution for 20 pC bunch charge,
generated with a flat-top laser pulse, at HEDAI section is shown in Fig. 6.5. It
consists of the beam signal starting from ~21.0 MeV/c up to ~21.6 MeV/c on top
of some background noise.
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Fig. 6.5: An example of measured electron bunch momentum distribution for
20 pC bunch charge at the HEDAI1 section, the blue curve. The vertical green line
shows the mean momentum value, the distance between two vertical red lines
shows the RMS momentum spread. The horizontal green line shows the level of
intensity at which the background noise will be subtracted.
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Filtering of the background noise is realized by subtracting a fraction of the mean
intensity from the distribution, Fig. 6.5 the horizontal green line. Afterwards all
negative values of the distribution are set to zero:

Py =Py~ ki s itpy < 0.7 =0, (6.10)
where v is the defined subtraction coefficient, pi(j(.)) is an initial momentum
)
ij
and k correspond to the momentum bins in the momentum distributions, k4, 1S
the number of momentum bins in the momentum distribution and the index i
corresponds to the number of the projection, i.e. the corresponding booster RF
phase. After that, all the measured momentum distributions have to be shifted to
the mean value so that the mean momenta of the resulting momentum
distributions are zero for each projection i (in the reconstruction algorithm matrix
a;j; describes transformation of the longitudinal phase space relative to the bunch
mean momentum and the bunch center of mass, see section 6.2):

distributions, p;;” is the resulting filtered momentum distribution, the indexes j

Z_pij -m; = 0. (6.11)
]

where p;; is the weight in the momentum distribution for booster phase i and
momentum bin j, m; is the value of momentum for the momentum bin j. The
resulted filtered and centered momentum distribution is shown in Fig. 6.6 with the
blue curve.
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Fig. 6.6: Filtered and centered measured momentum distribution, the blue curve.
The vertical green line shows the mean momentum value, the distance between
two vertical red lines shows the RMS momentum spread.

Then the measured momentum distributions p;; are scaled so that the sum of
all bins in the momentum distribution is the same constant for each booster
phase i:
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z pij = Const. (6.12)
J

This results from the fact, that during acceleration with different RF phases of the
booster cavity no particles are lost and the integral of the beam image on the
screen should be constant. After that, the resulting matrix p;; is ready to be used
in the reconstruction algorithm described in section 6.1.

Further analysis can be performed after the longitudinal phase space is
reconstructed. The bunch current distribution can be extracted as a horizontal
projection from the longitudinal phase space as well as the slice momentum
spread and the bunch longitudinal RMS emittance can be obtained.

6.4 Estimation of the temporal resolution

The temporal resolution 7 of the reconstructed longitudinal phase space
depends on the momentum resolution of the measured momentum spectra g, the
maximum momentum chirp k., applied to the electron bunch by the
accelerating structure and the slice momentum spread gs of the bunch. It can be
estimated at [9]:

1 Os + ()
r== . (6.13)
c kmax

In a simple model, when one needs to roughly get the longitudinal profile of
the electron bunch, it can be measured by applying the maximal momentum chirp
k.max by the accelerating structure and measuring the momentum distribution for
it. This measured momentum distribution will represent the longitudinal profile of
the electron bunch with the scale parameter of k4.

An example of a simulated longitudinal phase space for 1 nC bunch charge,
generated with a flat-top laser pulse with 17.5 ps FWHM duration and 2 ps rise
and fall times, for RF phase of the accelerating structure of 22 degrees offset with
respect to the MMMG phase is shown in Fig. 6.7. The momentum chirp
calculated from Eq.(6.9) with V =15.7MeV/c and w =8.2-10%"1 is
160 keV/c/mm. Assuming that the momentum distribution is measured with
resolution of 4 keV/c and the RMS slice momentum spread for the bunch,
presented in Fig. 6.7, is 4 keV/c, the temporal resolution of the reconstructed
longitudinal phase space according Eq. (6.13) will be 50 um or about 0.2 ps. This
is comparable with the temporal resolution estimated for the longitudinal phase
space measurements using TDS cavity, see sections 4.2 and 5.3.
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Fig. 6.7: Simulated longitudinal phase space of the bunch downstream the
accelerating cavity, 1 nC bunch charge generated with a flat-top laser pulse with
17.5 ps FWHM duration and 2 ps rise and fall times, for an offset of 22 degrees of
the RF phase of the accelerating structure with respect to the MMMG phase. The
vertical axis is shown relative to the bunch mean momentum of 22.4 MeV/c.
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Chapter 7

Simulations of measurements with
tomographic technique

The tomographic technique for longitudinal phase space measurements can be
verified with numerical simulations. Simulations presented in this chapter were
performed for Gaussian and flat-top temporal laser profiles, Fig. 7.1, and for
several electron bunch charges using the ASTRA particle tracking code [38].
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Fig. 7.1: Temporal laser profiles used for simulations: a Gaussian profile with
duration of 2.8 ps FWHM — the blue curve and a flat-top profile with duration of
17.5 ps — the red curve. The flat-top profile in this plot was normalized to have the
same integral laser pulse energy as the Gaussian profile.

A Gaussian temporal profile with duration of 2.8 ps FWHM was used for
simulations as the shortest available temporal laser profile at PITZ. A flat-top
temporal profile with duration of 17.5 ps FWHM and 2 ps rise and fall times was
used as the longest available flat-top laser profile at PITZ in the beginning of
2013. The transverse laser distribution had a uniform round profile with a
diameter of 1.6 mm, which corresponds to an RMS transverse size of 0.4 mm.

The common machine parameters used for the simulations presented in this
chapter are shown in Table 7.1. Transverse laser size was chosen as one used in an
experiment. The main solenoid current was chosen as the current which delivers a
good beam transport in the experiment, see section 8.1.
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Table 7.1: Machine parameters used for the ASTRA simulations.

Transverse laser size, RMS 0.4 mm
Main solenoid current 377 A
Maximum mean beam momentum after the gun 6.68 MeV/c
Maximum mean beam momentum after the booster 22.4 MeV/c

The simulations for the Gaussian temporal laser profile were done for electron
bunch charges of 700 pC and 20 pC. The simulations for the case of the flat-top
temporal laser profile were done for 1 nC and 20 pC bunch charges.

The charge of 1 nC was chosen as a bunch charge mostly studied at PITZ and
will be used as a nominal charge for European XFEL operation [5]. The charge of
20 pC was chosen as charge mostly used for short bunches generation and single
spike lasing [45], [46]. And the charge of 700 pC for the Gaussian temporal laser
profile was chosen as the maximum extractable one in a real experiment at PITZ
for such temporal and transverse laser profiles at that moment.

7.1 Gaussian temporal laser profile and 20 pC bunch charge

The simulations for 20 pC bunch charge presented in this section were done
for a Gaussian temporal laser profile with a duration of 2.8 ps FWHM, Fig. 7.1
the blue curve.

The electron bunch mean momentum was simulated downstream the CDS
booster at the position of the HEDAT1 reference screen Highl.Scr5, Fig. 3.5. The
simulations were done for the booster RF phases in the range from -20 degrees to
+20 degrees with respect to the MMMG phase with a step width of 1 degree, 41
momentum projections in total. A maximum mean momentum of 22.4 MeV/c was
achieved. The result of the phase scan of the electron bunch mean momentum is
shown in Fig. 7.2 with the blue curve (a) and the beam RMS momentum spread is
shown with the red curve (b). The green curve in the Fig. 7.2 (a) is mostly
covering the blue one and shows the beam momentum as a function of the booster
RF phase according to the acceleration model described by Eq. (2.42):

p=p,+ (P —py) - cos(® — @), (7.1)

where p is the electron bunch mean momentum downstream the booster cavity,
pg = 6.68 MeV/c is the electron bunch mean momentum downstream the gun,
pp = 22.4 MeV/c is the maximum mean momentum downstream the booster and
@o = 0 corresponds to the MMMG phase. The model gives a result consistent
with the numerical simulation, the green and blue curves mostly coincide,
Fig. 7.2 (a).
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Fig. 7.2: Simulated mean beam momentum (a), blue curve, and RMS momentum
spread (b), red curve, as a function of the booster RF phase for 20 pC bunch
charge generated with the Gaussian temporal laser profile. The green curve in (a)
is the beam momentum according to the acceleration model described by
Eq. (2.42).

From the simulated momenta of the particles for each booster RF phase the
momentum distributions were calculated with a bin size of 1 keV/c, close to the
minimum momentum bin size available in the measurements, see Chapter 8. The
resulting momentum distributions are scaled and normalized according to the
procedure introduced in section 6.3. Final data, ready for tomographic
reconstruction, are shown in Fig. 7.3 as momentum distributions for different
booster RF phases. It is shown with 2 degree step of the booster RF phase to do
not overload this plot.
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Fig. 7.3: Simulated momentum distribution for different booster RF phases, for
20 pC bunch.

Then the data are treated by the iterative reconstructed algorithm ART, as
described in section 6.1 using all 41 momentum projections. The result of the
reconstruction after 100 iterations starting from a zero initial guess is shown in
Fig. 7.4 upper plot (a) and the original longitudinal phase space (calculated from
the simulated particles distribution) upstream the booster cavity is shown on the
bottom plot (b). For this reconstruction, the electron bunch momentum
distributions had 194 bins with a bin size of 1 keV/c and 201 bins were used for
the longitudinal coordinate (bin size of 0.01 mm). The corresponding convergence
is shown in Fig. 7.5 as a function of the iteration number. The method converges
quite fast and reached convergence criteria of C(k) <3-10"* after 100
iterations.
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Fig. 7.4: Reconstructed longitudinal phase space upstream the booster cavity (a)
from a simulated momentum distributions at 8.92 m and original longitudinal
phase space from ASTRA at 2.5 m (b), for the 20 pC bunch charge generated with
the Gaussian temporal laser profile.
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Fig. 7.5: Convergence of the ART algorithm for 100 iterations for the
reconstructed phase space shown in Fig. 7.4 (a).
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The reconstructed longitudinal phase space looks close to the original simulated
one, see Fig. 7.4 (a) and (b), but the slope of the reconstructed one is higher and as
a result the reconstructed one has a bigger momentum spread. Also the
reconstructed phase space has some reconstruction artifacts which arise from the
additive nature of the ART algorithm.

The higher slope in the reconstructed longitudinal phase space can be
explained by significant space charge forces for such short bunch which are
sufficient to additionally accelerate and decelerate the head and tail of the bunch,
respectively, by about of 10 keV/c. This effect can be seen in the numerical
simulation. In Fig. 7.6 the simulated longitudinal phase space at 8.92 m is shown.
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Fig. 7.6: Longitudinal phase space simulated at 8.92 m for the 20 pC bunch
charge generated with the Gaussian temporal laser profile.

This phase space looks much closer to the reconstructed one, compared
Fig. 7.4 (a) and Fig. 7.6, because the momentum distributions used for the
tomographic reconstruction were taken at 8.92m and already contain the
transformation of the longitudinal phase space induced by the space charge forces.
The space charge forces are not taken into account in the model used for the
tomographic reconstruction, see section 6.2, and this is why the slope in the result
of the reconstruction shown in Fig. 7.4 (a) differs from the slope in the original
phase space (b).

The resolution of the momentum distribution measurements at the HEDAI
section is limited by the optical system and is about 4 keV/c. For this case a
numerical simulation of such measurements can be done using 4 keV/c binning of
the momentum distributions. The resulting reconstructed longitudinal phase space
is shown in Fig. 7.7. For this reconstruction, the electron bunch momentum
distributions had only 66 bins with a bin size of 4 keV/c and 201 bins were used
for the longitudinal coordinate (bin size of 0.01 mm), the same as for the previous
case.
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Fig. 7.7: Reconstructed longitudinal phase space upstream the booster cavity
using 4 keV/c momentum binning of the used momentum distributions for the
tomographic reconstruction.

The reconstructed longitudinal phase space using bigger bin size of 4 keV/c looks
close to the one using small bin size of 1 keV/c, compared Fig. 7.4 (a) and
Fig. 7.7. Only one major difference is that Fig. 7.7 presents density modulations
which are not real and come from the way of plotting the two-dimensional
distribution, the period of the modulation is exactly 4 keV/c.

To more completely reproduce the real measurements the procedure of the
momentum distribution measurements in the HEDA1 (see section 3.5) can be
added to this simulation. This can be realized in the following way. The ASTRA
simulations are performed up to reference screen Highl.Scr5 located 8.92 m
downstream the gun, Fig. 3.5. The last quadrupole upstream the dipole has to be
optimized to have the beam focused vertically at this screen. Then the particles
distributions at the position of the dipole entrance are taken and using the dipole
transport matrix according to Eq. (2.34) can be tracked up to the observation
screen Disp2.Scrl. The resulting beam momentum distribution can be obtained as
the vertical beam profile at the screen divided by the dispersion.

The resulting reconstructed longitudinal phase space including dipole effect in
the simulations of measurements is shown in Fig. 7.8. The same as for the
previous case the electron bunch momentum distributions had 66 bins with a bin
size of 4 keV/c and 201 bins were used for the longitudinal coordinate. The phase
space looks a bit worse than the one reconstructed without taken into account
procedure of the momentum measurements, Fig. 7.7, but still the shape and
structure are close to the original one, Fig. 7.4 (b).
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Fig. 7.8: Reconstructed longitudinal phase space upstream the booster cavity
using 4 keV/c momentum binning of the simulated measured momentum
distributions.

For quantitative comparison of the phase spaces one can compare the
calculated longitudinal RMS emittance from each phase space. Difficulties will
arise from the reconstruction artifacts which will spoil the calculated longitudinal
emittance. To solve this problem, the charge cut can be applied to each phase
space to remove reconstruction artifacts and comparison of the resulted purified
phase spaces can be performed.

Result of the longitudinal emittance calculation for different level of the
charge cut applied is shown in Fig. 7.9 for all four cases. The black curve shows
the emittance calculated from the simulated longitudinal phase space shown in
Fig. 7.6, the goal emittance. The green curve shows the emittance calculated from
the reconstructed phase space shown in Fig. 7.4 (a). The blue and the red curves
show the calculated emittances from the reconstructed phase spaces shown in
Fig. 7.7 and Fig. 7.8 respectively.
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Fig. 7.9: Longitudinal emittance calculation with different charge cut applied.
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Strong reconstruction artifacts which are presented in the phase space shown in
Fig. 7.4 (a) result in about three times higher calculated emittance from the
reconstruction with comparison to the calculated one from the simulated phase
space. Charge cut applied does not help to remove reconstruction artifacts in this
case. Longitudinal emittances calculated from the phase spaces shown in Fig. 7.7
and Fig. 7.8, which have significantly less artifacts, are much closer to the
expected value from simulation: they are about 50% higher.

7.2 Gaussian temporal laser profile and 700 pC bunch charge

The simulations for 700 pC bunch charge presented here were done for a
Gaussian temporal laser profile, the same as for the previous case, Fig. 7.1 the
blue curve.

Simulations were performed for booster RF phases in range from -18 degrees
up to +22 degrees with respect to the MMMG phase with a step of 1 degree, 41
momentum projections in total. The maximum beam momentum is 22.4 MeV/c.
The bunch mean momentum downstream the booster cavity as a function of the
booster RF phase at the HEDATI section is shown in Fig. 7.10 (a) with the blue
curve and the beam RMS momentum spread is shown with the red curve in
Fig. 7.10 (b). The green curve in Fig. 7.10 (a) is mostly covering the blue one and
shows the beam momentum as a function of the booster RF phase according to
Eq. (7.1) where p, = 6.68 MeV/c is the electron bunch mean momentum

downstream the gun, p, = 22.4 MeV/c is the maximum mean momentum
downstream the booster and ¢, = 0 corresponds to the MMMG phase. The
acceleration model gives result very close to the numerical simulation, the green
and blue curves are almost identical, Fig. 7.10 (a).

The resulting simulated bunch momentum distributions are scaled and
normalized according the procedure introduced in section 6.3. Final data, ready
for tomographic reconstruction, are shown in Fig. 7.11 as momentum distributions
for different booster RF phases. It is shown with 2 degree step of the booster RF
phase to do not overload this plot.
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Fig. 7.10: Simulated mean beam momentum (a), blue curve, and beam RMS
momentum spread (b), red curve, as a function of the booster RF phase for the
700 pC bunch charge. The green curve in (a) is the beam momentum according to
the acceleration model described by Eq. (2.42).
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Fig. 7.11: Simulated momentum distribution for different booster RF phases, for
700 pC bunch.
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Then the data are treated by the iterative reconstruction algorithm ART using
all 41 momentum projections. The result of the reconstruction after 100 iterations
starting from a zero initial guess is shown in Fig. 7.12 (a) and the original
longitudinal phase space from ASTRA simulation at 2.5m is shown in
Fig. 7.12 (b).
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Fig. 7.12: Reconstructed longitudinal phase space upstream the booster cavity
from the simulated momentum distributions at 8.92 m downstream the gun by the
ART algorithm (a) and the original longitudinal phase space from ASTRA at
2.5m (b), for 700 pC bunch charge generated with the Gaussian temporal laser
profile.

For this reconstruction, the electron bunch momentum distributions had 568 bins
with bin size of 1 keV/c and 121 bins were used for the longitudinal coordinate
(bin size of 0.05 mm). The iteration method converges quite fast and reached
convergence criteria of C(k) < 3-10~* after 100 iterations. The reconstructed
longitudinal phase space looks similar to the original one, see Fig. 7.12 (a) and
(b), except the low intensity artifacts arising from the additive nature of the ART
algorithm and insufficient number of projections, i.e. too rough step for the
booster RF phase. Using more momentum projections the quality of the
reconstruction can be improved. The head and the tail of the reconstructed phase
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space are higher and lower than it is for the simulated one, respectively. This
effect can be explained by the space charge forces which accelerate a bit the head
of the bunch and decelerate the tail.

7.3 Flat-top temporal laser profile and 20 pC bunch charge

The simulations for 20 pC bunch charge presented in this section were done
for a flat-top temporal laser profile with duration of 17.5 ps FWHM and 2 ps rise
and fall times, Fig. 7.1 the red curve.

The simulated electron bunch mean momentum as a function of the booster
RF phase at the HEDA1 section is shown in Fig. 7.13 (a) with the blue curve and
beam RMS momentum spread is shown in Fig. 7.13 (b) with the red curve. The
simulations were done for the booster RF phases in the range from -20 degrees to
+20 degrees with respect to the MMMG phase with a step width of 1 degree, 41
momentum projections in total. The green curve in Fig. 7.13 (a) shows the beam
momentum as a function of the booster RF phase according Eq. (7.1) where
pg = 6.68 MeV/c is the electron bunch mean momentum downstream the gun,
pp = 22.4 MeV/c is the maximum mean momentum downstream the booster and
@y = 0 corresponds to the MMMG phase. The acceleration model coincides with
the numerical simulation very well.

The resulting simulated bunch momentum distributions for each booster RF
phases are scaled and normalized according the procedure introduced in section
6.3. Final data, ready for tomographic reconstruction, are shown in Fig. 7.14 as
momentum distributions for different booster RF phases. It is shown with
2 degree step of the booster RF phase to do not overload this plot.

To get the longitudinal phase space upstream the booster cavity all 41
momentum projections are treated by the iterative reconstruction algorithm ART.
Result of the reconstruction after 100 iterations starting from a zero initial is
shown in Fig. 7.15 upper plot (a) and original longitudinal phase space from
ASTRA simulation at 2.5 m is shown on bottom plot (b). For this reconstruction,
each electron bunch momentum distribution had 414 bins with a bin size of
1 keV/c, and 121 bins were used for the longitudinal coordinate with a bin size of
0.05 mm. The core part of the reconstructed longitudinal phase space looks
similar to the original simulated one, except significant amount of the additional
artifacts. Vertical wider reconstructed longitudinal phase space, Fig.7.15 (a),
come from insufficient binning of the momentum axis with the bin size of
1 keV/e.
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Fig. 7.13: Simulated mean beam momentum (a), blue curve, and beam RMS
momentum spread (b), red curve, as a function of the booster RF phase for the
flat-top temporal laser profile and 20 pC bunch charge. The green curve (a) is the
beam momentum according to the acceleration model described by Eq. (2.42).
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Fig. 7.14: Simulated momentum distribution for different booster RF phases, for
20 pC bunch.
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Fig. 7.15: Reconstructed longitudinal phase space upstream the booster cavity (a)
from a simulated momentum distributions at 8.9 m and original longitudinal phase
space from ASTRA at 2.5 m (b), for 20 pC bunch charge generated with the
flat-top temporal laser profile. The electron bunch momentum distributions have a
bin size of 1 keV/c and booster phase step was 1 degree in the range from -20 to
+20 degrees.
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Fig. 7.16: Reconstructed longitudinal phase space upstream the booster cavity (a)
from a simulated momentum distributions at 8.9 m. The electron bunch
momentum distributions have a bin size of 0.5 keV/c and booster phase step was
0.2 degree in the range from -10 to +10 degrees.
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Also, the strong stripe artifacts arise from insufficient number of projections, used
booster RF phases, i.e. too rough step in the booster phase. The result of the
reconstruction using 0.5 keV/c momentum binning and 0.2 degree RF phase step
is shown in Fig. 7.16. The used booster RF phase range was decreased to from -10
to +10 degrees to have reasonable computation time for this simulation, giving in
total 101 momentum projections. The reconstructed longitudinal phase space,
shown in Fig. 7.16, looks very close to the original one, Fig. 7.15 (b). The
reconstructed one is slightly wider vertically and has some small amount of
artifacts. Smaller size of momentum binning and finer step in the booster RF
phase will further improve the reconstruction.

Applying the acceleration model to the reconstructed longitudinal phase space
shown in Fig. 7.16, the bunch longitudinal phase space downstream the CDS
booster cavity can be reconstructed. A result is shown in Fig. 7.17 (a) and original
longitudinal phase space from the ASTRA simulation at 8.92 m is shown in
Fig. 7.17 (b).
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Fig. 7.17: Reconstructed longitudinal phase space downstream the booster cavity
(a) from the simulated momentum distributions at 8.92m and original
longitudinal phase space from ASTRA at 8.92m (b). The electron bunch
momentum distributions had a bin size of 0.5 keV/c and booster RF phase step
was 0.2 degree in the range from -10 to +10 degrees, 1.e. 101 projections.
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The reconstructed longitudinal phase space, shown in Fig. 7.17 (a), looks very
close to the original simulated one, Fig. 7.17 (b). The reconstructed one is slightly
wider vertically and has some small amount of artifacts. Smaller size of
momentum binning and finer step in the booster RF phase will further improve
the reconstruction. The intensity modulation in the head and the tail of the
reconstructed bunch is coming from the plotting for such binning of the
longitudinal axis, which was done with a bin size of 0.05 mm. The period of
modulations is exactly 0.05 mm.

7.4 Flat-top temporal laser profile and 1 nC bunch charge

The simulations for 1 nC electron bunch charge presented in this section were also
done for the same flat-top temporal laser profile, see Fig. 7.1. An evaluation of the
simulated longitudinal phase space for the booster MMMG phase at three
different locations along the beamline is shown in Fig. 7.18. The first one,
Fig. 7.18 (a), is the longitudinal phase space upstream the booster at 2.5 m
downstream the gun. The second one, Fig. 7.18 (b), is the longitudinal phase
space downstream the booster at the position of the HEDAI1 reference screen
High1.Scr5 located at 8.92 m downstream the gun. The last one, Fig. 7.18 (c), is
the longitudinal phase space downstream the booster at the position of the
HEDA?2 observation screen Disp3.Scrl located at about 18.6 m downstream the
gun.

The electron bunch mean momentum as a function of the booster RF phase at
the HEDA1 section is shown in Fig. 7.19 (a) with the blue curve and the beam
RMS momentum spread is shown in Fig. 7.19 (b) with the red curve. The green
curve in Fig. 7.19 (a) shows the beam momentum as a function of the booster RF
phase according to the acceleration model described by Eq. (7.1) where p, =

6.68 MeV/c 1s the electron bunch mean momentum downstream the gun,
pp = 22.379 MeV/c is the maximum mean momentum downstream the booster
and ¢o = 0 corresponds to the MMMG phase. The acceleration model coincides
with the numerical simulation very well.

The resulting simulated momentum distributions for each booster RF phase
are scaled and normalized according to the procedure introduced in section 6.3.
Final data, ready for tomographic reconstruction, are shown in Fig. 7.20 as
momentum distributions for different booster RF phases. It is shown with
2 degree step of the booster RF phase to do not overload this plot.
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Fig. 7.18: Simulated electron bunch longitudinal phase spaces at 2.5 m (a), at
89 m (b) and at 18.6 m (c) downstream the gun for a flat-top temporal laser
profile and 1 nC electron bunch charge. The gun and the booster RF phases
correspond to MMMG phase.
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Fig. 7.19: Simulated mean beam momentum (a), blue curve, and beam RMS
momentum spread (b), red curve, as a function of the booster RF phase for the
flat-top temporal laser profile and 1 nC bunch charge. The green curve (a) is the
beam momentum according to the acceleration model described by Eq. (2.42).
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Fig. 7.20: Simulated momentum distribution for different booster RF phases.
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Then the data are treated by the iterative reconstructed algorithm ART using all 41
momentum projections. The result of the reconstruction is shown in Fig. 7.21 (a)
and the original longitudinal phase space from the ASTRA simulation at 2.5 m,
upstream the booster, is shown in Fig. 7.18 (a). For this reconstruction, the
electron bunch momentum distribution had 432 bins with a bin size of 2 keV/c,
and 201 bins were used for the longitudinal coordinate with a bin size of 0.05 mm.
The resulting shape of the reconstructed longitudinal phase space is similar to the
original simulated one except for additional reconstruction artifacts.

Applying the acceleration model to the reconstructed longitudinal phase space
upstream the booster cavity shown in Fig. 7.21 (a), the phase space downstream
the booster cavity can be reconstructed. The result is shown in Fig. 7.21 (b) and
the original longitudinal phase space from ASTRA simulation at 8.92 m is shown
in Fig. 7.18 (b). The core part of the reconstructed longitudinal phase space looks
similar to the original one, Fig.7.21 (b) and Fig. 7.18 (b), except a lot of
additional low intensity artifacts.

Using more projections, i.e. more booster RF phases, with finer booster RF

phase step, amount and strength of the artifacts can be significantly decreased,
Fig. 7.22.
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Fig. 7.21: Reconstructed longitudinal phase space upstream (a) and downstream
(b) the booster cavity using 41 momentum projections with 1 degree booster RF
phase step and 2 keV/c momentum binning.
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Fig. 7.22: Reconstructed longitudinal phase spaces upstream (a) and downstream
(b) the booster cavity using 151 momentum projections with 0.2 degrees booster
RF phase step and 4 keV/c momentum binning.

For this reconstruction 151 momentum projections were used for the booster RF
phases in the range from -15 to +15 degrees with step of 0.2 degrees. The binning
of momentum distribution was decreased to 4 keV/c to have reasonable
computation time. The core part of the reconstructed phase spaces is the same but
amount of the artifacts around is significantly reduced.

7.4.1 MENT reconstruction algorithm

The algebraic reconstruction technique can be used to perform the
tomographic reconstruction, but in some cases it produces a lot of additional
artifacts in the reconstructed images as shown, for example, in Fig. 7.21. One of
the possible ways to eliminate these artifacts would be using another algorithm,
for example, the maximum entropy method (MENT) [43]. An example of such a
reconstruction from simulated data is shown in Fig. 7.23 using the MENT
algorithm with 2 iterations. The initial data of the electron bunch momentum
distributions used for this reconstruction were the same as they were used for the
ART reconstruction algorithm, Fig. 7.21, 41 momentum projections.
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Fig. 7.23: Reconstructed longitudinal phase space using the MENT algorithm
from simulated momentum distributions at 8.92 m downstream the gun. For 1 nC
bunch charge generated with a flat-top temporal laser profile.

A bin size of the momentum distributions was 2 keV/c and the reconstructed
longitudinal axis has a bin size of 0.07 mm. The resulting shape of the
reconstructed longitudinal phase space looks similar to the original one from
ASTRA simulation, Fig.7.23 and Fig. 7.18 (b), and has much less additional
artifacts as compared with the ART algorithm, Fig. 7.21.

Further iterations of the MENT algorithm start to cause density oscillation in
the reconstructed phase space. And also reconstruction from the experimental data
does not show convergence with the iteration number when using MENT
algorithm. To understand the nature of the oscillations in the reconstruction result
and divergence of the algorithm further studies of the application of the MENT
algorithm to the longitudinal phase space reconstruction are needed.

7.5 Summary

Simulations of tomographic measurements with the Gaussian temporal laser
profile show consistent results, except some insignificant amount of
reconstruction artifacts. Less artifacts can be seen for the small charge of 20 pC,
and more artifacts for the 700 pC case. Reconstruction artifacts in this case arise
from the additive nature of the ART algorithm [44] and insufficient number of the
used projections, i.e. too rough booster RF phase steps.

The reconstructed phase space does not significantly degrade when the
procedure of momentum distribution measurements is included in the simulations,
and still close to the original one. Momentum resolution in this case is limited by
the transverse beam size at the reference screen divided by the dispersion. For the
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case of 20 pC generated with a Gaussian temporal laser profile it is about 2 keV/c.
It is two times less than the limitation from the optical read out system for the
HEDA1, which is about 4 keV/c, see section 3.4.

For the case of a flat-top temporal laser profile, the ART reconstruction
produces significant amount of artifacts but the shape and the core part of the
reconstructed phase spaces are still similar to the original one, calculated from the
simulated particles distributions. Using more detailed momentum distributions
and finer booster RF phase steps the quality of the reconstruction can be
significantly improved.

The MENT algorithm does not have such problems with reconstruction
artifacts like ART has and for the same initial data gives consistent result after a
small number of iteration steps. But a high number of iterations cause divergence
of the algorithm. Further studies are needed to eliminate problems with
convergence and density oscillations in the reconstruction results when using the
MENT algorithm.
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Chapter 8

Longitudinal phase space measurements with
tomographic technique

This chapter presents results of longitudinal phase space measurements using
the tomographic technique for three different temporal laser profiles and several
electron bunch charges. Tomographic reconstructions are done with the ART
algorithm that will give in result the longitudinal phase space upstream the booster
cavity. Applying the acceleration model to the reconstructed phase space the
longitudinal phase space downstream the booster cavity can be reconstructed as
well.

8.1 Strategy and varied machine parameters

The measurements of the longitudinal phase space at PITZ were done using
the tomographic technique as described in Chapters 6 and 7. The CDS booster RF
phase was varied and the corresponding momentum distributions were measured
at two dispersive sections: HEDA1 and HEDA2.

All the measurements were done for three photocathode temporal laser profiles
and several electron bunch charges. The laser intensity was adjusted to have the
defined bunch charge at the High1.ICT1 according to Table 8.1.

Table 8.1: Laser parameters used for measurements.

Bunch charge
20 pC | 100 pC | 400 pC | 700 pC | 1 nC
Temporal laser profile

Gauss, 2.7 ps v v v v
Flat-top, 17.4 ps v v v
Modulated, 21.5 ps v v

The charges were chosen to be the same as the ones used for the numerical
simulations of the measurements shown in Chapter 7. Additionally, 100 pC for
flat-top and Gaussian temporal laser profiles and 400 pC for Gaussian were
measured.
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To have the highest momentum resolution at the HEDA1 section the beam
was focused vertically on the reference screen Highl.Scr5 (see section 3.5). The
resulted momentum resolutions were calculated from the vertical beam sizes at
this screen according to Eq.(3.3) and summarized in Table 8.2 for the all
measurements.

Table 8.2: Momentum resolution at HEDAL.

Beam size at | Momentum | Momentum
Temporal laser Bunch o luti luti
rofile charge Highl.Scr5, reso uFlon, resolution,
P [mm] relative [keV/c]
Gauss, 2.7 ps 20 pC 0.07 1.2:10" 2.6
Gauss, 2.7 ps 100 pC 0.32 5.3:10" 12.0
Gauss, 2.7 ps 400 pC 0.64 1.1-107 23.9
Gauss, 2.7 ps 700 pC 0.97 1.6:10” 36.2
Flat-top, 17.4 20 pC 0.14 2.3-10" 5.2
Flat-top, 17.4 100 pC 0.08 1.3-10" 3.0
Flat-top, 17.4 1 nC 0.59 1.0-107 22.0
Modulated, 21.5 ps 20 pC 0.32 5.3:10" 11.9
Modulated, 21.5 ps 1 nC 0.55 9.2:10™ 20.5

For the momentum distribution measurements in the HEDA1 section a bin size
was 4 keV/c, which corresponds to one pixel of the CCD camera looking at the
observation screen, see section 3.4.

For all measurements in the HEDAZ2 section the beam optics was optimized to
have a divergent beam in the horizontal direction upstream the dipole magnet
Disp3.D1 by applying a defocusing quadrupole (see section 3.6). For the
momentum distribution measurements in the HEDA2 section the bin size was
1.5keV/c except for one case when, by mistake, it was 3 keV/c for the
measurements for 20 pC bunch charge generated with a flat-top temporal laser
profile.

8.1.1 Photocathode laser parameters

The following temporal profiles of the photocathode laser were used for the
measurements: a Gaussian with a duration of 2.7 ps FWHM, a flat-top with
duration of 17.4 ps FWHM and a modulated flat-top with a duration of 21.5 ps
FWHM, both with 2 ps rise and fall times. Examples of the corresponding
measured temporal laser profiles are shown in Fig. 8.1. Intensities of the flat-top
and the modulated flat-top laser pulses for this plot were scaled to have the same
integral as for the Gaussian pulse. For all these measurements the head of the laser
pulse is on the left side.
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Fig. 8.1: Measured temporal laser profiles: Gaussian with 2.7 ps FWHM duration,
the blue curve, flat-top with 17.4 ps FWHM duration and about 2 ps rise and fall
times, the red curve, and modulated flat-top with 21.5 ps FWHM duration with
about 1 ps rise and fall times, the green curve.

An example of the transverse distribution of the laser beam used for the
measurements is shown Fig. 8.2. This distribution was measured at the position of
the virtual cathode located at the same distance from the BSA and had the same
imaging of the laser beam as the real photocathode [17].

1 05 0 05 1
X, mm

Fig. 8.2: An example of the measured transverse distribution of the photocathode
laser at the position of the virtual cathode [17]. The horizontal RMS size is
0.36 mm and the vertical one is 0.37 mm.
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The electron bunch charge for the measurements was varied by adjusting the
photocathode laser intensity and the charge was measured by the integrating
current transformer (ICT) downstream the booster cavity, Fig.3.1. For the
Gaussian temporal laser profile the bunch charge of 700 pC was the maximum
extractable for such a laser transverse distribution.

8.1.2 RF gun and booster parameters

The RF power fed to the gun cavity was chosen in a way that 6.7 MeV/c
maximum mean momentum at the gun exit was obtained. That corresponds to
about 6.8 MW measured peak RF power in the gun and 60.5 MV/m simulated
maximum electric field on the cathode surface (gun nominal operation at PITZ).
The RF phase of the gun was always adjusted to have maximum mean momentum
of the beam downstream the gun.

The main solenoid current was chosen empirically at 377 A for all the
measurements as this current delivers a good beam transport up to the HEDA2
section and keeps the beam size relatively small along the whole beamline. The
bucking solenoid was always adjusted in such way that it compensates the
longitudinal magnetic field created by the main solenoid on the cathode surface.

The RF power fed to the CDS booster cavity was chosen to have the electron
bunch maximum mean momentum at the booster exit around 22 MeV/c. That
corresponds to about 3.2 MW peak RF power in the booster and 18 MV/m
maximum electric field (maximum allowed during measurements).

8.2 Results for Gaussian temporal laser profile

8.2.1 Measurements with 20 pC bunch charge

The result of the mean momentum phase scan in the HEDAT1 section is shown
in Fig. 8.3 (a) as the blue dots with the statistical error bars from 10 consequent
measurements and the RMS momentum spread is shown with the red dots in (b).
The measurements were done for the booster RF phases in the range from -28
degrees to +18 degrees with respect to the MMMG phase with the step width of 2
degree, 24 momentum projections in total.

The green curve shows in Fig. 8.3 (a) the beam momentum as a function of the
booster RF phase according to the acceleration model described by Eq. (2.42) and
partly coincides with the measured data. Parameters for this curve were taken
from the maximum mean momentums downstream the gun and booster.

The set point RF phase of the booster cavity at the PITZ facility is flipped with
respect to the mathematical phase used in numerical simulations. Therefore all
momentum phase scans shown in this Chapter are flipped in order to have
mathematical phase on the horizontal axis and easy compare with the simulations.
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Fig. 8.3: Measured mean beam momentum at the HEDA1 section (a), the blue
dots with error bars, and RMS momentum spread (b), the red dots with error bars,
as a function of the booster RF phase, for 20 pC bunch charge generated with a
Gaussian temporal laser profile. The green curve in (a) is the beam momentum
according to the acceleration model described by Eq. (2.42).

The resulting momentum distributions are scaled and normalized according to
the procedure introduced in section 6.3. Final data, ready for tomographic
reconstruction, are shown in Fig. 8.4 as momentum distributions for different
booster RF phases.
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Fig. 8.4: Measured momentum distribution for different booster RF phases. 20 pC
bunch charge generated with a Gaussian temporal laser profile.

The longitudinal phase spaces reconstructed using momentum measurements
in the HEDA1 and the HEDA2 sections after 100 iterations starting from a zero
initial guess are shown in Fig. 8.5. For the HEDAI it was used 24 momentum
projections with the booster RF phase step of 2 degrees and for the HEDA?2 it was
used 47 momentum projections with the booster RF phase step of 1 degree. The
phase spaces are plotted as contour plots without contour lines. The color map
corresponds to 64 contour levels with the first level shown as a white color. The
results are looking very similar to each other despite of the fact that for the
HEDAZ2 measurements a three times better momentum resolution is expected than
for the HEDAL.

The simulated longitudinal phase space upstream the booster cavity at 2.5 m
downstream the gun is shown in Fig. 8.6. The numerical simulation was done for
the machine parameters adjusted to be close to the parameters used for the
measurements. These include: beam momentum downstream the gun, beam
momentum downstream the booster, bunch charge, transverse and temporal laser
profiles and the main solenoid current, section 7.1.
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Fig. 8.5: Reconstruction results of the longitudinal phase space upstream the
booster cavity for 20 pC bunch charge using the HEDA1 (a) and HEDA2 (b)
dispersive sections. For the longitudinal coordinate a bin size of 0.01 mm was
used to reconstruct both phase spaces.
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Fig. 8.6: Simulated longitudinal phase space upstream the booster cavity at 2.5 m
downstream the gun, for 20 pC bunch charge.

Compared to the measured phase spaces the simulated one looks significantly
more narrow: the slice momentum spread at the central part of the simulated phase
space is about 1.2 keV/c, whereas the measured ones have about 6-7 keV/c for the
same longitudinal slice length of 40 um taken in the analysis, see Fig. 8.7.
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Fig. 8.7: The slice momentum spread calculated from the measured longitudinal
phase spaces (Fig. 8.5) is shown with the blue curve for HEDA1 and with the
green dot-dashed curve for HEDA2, and the simulated one is shown with the red
dashed curve.

The measured slice momentum spread was calculated applying 15% charge cut to
the longitudinal phase space in order to remove reconstruction artifacts. This
difference between the measured and simulated slice momentum spread, Fig. 8.7,
can be explained by insufficient momentum resolution in the used reconstruction
momentum distributions. For the HEDA1 measurements the binning of the
momentum axis was 4 keV/c. Such a bin size is already three times worse than the
simulated slice momentum spread. The HEDA2 section should give better result
than HEDAT1 as the momentum binning of the measured momentum distribution
1s 1.5 keV/c versus 4.0 keV/c. But because of not fine optimized beam transport
for a good momentum resolution (see section 3.6) the resulted longitudinal phase
space has the quality close to the one obtained from the measurements in the
HEDAT1 section, see Fig. 8.5.

The comparison of the reconstructed current profiles with the measured
temporal laser profile is shown in Fig. 8.8. The current profiles was calculated
from the reconstructed phase spaces shown in Fig. 8.5 as a horizontal profile
applying 15% charge cut in order to remove reconstruction artifacts. The bunch is
shorter than the laser pulse, what is in contradiction with the simulation, Fig. 8.9.
According to the simulation the bunch should be slightly longer than the laser
pulse. One of the possible explanations, it is because of the applied charge cut
which cut the tails of the distributions. Another possible one is that the real laser
pulse length is a bit shorter than the measured one using the OSS [17]. This will
also explain why the location of the measured minimum RMS momentum spread
is more far away from the MMMG phase than expected from the numerical
simulations, compared Fig. 7.2 and Fig. 8.3.
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Fig. 8.8: Current profiles calculated from the reconstructed phase spaces shown in
Fig. 8.5 (a) — the blue curve, in (b) — the green curve, and the corresponding
measured temporal laser profile, the red curve, flipped as compared with Fig. 8.1.
The laser profile was scaled vertically to have the same maximum as the first
current profile.
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Fig. 8.9: Current profile calculated from the simulated particles distribution shown
in Fig. 8.6, the blue curve, and the corresponding temporal laser profile used for
the simulation, the red curve. The laser profile was scaled vertically to have the
same maximum as the current profile.

8.2.2 Measurements with 100 pC bunch charge

The longitudinal phase spaces reconstructed using momentum measurements
in the HEDA1 and the HEDA2 sections are shown in Fig. 8.10. For these
reconstructions were used 56 and 46 momentum projections for the HEDA1 and
the HEDAZ2, respectively, with the booster RF phase step of 1 degree. Whereas
the reconstructed phase spaces looks differently, the slope (momentum chirp) and
the core part are similar. The long tales for both reconstructed phase spaces can be
explained by the incorrect range of the booster RF phases used for these
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measurements.

This, in result, causes insufficient rotation of the bunch

longitudinal phase space for the complete tomographic reconstruction.
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Fig. 8.10: Reconstruction results of the longitudinal phase space upstream the
booster cavity for 100 pC bunch charge using HEDA1 (a) and HEDA2 (b)
dispersive sections. For the longitudinal coordinate a bin size of 0.02 mm was
used to reconstruct both phase spaces.
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Fig. 8.11: Simulated longitudinal phase space upstream the booster cavity at 2.5 m
downstream the gun, for 100 pC bunch charge.
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As compared to the simulated longitudinal phase space the reconstructed ones
have a higher slope, about 150 keV/mm versus 100 keV/mm, Fig. 8.10 versus
Fig. 8.11. The slope of the phase spaces are close to the 20 pC case, Fig. 8.5, but
the bunch is longer for 100 pC. This can be explained by the space charge forces,
which start to stretch the bunch for the higher charge.

Both calculated longitudinal profiles from the HEDA1 and HEDA?2 data are

longer than the laser pulse, Fig. 8.12, what is also expected from the numerical
simulation for this case, Fig. 8.13.
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Fig. 8.12: Current profile calculated from the reconstructed phase space shown in
Fig. 8.10 (a) — the blue curve, in (b) — the green curve, and the corresponding
measured temporal laser profile, the red curve, flipped as compared with Fig. 8.1.

The laser profile was scaled vertically to have the same maximum as the current
profile.
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Fig. 8.13: Current profile calculated from the simulated particles distribution
shown in Fig. 8.11, the blue curve, and the corresponding temporal laser profile

used for the simulation, the red curve. The laser profile was scaled vertically to
have the same maximum as the current profile.
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8.2.3 Measurements with 400 pC bunch charge

Results of the reconstructed longitudinal phase spaces using momentum
measurements in the HEDA1 and the HEDA?2 sections are shown in Fig. 8.14 (a)
and (b), respectively. For these reconstructions were used 54 and 47 momentum
projections for the HEDA1 and the HEDA?2, respectively, with the booster RF
phase step of 1 degree. Result of the simulated longitudinal phase space with the
corresponding machine parameters is shown in Fig. 8.15.

The reconstructed phase space from the HEDAI data, Fig. 8.14 (a), looks
different from the simulated one, shown in Fig. 8.15. Vertically wider
reconstructed phase space comes from the insufficient momentum resolution of
24 keV/c, Table 8.2. The reason of such big difference between the phase spaces
reconstructed from different dispersive section is not clear. One of the possible
explanations it is the instability of the RF source of the gun, which causes
different rotation of the longitudinal phase space at the gun exit during the
measurements. The reconstructed phase space from the HEDA2 data,
Fig. 8.14 (b), looks more close to the simulated one. Most probably during these
measurements the RF stability was much better. Also vertically thinner phase
space comes from the better momentum resolution of the HEDA?2 section.

p., [keV/c]

Fig. 8.14: Reconstruction results of the longitudinal phase space upstream the
booster cavity for 400 pC bunch charge using HEDA1 (a) and HEDA2 (b)
dispersive sections. For the longitudinal coordinate a bin size of 0.025 mm was
used to reconstruct both phase spaces.
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Fig. 8.15: Simulated longitudinal phase space upstream the booster cavity at 2.5 m
downstream the gun, for 400 pC bunch charge.

Calculated bunch longitudinal profiles are much longer than the laser profile,
Fig. 8.16, what is also predicted by the numerical simulation, Fig. 8.17.
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Fig. 8.16: Current profiles calculated from the reconstructed phase spaces shown
in Fig. 8.14 (a) — the blue curve, in (b) — the green curve, and the corresponding
measured temporal laser profile, the red curve, flipped as compared with Fig. 8.1.
The laser profile was scaled vertically to have the same maximum as the first
current profile.
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Fig. 8.17: Current profile calculated from the simulated particles distribution
shown in Fig. 8.15, the blue curve, and the corresponding temporal laser profile
used for the simulation, the red curve. The laser profile was scaled vertically to
have the same maximum as the current profile.

8.2.4 Measurements with 700 pC bunch charge

Results of the reconstructed longitudinal phase spaces calculated using
momentum measurements at the HEDA1 and the HEDA2 sections are shown in
Fig. 8.18 (a) and (b) correspondingly. For these reconstructions were used 48 and
47 momentum projections for the HEDA1 and the HEDA2, respectively, with the
booster RF phase step of 1 degree. The corresponding simulated longitudinal
phase space is shown in Fig. 8.19. The result from the HEDAI section,
Fig. 8.18 (a), looks vertically wider than from the HEDAZ2 section and the
simulated one because of low momentum resolution. Another difference
compared to the simulated phase space is the two hills of the phase space barely
noticeable in this figure. In the three-dimensional view they are more pronounced,
Fig. 8.20. Also this temporal structure can be seen in the current profile shown in
Fig. 8.21. This two hills structure can be explained by the presence of strong space
charge forces during charge emission from the cathode. The head of the bunch,
already released by the cathode, produces strong electric field on the cathode
surface and does not allow the tail of the bunch to be released. This electric field
is decreasing with the distance between the cathode and the head of the bunch
and, as a result, later the tail of the bunch is leaving the cathode as well. Finally,
the bunch will have two hills structure, as shown in Fig. 8.20. But the
reconstructed phase space using the momentum measurements from the HEDA?2
section doesn’t show such effect, Fig. 8.18 (b).
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Fig. 8.18: Reconstruction result of the longitudinal phase space for 700 pC bunch
charge using HEDA1 (a) and HEDA2 (b) dispersive sections. For the longitudinal
coordinate a bin size of 0.05 mm was used to reconstruct both phase spaces.
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Fig. 8.19: Simulated longitudinal phase space upstream the booster cavity at 2.5 m
downstream the gun, for 700 pC bunch charge.
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Fig. 8.20: Three-dimensional view of the reconstructed longitudinal phase space
shown in Fig. 8.18 (a).
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Fig. 8.21: Current profiles calculated from the reconstructed phase spaces shown
in Fig. 8.18 (a) — the blue curve, in (b) — the green curve, and the corresponding
measured temporal laser profile, the red curve, flipped as compared with Fig. 8.1.

The laser profile was scaled vertically to have the same maximum as the first
current profile.

Calculated bunch profiles for the both reconstructed longitudinal phase spaces
are much longer than the photocathode laser pulse, Fig. 8.21. Such effect comes
from the strong space charge forces which elongate the bunch during acceleration
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and propagation along the beamline. This also can be seen in numerical
simulation, Fig. 8.22.
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Fig. 8.22: Current profile calculated from the simulated particles distribution
shown in Fig. 8.19, the blue curve, and the corresponding temporal laser profile
used for the simulation, the red curve. The laser profile was scaled vertically to
have the same maximum as the current profile.

Asymmetry in the simulated current profile of the bunch can be explained also by
the strong space charge forces during emission, when the emitted head of the
bunch pushing back the tail. As a result tail of the bunch become longer, causing
such asymmetry. Similar asymmetry can be found in the bunch profiles from the
reconstructed phase spaces, Fig. 8.21. For the smaller charge of 400 pC this effect
is not seen in simulation, Fig. 8.17, but in the measurement results it is already
present, Fig. 8.16.
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8.3 Results for flat-top temporal laser profile

8.3.1 Measurements with 20 pC bunch charge

The result of the electron bunch mean momentum phase scan in the HEDAI
section is shown in Fig. 8.23 (a) as the blue dots with statistical error bars from 10
subsequent measurements and the RMS momentum spread is shown with the red
dots in (b). The momentum measurements were done for the booster RF phases in
the range from -23 to + 22 degrees with respect to the MMMG phase with the step
width of 1 degree, 46 momentum projections in total.

The green curve in Fig. 8.23 (a) shows the mean beam momentum as a
function of the booster RF phase according to the acceleration model described by
Eq. (2.42) and partly coincides with the measured data. Parameters for this curve
were taken from the maximum mean momentums measured downstream the gun
and booster.

The resulting momentum distributions are scaled and normalized according to
the procedure introduced in section 6.3. Final data, ready for tomographic
reconstruction, are shown in Fig. 8.24 as momentum distributions for different
booster RF phases.

The reconstructed longitudinal phase spaces using momentum measurements
in the HEDA1 and the HEDA2 sections are shown in Fig. 8.25 (a) and (b)
correspondingly. For the reconstructions were used 46 momentum projections at
the HEDA1 and 39 projections at the HEDA2 with the booster RF phase step of 1
degree. The reconstructed phase spaces have a similar shape and temporal
structure except that the one reconstructed from the HEDA1 data (a) is much
wider than the one reconstructed from the HEDA2 data (b). This comes from the
fact that the HEDA2 has a much higher performance for the momentum
measurements than the HEDAT (see sections 3.5 and 3.6). Also the phase space
presented in Fig. 8.25 (b) can be improved if a 1.5 keV/c momentum binning
would be used for the momentum measurements, which come from the readout
optics of the screen station and the camera settings (see section 3.4). Such
improvement would result in a phase space much closer to the one expected from
the numerical simulation, see Fig. 8.26.

Applying the acceleration model to the reconstructed phase space the
longitudinal phase space downstream the booster cavity can obtained. The results
are shown in Fig. 8.27 and the corresponding simulated longitudinal phase space
downstream the booster cavity is shown in Fig. 8.28.
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Fig. 8.23: Measured beam mean momentum (a), the blue dot with the error bars,

and beam

RMS momentum spread (b), the red dots with the error bars, as a

function of the booster RF phase for the 20 pC bunch charge. The green curve (a)
is the beam momentum according to acceleration model described by Eq. (2.42).
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Fig. 8.24: Measured momentum distributions for different booster RF phases
plotted with the RF phase step of 2 degrees.
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Fig. 8.25: Reconstruction result of the longitudinal phase space upstream the
booster cavity using the HEDAT1 (a) and the HEDA?2 (b) dispersive sections. For

the longitudinal coordinate a bin size of 0.025 mm was used to reconstruct both
phase spaces.
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Fig. 8.26: Simulated longitudinal phase space upstream the booster cavity at 2.5 m
downstream the gun.
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Fig. 8.27: Reconstruction result of the longitudinal phase space downstream the
booster cavity using the HEDA1 (a) and the HEDA?2 (b) dispersive sections.
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Fig. 8.28: Simulated longitudinal phase space downstream the booster at 8.92 m
downstream the gun.

The temporal structures of the reconstructed phase spaces are in good
agreement with the temporal laser profile, see current profiles in Fig. 8.29. The
current profiles were calculated from the reconstructed longitudinal phase spaces
shown in Fig. 8.25 applying 15% charge cut in order to remove the reconstruction
artifacts.
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Fig. 8.29: Current profiles calculated from the reconstructed phase spaces shown
in Fig. 8.25 (a) — the blue curve, in (b) — the green curve, and the corresponding
measured temporal laser profile, the red curve, flipped as compared with Fig. 8.1.
The laser profile was scaled vertically to have the same maximum as the first
current profile.

Due to the fact that the bunch is slightly compressed during acceleration in the
gun the current profile is shorter than the laser pulse [47]. Also this can be seen in
the simulation, Fig. 8.30. As a result it is hard to directly compare the current
profile with the temporal laser profile.
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Fig. 8.30: Current profile calculated from the simulated particles distribution
shown in Fig. 8.26, the blue curve, and the corresponding temporal laser profile
used for the simulation, the red curve. The laser profile was scaled vertically to
have the same maximum as the current profile.
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This comparison can be simplified by applying the scaling of the temporal axis for
the laser profile, see Fig. 8.31 where the temporal axis of the laser profile was
scaled down by 0.75.
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Fig. 8.31: Current profile and the squeezed temporal laser profile from Fig. 8.29.

In Fig. 8.31 in the head of the current profile from 0 to 1.6 mm three bumps are
clearly seen which almost coincide with the three bumps in the laser profile. The
two left bumps in the tail of the laser pulse, from -1.6 mm to 0, can be recognized
in the current profile as well. Similar temporal structure can be observed in the
current profile calculated based on the HEDA?2 data, Fig. 8.29 the green curve.

8.3.2 Measurements with 100 pC bunch charge

The longitudinal phase spaces reconstructed from the momentum
measurements in the HEDA1 and the HEDAZ2 sections are shown in Fig. 8.32, and
the corresponding simulated longitudinal phase space is shown in Fig. 8.33. The
phase space reconstructed from the HEDA2 data looks worse than one from the
HEDAI data. This can be explained by not optimum beam preparation for these
HEDA2 momentum measurements, causing as a result a bad momentum
resolution. Both phase spaces are much wider than the simulated one due to
insufficient momentum resolution at both dispersive sections.

The corresponding current profiles calculated by applying 15% charge cut to
the reconstructed phase spaces are shown in Fig. 8.34 together with the temporal
laser profile used for these measurements. The current profile calculated from the
HEDA1 data has some temporal structure but it is hard to compare it with the
temporal laser profile. Nevertheless, in the reconstructed phase space shown in
Fig. 8.32 (a) the structure of the temporal laser profile can be recognized.
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Fig. 8.32: Reconstruction result of the longitudinal phase space upstream the
booster cavity using the HEDAT1 (a) and the HEDAZ2 (b) dispersive sections. For

the longitudinal coordinate a bin size of 0.05 mm was used to reconstruct both
phase spaces.
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Fig. 8.33: Simulated longitudinal phase space upstream the booster cavity at 2.5 m
downstream the gun.

The results of the current profile measurements show that the bunch gets

shorter than the laser pulse for this charge as well as for 20 pC case, which also
can be seen in the numerical simulations, Fig. 8.35.
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Fig. 8.34: Current profiles calculated from the reconstructed phase spaces shown
in Fig. 8.32 (a) — the blue curve, in (b) — the green curve, and the corresponding
measured temporal laser profile, the red curve, flipped as compared with Fig. 8.1.

The laser profile was scaled vertically to have the same maximum as the first
current profile.
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Fig. 8.35: Current profile calculated from the simulated particles distribution
shown in Fig. 8.33, the blue curve, and the corresponding temporal laser profile
used for the simulation, the red curve. The laser profile was scaled vertically to
have the same maximum as the current profile.

8.3.3 Measurements with 1 nC bunch charge

The longitudinal phase spaces reconstructed from the momentum
measurements in the HEDA1 and the HEDA?2 sections are shown in Fig. 8.36 and
the corresponding simulated longitudinal phase space is shown in Fig. 8.37. The
both reconstructed phase spaces are much different from the simulated one, but
the one reconstructed from the HEDA2 data has the similar trend, compared
Fig. 8.36 (b) and Fig. 8.37. The wider phase space reconstructed from the HEDA1
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data is expected from the worse momentum resolution of about 22 keV/c, see
Table 8.2.
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Fig. 8.36: Reconstruction result of the longitudinal phase space using the HEDA1
(a) and the HEDAZ2 (b) dispersive sections. For the longitudinal coordinate a bin
size of 0.05 mm was used to reconstruct both phase spaces.
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Fig. 8.37: Simulated longitudinal phase space upstream the booster cavity at 2.5 m
downstream the gun.
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The corresponding current profiles calculated by applying 15% charge cut to
the reconstructed phase spaces are shown in Fig. 8.38 together with the temporal
laser profile used for these measurements. The related profiles calculated from the
simulated data are shown in Fig. 8.39. For the bunch charge of 1 nC the bunch
current profile gets longer than the laser pulse what can be seen in the
measurements, Fig. 8.38, and also in the numerical simulations, Fig. 8.39.
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Fig. 8.38: Current profiles calculated from the reconstructed phase spaces shown
in Fig. 8.36 (a) — the blue curve, in (b) — the green curve, and the corresponding
measured temporal laser profile, the red curve, flipped as compared to Fig. 8.1.
The laser profile was scaled vertically to have the same maximum as the first
current profile.
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Fig. 8.39: Current profile calculated from the simulated particles distribution
shown in Fig. 8.37, the blue curve, and the corresponding temporal laser profile
used for the simulation, the red curve. The laser profile was scaled vertically to
have the same maximum as the current profile.
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8.4 Results for modulated flat-top temporal laser profile

The reconstructed longitudinal phase spaces upstream the booster cavity for
20 pC bunch charge using the momentum measurements in the HEDA1 and the
HEDAZ2 sections are shown in Fig. 8.40. For these reconstructions 42 and 32
momentum projections were used, respectively, with the booster RF phase step of
1 degree.

P, [keVic]

P, keV]

Fig. 8.40: Reconstruction results of the longitudinal phase space upstream the
booster cavity for 20 pC bunch charge using momentum measurements in the
HEDATI1 (a) and HEDA2 (b). For the longitudinal coordinate a bin size of
0.05 mm was used to reconstruct both phase spaces.

The corresponding calculated current profiles are shown in Fig. 8.41 together
with the temporal laser profile used for these measurements. Despite of the shapes
of both current profiles are similar, they are far away from the structure of the
temporal laser profile. Nevertheless, the temporal structure of the laser pulse can
be partly recognized in the reconstructed longitudinal phase spaces shown in
Fig. 8.40.

Less consistency, compared to the flat-top case, Fig. 8.31, can be explained by
the much stronger modulations in the temporal laser profile, which cause
significant space charge forces for each micro bunch and smear out the temporal
laser structure. Also the bad temporal resolution in the reconstruction is expected
from the worse momentum resolution of about 12 keV/c in these measurements
compared to the flat-top case, where it was about 5 keV/c, Table 8.2.
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Fig. 8.41: Current profiles calculated from the reconstructed phase spaces shown
in Fig. 8.40 (a) — the blue curve, in (b) — the green curve, and the corresponding
measured temporal laser profile, the red curve, flipped as compared with Fig. 8.1.

The laser profile was scaled vertically to have the same maximum as the first
current profile.

Results of the tomographic reconstructions using the same temporal laser
profile for the case of 1 nC bunch charge are shown in Fig. 8.42. 33 and 37
momentum projections were used for these reconstructions in the HEDA1 and the
HEDAZ2 sections, respectively, with the booster RF phase step of 1 degree.

The current profiles calculated from the reconstructed longitudinal phase
spaces are shown in Fig. 8.43 together with the measured temporal laser profile.
The temporal structure of the laser pulse is completely smeared out for this case
and cannot be seen in the longitudinal structure of the electron bunch.
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Fig. 8.42: Reconstruction results of the longitudinal phase space upstream the
booster cavity for 1 nC bunch charge using momentum measurements in the
HEDAT1 (a) and HEDA2 (b). For the longitudinal coordinate a bin size of 0.1 mm
was used to reconstruct both phase spaces.
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Fig. 8.43: Current profiles calculated from the reconstructed phase spaces shown
in Fig. 8.42 (a) — the blue curve, in (b) — the green curve, and the corresponding
measured temporal laser profile, the red curve, flipped as compared with Fig. 8.1.

The laser profile was scaled vertically to have the same maximum as the first
current profile.
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8.5 Summary

Measurements of the longitudinal phase space using tomographic technique
were performed at PITZ for three temporal laser profiles and several bunch
charges. For the tomographic reconstruction the ART algorithm was used with
acceleration model, described in section 6.2, which should give in result the
electron bunch longitudinal phase space upstream the booster cavity. The ART
algorithm was applied with 100 iteration steps starting from zero initial guess.
This is sufficient for a good convergence, but in some cases the ART algorithm
produces a lot of artifacts in the reconstructed phase spaces.

In most cases the reconstructed longitudinal phase spaces from the HEDA2
data show more details, for example, for 20 pC bunch charge and flat-top
temporal laser profile. The phase space reconstructed from the HEDA2 data looks
more narrow along the momentum axis than the one from the HEDA1 data. This
effect can be explained by resolution, i.e. the dispersion at the HEDA2
observation screen is 0.905 m, what is 1.5 times higher than for the HEDA1
screen with a dispersion of 0.6 m. Another point is that for the used setups of
optical readout one pixel of the camera used corresponds to about 110 um at the
observation screen of HEDA1 and about 64 um at the observation screen of
HEDA2. As a result, the measurement data for the HEDA2 case should have
about 2.6 times higher precision than for HEDA1, assuming good beam transport
optimization for the high momentum resolution in both dispersive sections. In the
case of not perfect optimization the result from the HEDA2 data can be similar to
the result from the HEDA1 or even worse.

A two hills structure of the bunch was observed for the maximum extractable
charge of 700 pC generated with the Gaussian temporal laser profile. This effect
can be explained by the strong space charge forces during charge emission from
the photocathode.

For the case of flat-top temporal laser profile and 20 pC bunch charge the
longitudinal structure of the reconstructed longitudinal phase space is in good
agreement with the temporal laser profile including small deviation. For 100 pC
this temporal structure is already less pronounced, the space charge forces start to
smear out the longitudinal structure. And finally, for 1 nC charge this structure
cannot be seen at all.

For the strong modulated temporal laser profile the corresponding charge
density modulation in the bunch can be seen for the 20 pC bunch charge. And for
1 nC bunch charge this modulation is smeared out according to tomographic
reconstructions.

The further analysis of the measurement data from HEDA1 which includes
bunch longitudinal profile, slice energy spread and longitudinal emittance
calculation can be found in Appendix B. In Table 8.3 results of the measured
electron bunch parameters using the tomographic technique are summarized for
the HEDA1 section momentum measurements.
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Table 8.3: The measured electron bunch parameters.

Temporal Laser | Bunch Lpng. RMS RMS bunch

laser profile FWHM, | charge, | emittance, momentum length, mm
ps nC mm keV/c | spread, keV/c ’

Gauss 2.8 0.02 1+£2 28+3 0.2+0.1
Gauss 2.8 0.70 45 + 60 86 £ 35 1.3+0.3
Flat-top 17.5 0.02 10+£7 10£5 1.1+£0.1
Flat-top 17.5 1.00 87 + 62 47 £22 2.1+0.3
Modulated 21.4 0.02 27 +20 21+£12 1.3+0.2
Modulated 21.4 1.00 103 £ 60 73 £20 2.1+03

For these calculations a 20% of the charge was cut from the tails of the phase
space distributions. The error of the RMS momentum spread measurements was
estimated from the vertical beam size at the HEDAI1 reference screen Highl.Scr5
according Eq. (3.3). The error of the bunch length measurements was estimated
according Eq. (6.13) using the already known error for the momentum
measurements, Table 8.2, and the slice momentum spread calculated from the
reconstructed phase space. The error of the longitudinal emittance calculation &,
was estimated as a sum of the three components:

6£=O'l'6p+0'p'6l+6p'61, (81)

the RMS bunch length g; multiplied by the momentum measurement error &, the
RMS slice momentum spread o, multiplied by the error of the length

measurement §; and multiplication of the momentum and length measurement
errors.
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Conclusions and Outlook

Two methods for longitudinal phase space measurements were presented and
described in detail in this thesis: one using an RF deflector and the second one
applying the tomographic technique to momentum measurements at different
booster RF phases.

The RF deflector was reviewed in the thesis as a diagnostic device for various
types of electron bunch measurements at PITZ. These measurements include:
electron bunch temporal profile measurements, longitudinal phase space
measurements and slice emittance measurements. Simulations for each type of
measurements were performed and the expected resolutions were estimated.
Simulations show reliable results and high momentum and longitudinal
resolutions. For example, for longitudinal phase space measurements of 1 nC
bunch charge the momentum resolution is expected to be better than 10 keV/c and
the temporal resolution to be better than 0.3 ps. For the smaller charge is expected
to have better momentum and temporal resolutions due to smaller transverse beam
sizes.

Despite the fact that the transverse deflecting structure (TDS) is installed in the
PITZ beamline since the end of 2011, the cavity is not in operation up to now.
Due to safety limitation the delivered modulator for the TDS is not allowed to be
put into operation. A new modulator is currently ordered and should be delivered
to PITZ in autumn of 2014.

Additionally to the RF deflector, the electron bunch longitudinal phase space
can be measured at PITZ using a tomographic technique. Such a technique was
described and its application to the electron bunch longitudinal phase space
measurements was introduced. Using the acceleration model of the booster cavity
one can perform tomographic reconstruction upstream the booster based on
momentum distribution measurements downstream. Applying the acceleration
model to the reconstructed phase space the longitudinal phase space distribution
downstream the booster cavity can be obtained as well. Simulations of
measurements with the tomographic technique were performed with two temporal
laser profiles and two electron bunch charges. The results of the simulations are
consistent as well as they show high temporal resolution, comparable with the
simulations of measurements using an RF deflector.

For the tomographic reconstruction the ART algorithm was used, which in
some cases leads to a lot of additional artifacts in the reconstructed images. These
artifacts can be avoided by using others reconstruction algorithms, for example,
the maximum entropy algorithm (MENT). But a first test of the MENT algorithm
didn’t show convergence with the iteration number and showed density
oscillations in the reconstructed phase space. To use the MENT algorithm for a
detailed reconstruction of the longitudinal phase space significantly more detailed
studies are required.
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Conclusions and Outlook

Experimental measurements of the longitudinal phase space were done at the
PITZ facility using the tomographic technique with the ART reconstruction
algorithm for three temporal laser profiles and several bunch charges. The
resolution of the method is sufficient to resolve non-flatness of the temporal laser
profile in the reconstructed longitudinal phase space. This was shown in the
measurements of the bunch with a small charge generated by a laser pulse with a
slightly modulated flat-top temporal profile.

The TDS was originally installed at PITZ as a prototype of the RF deflecting
structure for the European XFEL to test its efficiency and performance
beforehand. Meanwhile, the TDS at PITZ is also planned to be used for the
studies of electron bunch interactions with a plasma [48], [49]. The main goal of
these studies is to observe an energy modulation in the electron bunch induced by
the interaction with the plasma. Unfortunately, the tomographic technique
described in the thesis cannot be used for this task, because the plasma cell will be
installed downstream the booster cavity and therefore the resulting longitudinal
phase space distribution cannot be rotated. Anyhow, the tomographic technique
can be used for other studies at PITZ such as the characterization of the bunch
with low charge, bunch longitudinal profile measurements and longitudinal phase
space measurements while other techniques are not available yet. Also the
tomographic technique can be used to control the longitudinal phase space in case
a third harmonic cavity will be installed at PITZ in future for longitudinal phase
space linearization. Compared with the measurements using the TDS,
tomographic measurements are not direct measurements, i.e. some additional
mathematical data treatments are needed for interpretation. But, on the other hand,
with tomographic reconstructions the longitudinal phase space upstream the
booster cavity can be obtained.
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Appendix A

First-Order sector bending magnet transport
matrix

The beam transport through a pure sector magnet with bending along the x
axis and with a normalized field gradient in the dispersive direction n can be
represented as a six-dimensional transport matrix [50]:

cosk, L LsinkvL 0 0 0 L(l—cos k.L)
k, ) k.?

—k,sink,L cos kL 0 0 0 kisin kL

0 0 cosk,L Lsink L0 0

k y
¥
0 0 —k,sink,L  cosk,L 0 0
2

isinka L(l—cos k.L) 0 0 1 —h—(k\,L—sinkYL)+i
k. kx2 : kx3 . . y?

0 0 0 0 0 1

where h = 1/,1)’ k2 = (1 —n)h?, ky2 = nh?, a = hL is the bending angle, L is
the path length in the magnet, y is the relativistic factor, p is the bending radius

: o : e dB
and the normalized field gradient in the dispersive direction n = %d—xy.

In case of a bending magnet without gradient in the dispersive direction, 1.e.
n = 0, the transport matrix is simplified:

cos psina 0 0O p(1—cos a)
—isina cos 0 0O sin o

P

0 0 1 L O 0

0 0 01 0 0

. . L

sin p(l-cosa) 0 0 1 —p(ax—sin 0:)+—2

0 0 0 0 0 1
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Appendix B

Further analysis of the measurement data

In the following section further analyses of the measurement data were
performed for the HEDAIl measurements and two bunch charges for each
temporal laser profile. The acceleration model was used to reconstruct
longitudinal phase space in front of the booster cavity. Bunch RMS momentum
spread, current distribution, RMS bunch length, slice RMS momentum spread and
longitudinal RMS emittance were calculated.

A check of the reconstructed data reliability was done by comparing the
momentum distribution of the reconstructed longitudinal phase space with the
measured momentum distribution downstream the gun at the LEDA section. In
case of perfect and correct reconstruction these distributions should coincide.

Gaussian temporal laser profile and 20 pC bunch charge

In Fig. B.1 the reconstructed longitudinal phase space, momentum
distribution, current distribution and slice RMS momentum spread are shown for a
20% charge cut applied to the reconstructed phase space. In the image of the
longitudinal phase space for the vertical axis “n” means number of momentum
bins used for the reconstruction and for the horizontal axis “n” means the number
of bins used for the longitudinal coordinate. For this reconstructed phase space 54
momentum bins and 201 longitudinal bins were used to perform tomographic
reconstruction. Calculated from the reconstructed longitudinal phase space the
longitudinal RMS emittance is 1.2 mm keV/c, the RMS momentum spread is
28 keV/c and the RMS bunch length is 0.2 mm.

Fig. B.2 shows the measured momentum distribution at the LEDA section
downstream the gun and the momentum distribution calculated from the
reconstructed longitudinal phase space. From this plot one can see that the
reconstructed and the measured electron bunch momentum distribution are quite
different, the RMS size of the reconstructed one is 28 keV/c and the RMS size of
the measured one is only 11 keV/c. Possible reason for the discrepancy is the
space charge forces which increase the momentum spread in the bunch during the
bunch propagation from the LEDA section to the HEDA1 section where the
measurements for the tomographic reconstructions are performed.
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Appendix B: Further analysis of the measurement data
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Fig. B.1: Reconstructed longitudinal phase space, momentum distribution, current
distribution and slice momentum spread for 20 pC bunch charge. 20% of the
charge was cut from the tails of the phase space distribution.
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Fig. B.2: Measured momentum distribution at the LEDA section downstream the
gun, the blue curve, and calculated momentum distribution from the reconstructed
longitudinal phase space, the red curve. The distributions are normalized to have
the same integral.
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Gaussian and 700 pC bunch charge

In Fig. B.3 the reconstructed longitudinal phase space, momentum
distribution, current distribution and slice momentum spread are shown for a 20%
charge cut applied to the reconstructed phase space.

Longitudinal phase space, B0% of total charge Momentum distribution

400 ; ; ; 400
© 300 : 300
<+
o™
n - 200 & 200
< =
© 100 2 100
= Y
2 0 o 0 _ : : :

2094 -2 0 2 4 0 0.2 04 06 0.8 1

2, [mm], n= 161 Intensity, a.u.
Current distribution Slice momentum spread, 50 slices

Current, [A]

2, [mm] z, [mm]

Fig. B.3: Reconstructed longitudinal phase space, momentum distribution, current
distribution and slice momentum spread for 700 pC bunch charge. 20% of the
charge was cut from the tails of the phase space distribution.

Calculated from the reconstructed longitudinal phase space the longitudinal RMS
emittance is 45 mm keV/c, the RMS momentum spread is 86 keV/c and the RMS
bunch length is 1.3 mm.

Fig. B.4 shows the measured momentum distribution at the LEDA section
downstream the gun and the momentum distribution calculated from the
reconstructed longitudinal phase space. From this plot one can see that
reconstructed and measured electron bunch momentum distribution are quite
different, the RMS size of the reconstructed one is 86 keV/c and the RMS size of
the measured one is about 10 keV/c.
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Fig. B.4: Measured momentum distribution at the LEDA section downstream the
gun, the blue curve, and calculated momentum distribution from the reconstructed
longitudinal phase space, the red curve. The distributions are normalized to have
the same integral.

The same as for 20 pC case the discrepancy can be explained by the space charge
forces which increase the momentum spread in the bunch during propagation. For
the bunch charge of 700 pC this effect is expected to be much stronger. It is not
clear why the measured RMS momentum spread for this case is smaller than for
the 20 pC bunch charge. From the numerical simulation for the 700 pC bunch
charge the bunch RMS momentum spread downstream the gun at 2.5 m is about
46 keV/c.

Flat-top temporal laser profile and 20 pC bunch charge

In Fig. B.5 the reconstructed longitudinal phase space, momentum
distribution, current distribution and slice momentum spread are shown for a 20%
charge cut applied to the reconstructed phase space (154 momentum bins and 241
longitudinal bins are used for reconstruction).

Calculated from the reconstructed longitudinal phase space the longitudinal
RMS emittance is 10 mm keV/c, the RMS momentum spread is 10 keV/c and the
RMS bunch length is 1.1 mm.

Fig. B.6 shows the measured momentum distribution at the LEDA section
downstream the gun and the momentum distribution calculated from the
reconstructed longitudinal phase space. From this plot one can see that the
reconstructed and the measured electron bunch momentum distribution are close,
RMS size of the reconstructed one is 10 keV/c and RMS size of the measured one
is 8 keV/c. Compared to the Gaussian laser temporal profile, here the bunch is
longer and as a result the longitudinal space charge forces are smaller.
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Longitudinal phase space, 80% of total charge
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Fig. B.5: Reconstructed longitudinal phase space, momentum distribution, current

distribution and slice momentum spread for 20 pC bunch charge. 20% of charge

was cut from the tails of the phase space distribution.
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Fig. B.6: Measured momentum distribution at the LEDA section downstream the
gun, the blue curve, and calculated momentum distribution from the reconstructed

longitudinal phase space, the red curve. Distributions are normalized to have the
same integral.
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Appendix B: Further analysis of the measurement data

Flat-top temporal laser profile and 1 nC bunch charge

In Fig. B.7 the reconstructed longitudinal phase space and calculated
momentum distribution, current distribution and slice momentum spread are
shown for a 20% charge cut applied to the reconstructed phase space. Calculated
from the reconstructed longitudinal phase space the longitudinal RMS emittance

is 83 mm keV/c, the RMS momentum spread is 47 keV/c and the RMS bunch
length is 2.1 mm.

Longitudinal phase space, 80% of total charge Momentum distribution
200 ; r - T 200

100+ 100

0f

P, [keVic]
(=]

-100

[ [keVie], n =210

200 -200 5 - ‘ 5
-6 -4 -2 0 2 4 6 0 0.2 04 0.6 0.8 1
z, [mm], n =241 Intensity, a.u.
Current distribution Slice momentum spread, 50 slices

[42]
o

IS
o

L]
o

[keVic]

]
(=]

Current, [A]
p

G

e
o

=]

Fig. B.7: Reconstructed longitudinal phase space, momentum distribution, current
distribution and slice momentum spread for 1 nC bunch charge. 20% of charge
was cut from the tails of the phase space distribution.

Fig. B.8 shows the measured momentum distribution at the LEDA section
downstream the gun and momentum distribution calculated from the reconstructed
longitudinal phase space. From this plot one can see that the reconstructed and the
measured electron bunch momentum distribution are different, the RMS size of
the reconstructed one is 51 keV/c and the RMS size of the measured one is
18 keV/c. Compared to the previous case, the space charge forces is stronger here
and increase the momentum spread in the bunch during propagation from the
LEDA section to the HEDAT section.
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Fig. B.8: Measured momentum distribution at the LEDA section downstream the
gun, blue curve, and calculated momentum distribution from the reconstructed
longitudinal phase space, red curve. The distributions are normalized to have the
same integral.

Modulated flat-top temporal laser profile and 20 pC bunch charge

In Fig. B.9 the reconstructed longitudinal phase space and calculated
momentum distribution, current distribution and slice momentum spread from the
reconstructed phase space are shown with a charge cut of 20% applied. Calculated
from the reconstructed longitudinal phase space the longitudinal RMS emittance
is 27 mm keV/c, the RMS momentum spread is 21 keV/c and the RMS bunch
length is 1.3 mm.

Fig. B.10 shows the measured momentum distribution at the LEDA section
downstream the gun and the momentum distribution calculated from the
reconstructed longitudinal phase space. From this plot one can see that the
reconstructed and the measured electron bunch momentum distribution are in
good agreement, the RMS size of the reconstructed one is 20 keV/c and the RMS
size of the measured one is 13 keV/c. Discrepancy can be explained by the space
charge forces in each micro bunch within the whole bunch. Each micro bunch
behaves like short Gaussian bunch and its momentum spread is increasing due to
the space charge forces during propagation from the LEDA section to the HEDA1
section.
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Longitudinal phase space, 80% of total charge Momentum distribution
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Fig. B.9: Reconstructed longitudinal phase space, momentum distribution, current
distribution and slice momentum spread for 20 pC bunch charge. 20% of charge
was cut from the tails of the phase space distribution.
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Fig. B.10: Measured momentum distribution at the LEDA section downstream the
gun, blue curve, and calculated momentum distribution from the reconstructed

longitudinal phase space, red curve. The distributions are normalized to have the
same integral.
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Appendix B: Further analysis of the measurement data

Modulated flat-top temporal laser profile and 1 nC bunch charge
In Fig. B.11 are shown the reconstructed longitudinal phase space and
calculated momentum distribution, current distribution and slice momentum
spread from the reconstructed phase space with applied 20% charge cut.
Calculated from the reconstructed longitudinal phase space the longitudinal
RMS emittance is 103 mm keV/c, the RMS momentum spread is 73 keV/c and
the RMS bunch length is 2.1 mm.
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Fig. B.11: Reconstructed longitudinal phase space, momentum distribution,
current distribution and slice momentum spread for 1 nC bunch charge. 20% of
charge was cut from the tails of the phase space distribution.

Fig. B.12 shows the measured momentum distribution at the LEDA section
downstream the gun and momentum distribution calculated from the reconstructed
longitudinal phase space. From this plot one can see that the reconstructed and the
measured electron bunch momentum distribution are much different, the RMS
size of the reconstructed one is 73 keV/c and the RMS size of the measured one is
18 keV/c. For this case the space charge is much stronger than for 20 pC bunch
charge. As a result the reconstructed momentum distribution is much wider than
the measured one at the LEDA section.
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Fig. B.12: Measured momentum distribution at the LEDA section downstream the
gun, blue curve, and calculated momentum distribution from the reconstructed

longitudinal phase space, red curve. The distributions are normalized to have the
same integral.
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