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Abstract

The free-electron laser in Hamburg (FLASH) is a soft X-ray user facility, delivering radiation
for photon science since 2005. Since 2014, a second beam line for user operation, FLASH2, has
been in operation. The beam for FLASH? is accelerated using the same accelerating modules as
for the initial FLASH beam line (FLASH1), but then deflected downstream of this shared linac
(linear accelerator). The electron bunches generated at a photocathode have an rms (root mean
square) length of 6.5 ps or 4.5 ps when the standard injector lasers are used. These bunches are
then compressed in two bunch compressors in the linac to about 30 fs to 200 fs.

To shorten the bunch lengths even further, a short-pulse injector laser was installed at
FLASH, which generates short, low charge electron bunches directly at the cathode. These
short electron bunches with a length of about 1 ps can be further compressed in the linac to pro-
duce ultra-short FEL (Free-Electron Laser) pulses down to a few femtoseconds in the FLASH2
undulators. Measurements of such pulses as well as tracking simulations of the FLASH2 beam
line are presented in this thesis. Both studies demonstrate the feasibility of ultra-short FEL
pulses down to single-spike lasing at FLASH?2.

Up until now, no hardware to directly measure the electron bunch length has been installed in
the FLASH?2 beam line. As exact knowledge of the pulse duration is essential for time-resolved
user experiments, the beam line downstream of the FLASH2 undulators has been redesigned
for the installation of a variable polarization Transverse Deflecting Structure (TDS). In com-
bination with a dipole magnet it is possible to map the longitudinal phase space density of the
electron bunches onto a beam screen. Additionally, the photon pulse duration as well as the slice
emittance in both transverse planes can be measured using such a TDS. This thesis presents the
final layout of the beam line, the accelerator optics, and also simulations for the aforementioned
measurements.

However, the temporal resolution of an X-band TDS is limited to the order of 1fs rms. In
most cases, this is not sufficient to resolve single self-amplified spontaneous emission (SASE)
spikes within one photon pulse for hard X-ray radiation. By adding the intensity spectrum from
a high-resolution spectrometer to the temporal profile from the TDS the overall resolution can
be enhanced. This is done by applying an iterative reconstruction algorithm that is presented
in this thesis. Additionally, the algorithm is tested using simulation data of the Linac Coherent
Light Source (LCLS) and applied to data taken at LCLS.



Zusammenfassung

Der Freie-Elektronen-Laser in Hamburg (FLASH) ist eine weiche Rontgenstrahlenquelle fiir
Nutzer, die seit 2005 Strahlung fiir die Photonenforschung liefert. Seit 2014 ist ein zweiter
Arm fiir den Nutzerbetrieb, FLASH?2, in Betrieb. Der Strahl fiir FLASH2 wird in den glei-
chen Beschleunigungsmodulen wie jener fiir die urspriingliche FLASH-Beamline (FLASH1)
beschleunigt, aber dann stromabwirts dieses gemeinsamen Linacs (Linearbeschleuniger) ab-
gelenkt. Die Elektronenpakete, die mittels der Standardinjektorlaser und einer Photokathode
erzeugt werden, haben eine Linge von 6.5 ps qmw (quadratischer Mittelwert) oder 4.5 ps qmw.
Diese Teilchenpakete konnen dann mittels zweier Bunchkompressoren im Linac auf Léngen
von 30 fs bis 200 fs komprimiert werden.

Um die Bunchlidnge weiter zu reduzieren, wurde bei FLASH ein Kurzpulsinjektorlaser in-
stalliert, der direkt an der Kathode kurze Elektronenpakete erzeugt. Diese kurzen Elektronen-
pakete mit Lingen von um 1 ps kdnnen im Linac weiter komprimiert werden, um ultrakurze
FEL (Freie-Elektronen-Laser) Pulse bis zu einigen Femtosekunden Léinge in den FLASH2-
Undulatoren zu erzeugen. Messungen solcher Pulse sowie Simulation der Teilchentrajektorien
bei FLASH2 werden in dieser Arbeit vorgestellt. Beide Studien zeigen die Machbarkeit von
ultrakurzen FEL-Pulsen bei FLASH?2 bis hin zu einem einzigen Puls.

Bisher wurde in der FLASH2-Beamline keine Hardware zur direkten Messung der Elektro-
nenpaketlinge oder der Photonenpulsdauer installiert. Da fiir zeitaufgeloste Nutzerexperimen-
te die genaue Kenntnis der Pulsdauer unerldsslich ist, wurde die Beamline stromabwirts der
FLASH2-Undulatoren neu gestaltet und verfiigt nun iiber eine transversal ablenkende Struktur
(TDS) mit variabler Polarisation. In Kombination mit einem Dipolmagneten ist es moglich, die
longitudinale Phasenraumdichte des Strahls auf einem Strahlmonitor abzubilden. Zusitzlich
konnen die Photonenpulsdauer sowie die Slice-Emittanz in beiden transversalen Ebenen mit
solch einer TDS gemessen werden. Diese Arbeit stellt das endgiiltige Layout der Beamline, die
Beschleunigeroptik sowie Simulationen fiir die zuvor genannten Messungen vor.

Die zeitliche Auflosung einer X-Band-TDS ist jedoch auf Gréenordnungen von 1 fs gmw
beschrinkt. In den meisten Fillen reicht dies nicht aus, um einzelne Pulse der Strahlung durch
selbstverstirkte, spontane Emission (SASE) innerhalb eines harten Rontgenpulses aufzulsen.
Durch die Messung des Intensitédtsspektrums mittels eines hochauflosenden Spektrometers und
der Kombination mit dem zeitlichen Profil aus der TDS kann die Gesamtauflosung erhoht wer-
den. Dies geschieht durch die Anwendung eines iterativen Rekonstruktionsalgorithmus, der in
dieser Arbeit vorgestellt wird. Zusitzlich wird der Algorithmus mit Hilfe von Simulationsdaten
der Linac Coherent Light Source (LCLS) getestet und auf Daten von LCLS angewendet.



All you have to decide is what to do with the time that is given to you.

Gandalf.
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1 Introduction

Since their invention in 1971 by John Madey at Stanford University [1], Free-Electron Lasers
(FELs) proved to be one of the most brilliant and powerful artificial light sources. An FEL
is capable of producing small bandwidth radiation in a broad wavelength range, ranging from
infrared to hard X-rays. Especially the production of brilliant X-ray radiation made FELs a
powerful tool for observing microscopic structures in the order of a few nanometers. An advan-
tage over the storage ring based radiation generation is the possibility to generate short photon
pulses in the order of femtoseconds using an FEL. In the soft and hard X-ray regime pulses in
the order of a few femtoseconds or even sub-femtoseconds can be generated [2], rendering it
possible to observe ultra-fast dynamical processes [3, 4, 5].

To generate such ultra-short photon pulses knowledge about the beam dynamics in the ac-
celerator is crucial. Simulations and studies of the latter help to understand the underlying
processes and increase the efficiency with which these ultra-short photon pulses can be gener-
ated. A part of this thesis is dedicated to such studies and tracking simulations for the FEL user
facility FLASH2!,

As most of the lasing process in an FEL depends on the longitudinal parameters of the
electron bunches the measurement of their longitudinal properties is of utmost importance to
control the lasing process. This can for example be achieved by means of a Transverse De-
flecting Structure (TDS). With this device it is possible to relate the longitudinal coordinate of
an electron beam to a transverse one which then can be imaged using a screen. Additionally,
an energy spectrometer, such as a dipole magnet, deflecting the beam in the plane transverse
to the streaking plane of the TDS can be used to relate the beam energy to the other trans-
verse coordinate. By combining both methods, the longitudinal phase space density of the
electron bunches can be mapped onto a screen [6]. Such a measurement station is planned in
the context of the FLASH midterm refurbishment and the FLASH2020+ upgrade plans [7]. It
will be installed downstream of the FLASH2 undulators as an essential part of these to en-
sure high beam-qualities at FLASH?2 and thereby also brilliant and high-quality photon pulses.
The measurement station comprises a novel TDS with a variable polarization feature (PolariX
TDS?) [8, 9, 10] and will be used as an indispensable diagnostic tool for short electron bunches
and photon pulses at FLASH2. The second part of this thesis deals with the integration of this
system downstream of the FLASH2 undulators.

Even the temporal structure of the photon pulses can be reconstructed from measurements
of the longitudinal phase space density [11]. However, these measurements are limited by the
temporal resolution of the TDS which is often not enough to resolve the many adjacent spikes
within one hard X-ray SASE? pulse. Nonetheless, the temporal resolution can be significantly

enhanced using an iterative reconstruction algorithm and combining spectral measurements of

!Free-Electron Laser in Hamburg
2Polarizable X-band TDS
3Self-Amplified Spontaneous Emission



the SASE radiation with the TDS measurement. Knowledge of the exact temporal structure
can for example be interesting for applications such as “ghost imaging” [12, 13]. With this
technique it is possible to perform pump-probe experiments using X-ray radiation with a single
SASE pulse. To do so, different, single SASE spikes within one SASE pulse serve as both,
pump and probe [13]. Therefore, such an iterative reconstruction algorithm to reconstruct the
temporal structure of SASE X-ray pulses was developed and tested and is presented in this
thesis.

We start with a recapitulation of beam dynamics for FELs including the description of col-
lective effects in Section 2. The theory of FELs and ultra-short FEL pulses is described in Sec-
tion 3, including the description of the two FEL user facilities, FLASH and the Linac Coherent
Light Source (LCLS) at Stanford. In Section 4 the working principle of a TDS and the possible
applications of such a device are described. The generation of ultra-short electron bunches and
FEL pulses at FLASH?2 is studied in Section 5 and the characterization of their longitudinal
properties by integrating a TDS downstream of the FLASH2 undulator in Section 6. In Sec-
tion 7 we conclude with the presentation of the iterative reconstruction algorithm developed to

enhance the temporal resolution of the photon pulse reconstruction using a TDS.



2 Elements of Beam Dynamics in ‘“‘Linac-driven FELs”

In this section, we will give a short introduction to various beam dynamics topics which are
relevant for the description of linac*-driven FELs.

Firstly, we will describe Hamiltonian systems and their relevance for accelerators, outline
how the equation of motion can be derived in the accelerator coordinate system, and discuss
the description of an accelerator lattice using transfer matrices. Secondly, we will describe
the invariant ellipses of a beam line lattice in two dimensions. Thirdly, we will show how the
acceleration and bunch compression in an FEL is performed and lastly, we will give a brief

introduction about collective effects in FELs.

2.1 Hamiltonian Systems

We will give in the following a summary of Hamiltonian systems found for example in [14, 15,
16, 17, 18, 19], where also the proofs for the following relations are given. These principles can
be used to derive the accelerator coordinate system and solutions for the equation of motion in
a particle accelerator, as shown in [19]°.

In what follows, we assume that all fields have the required smoothness.

The Hamiltonian equations of motion in their standard form can be written as

d

azzﬁzﬂ{(z;t), (2.1)
where
0 1
J2><2: (_1 O) , JEJanszz@-u@szzj (23)
nx

t is the time, and J{ is the Hamiltonian of the system.
The left hand side of the differential in Eq. (2.1) may be interpreted as a vector field F

d -
al—F@) 24)
with the Jacobian matrix Y
(F (Z0;1));; := =— . (2.5)
Y 8z] Z:Z()J
A matrix F is called Hamiltonian iff
(JF)" = JF or equivalently JF +F’J = 0. (2.6)

4Linear accelerator
5The following sections contain excerpts from [19].



A vector field F(Z;¢) is Hamiltonian if F(Zy;¢) is Hamiltonian VZy, or equivalently if the Jaco-

(ﬁz (Jﬁ) T) " v, (Jﬁ) " 2.7)

The Hamiltonian matrices form a Lie-algebra with the corresponding Lie-group, which is

bian of JF is symmetric

the group of the symplectic matrices. A 2n x 2n matrix M is symplectic (M € Sp(2n)) iff
M/ JM =]. (2.8)

The following relations are true for symplectic matrices M € Sp(2n).

1. The inverse of a symplectic matrix is given by

M- =_JM7’J. (2.9)

det(M) = +1. (2.10)

3. If M is symplectic and A € C is an eigenvalue of M with multiplicity u, then so is 1/A.

Linear Hamiltonian differential equations are solved by symplectic matrices, as we will see

in the following. Let F be Hamiltonian, then

- ()"
M(t) = tF) = 2.11
(0 =ex(rF) = ¥ 50 @1
is symplectic V¢ € R. If we have a linear Hamiltonian system with constant coefficients
d“—F* Z2(0) =7 (2.12)
o 1% d0) =2, .
then we find for Z(¢)
Z(t) = exp(tF) Zo. (2.13)

This can be used to derive the formalism of transfer matrices as we will show in Section 2.4.

A nonlinear map M(Z;¢) is symplectic iff M(Zp;t) € Sp(2n)¥Zo,t, where (M(Z;t))i; =
IM;
azj 7=70,t

It can be shown that if F (Z;t) is a general (potentially non-linear) Hamiltonian vector field,

. A symplectic map is always injective. If it is also surjective, then Me Symp(R?").

the flow M (Zost,1p) is a general (potentially non-linear) symplectic map over the existence in-

terval.

2.2 Linear Hamiltonian Coupling

In the following, we will discuss how linear symplectic (sub-)systems can be coupled in a way

that preserves the symplectic structure for the combined system. Let K € Sp(2k) < K7 J;, K =
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Jox and L € Sp(21) < LT J,/ L. = J; be symplectic matrices. It is clear that My = K@ L €
Sp(2k+21), if MZ Jop s 2iMo = Joi+21- Now, we try to find C,D € R**? (= CT DT € R?*%),

so that
M= K C (2.14)
=lpr L .

is symplectic: M € Sp(2k +21) < M Jo; . 5/M = Jo; 2. Calculating the symplectic condition
yields

M s M — K' D) (Jx 0)\(K C\_ (K'Jy DJy)\(K C
2k+-21 CT LT OT JZZ DT L CTJZk LTJZZ DT L

[ K'JuK+DJ;D"  K'J5C+DJyL 015
CTJuK+LTJ, D" CTJyC+LTJ,L '
_ Jou+DJyD" K'JC+DJyL 1+ (Ju 0
CTJuK+LT), DT CTJyC+Jy 0" Jy )’
with 0 € R%**2/ Equation (2.15) yields three conditions as two equalities are equivalent
DJyD” = 0y (2.16)
CTJC = 0y (2.17)
K" JC+DJyL = 0 & (CTJyK+ L J,D")" =0, (2.18)
Evaluating Eq. (2.18) yields
DJyL = —K'J,,C (2.19)
& DJy = -K'JyCL ! = +KTJo,CIy LT Ty (2.20)
& D =KIJuClyLT (2.21)
-~ DT ZLJCTIyuK. (2.22)

Inserting Egs. (2.21) and (2.22) in Eq. (2.16) gives

DJy D" = K’ J5;CJ L7 J5 LY CT I K
=K'JxCly Ju JuC'IuK (2.23)
i
—K'JuC (Ju) CTIuK=0y.

As KT Jo; # 0o and Jo, K # 0y, the only way to fulfill this equation, is if

C(—J2)CT = 0y. (2.24)



We now have two constraints on C, which are found in Eqgs. (2.17) and (2.24) and a definition
of D by means of C, K, and L in Eq. (2.21) so that M € Sp(2k + 21). We will now apply the

above result to examples crucial to beam line elements, and in particular TDSs.

2.2.1 Dispersive Extension

For the special case of the dispersive extension, we will set 2] = 2,

Cc= (6 z) candL = ((1) ‘f) . (2.25)

The name dispersive extension is motivated by an example where ¢ is the dispersive vector and

« is the momentum compaction factor. Calculating Eq. (2.17), we obtain

0O 1 0 O 0 ¢
G ) - -1 0 0 O 0 ¢
C'JyC = | ok (() E’)z . 0O 0 0 1 0 c3
¢ 0 0 —1 0 0
(2.26)
0 o
= 0 —c . S
T T T T2
(" 0 a |= ° 0 &)= 0 9 0 < =0,
ET 0 c ET Z:TO E:TC~ )
—C3

with ¢;_1 = ¢p; and &; = —cp—1 for i = 1,2,...,2k, and therefore Eq. (2.17) holds for our

choice of C. Verifying Eq. (2.24), we get
- 0 1) (07 - ¢!
CRe"= (0 <) = (0 ¢) (=) =0 2.27
2 S\ 1 o)\ o 2k (2.27)
and also this equation holds. We will now calculate D by using Eq. (2.21)

(o9 (%) (40 wene ()

- —KTJZk (5 6) =K’ (5 6) = (—KTg 6)

Using this relation, we can calculate

—&'K
D’ = ( i ) (2.29)



and found conditions for C and D” so that our map M defined in Eq. (2.14) is symplectic for a
dispersive map. The vanishing first column of C and the drift type form of L are essential for
the vanishing second row of D”. An example for such a dispersive map is a dipole with a trans-
versely focusing block and the dispersive sixth column and fifth row such as the transversely

decoupled matrix found in Eq. (2.54).

2.2.2 Cavity Extension

We will now do the same exercise for a cavity extension, where 2/ = 2,

cz(z 6), and L = (11( ?) (2.30)

The name cavity extension is motivated by an example where ¢ is the “streak” vector and x is

the cavity kick. Calculating Eq. (2.17) for this new choice of C, we obtain

=T =T =T =TA
C JxC = <6T> Joxk (C 0> = <6T> (C 0 ) = <6T 6T6> =0, (2.31)

so also for this choice the condition is fulfilled. Verifying Eq. (2.24), we get

cne’ = (z ) (_Ol é) (gi) - (6 2 (_6;) =0y 232)

Both conditions for C hold and we can now calculate D by using Eq. (2.21)

oewn(e ) 3) (3 )6 9(% ) o,

= —KTJzk (6 3) =K’ (6 g) = (6 KTE“)

D’ = 0 (2.34)
\FK '

and found our conditions for C and D” so that our map M defined in Eq. (2.14) is symplectic

Sy ol

From this, we can calculate

for a cavity map. The vanishing second column of C and the kick type form of L are essential
for the vanishing first row of D”. An example of such a cavity map is the thick lens matrix of a
TDS which can be found in Eq. (4.13).

2.3 [Equation of Motion in the Accelerator Coordinate System

In this section, we will introduce the coordinates used in this thesis, summarizing the treatment
in [19, 20, 21] and restricting ourselves to the case of straight beam lines and constant reference

momentum Fy.



The standard Hamiltonian of classical relativistic electrodynamics in Cartesian coordinates

reads

5 o 2
H(X,Py,Y, Py, Z,Pit) = \/mgc4+ <P—eA(X,Y,Z;t)> 24 ed(X,Y,Z:1), (2.35)

where X, Y, and Z are the Cartesian coordinates, Py, Py, and Pz the corresponding conjugate
momenta, m, = 0.511MeV/ c? is the mass of an electron, e is the elementary charge, c is the
speed of light, A is the vector potential, and ¢ is the scalar potential. We can subtract the

coordinates of the reference trajectory which are marked by the index O from the coordinates of

a particle

X X —X()

Px Py

y Y —Yo

(1) := (7). (2.36)

Py Py

z AN/

Pz —(P,—Py)

We assume here that the reference trajectory is in the direction of the unit vector Z. In the
absence of acceleration, the relation s —s; = Bc(fr — t;), with #; and s; being the initial time
and the initial position in the lattice, B = v/c and ¢ the speed of light, holds. Following the
prescription in [19, 20, 21] we change the free parameter from ¢ to s obtaining a new set of

canonical variables for the longitudinal motion (originally along 2)

? (s)- (2.37)

Here T = E — m,c? is the kinetic energy, and E is the total energy of the free particle.
These momenta can be rescaled by a so-called “improper canonical transformation” [19]
which preserves the Hamiltonian structure of the system. Following [19], we obtain the canon-

ical accelerator coordinates for a straight beam line

X
a=px/P
y
) 2.38
b=py/P (s) ( )
—(t—t()) 'T()/P() =7
(T—Ty)/To=0




The Hamiltonian in these coordinates, in the ultra-relativistic limit, and in Weyl gauge (¢ = 0)

reads

K(x,a,y,b,7,8;s :——\/ (1+6)? a——A) (b—}TA)

ely
— 20y 8
Py T+TO( 0).

(2.39)

In the SCOFF® approximation and in the absence of solenoids A, and A, are identical zero.
Az(x,y) describes the standard (upright as well as skew) magnetic beam line elements. In the
presence of cavities A; would in addition also depend on 7. Expanding —v/1 —a? — b? for
a,b < 1 and expanding A; around x,y = 0 gives the usual transverse Hamiltonian.

_ dx

_ P dy Py
=% ‘andy ==X

In the transverse phase Space, it is common practlce to use x’ s
S

instead of a = %g and b = ’;,—(’). One reason is, that the map for a free space drlft is exactly linear
in (x,x") and (y,y’) while in (x,a) and (y, b) it inherits higher order contributions. For Py = const

and py, py < ps; we obtain

|Po| = /P + P} + D3

P2 +py

= |ps| 1+
s (2.40)

1 p2+ p} 2
= |ps| <1+2 xpz * ﬁ((!’%‘ﬂ’i) ))

N

= |ps|+ O (pi+p}).

Therefore, at first order the canonical momenta a and b, are equal to the slopes x' and y/. We

will thus in the following write the transverse phase space vectors as

ii(s) = (;’%) - (;)s (2.41)

where u is one of x and y and s is the position.

In this thesis, we will deal with electrons in the ultra-relativistic limit, i.e. B ~ 1 and the
Lorentz factor y = l/m > 1. Due to the rest mass of electrons m, being smaller than the
reference momentum mec < Py we will use the terms energy E? = (Pyc)? + (mecz)2 ~ (Pyc)?,
kinetic energy T = m,c> — E ~ E, and reference momentum Py analogously. Also the difference
in kinetic energy, defined as the sixth coordinate in Eq. (2.38), can be the total energy difference

or the momentum difference, respectively

T-Ty E-E _P.—PR

) ~ ~
1o Ey Py

(2.42)

6Sharp Cut-OFF



2.4 Transfer Matrices

Starting from the general equation of motion for a particle with no momentum offset 6 = 0 and

with no dipoles present, we obtain Hill’s equation of motion for the transverse plane [22]
u'(s) —k(s)u(s) =0, (2.43)

where k(s) is the quadrupole strength as function of the position s. The Hill’s type equations
found in Eq. (2.43) can be solved for piecewise constant k, e.g. in a quadrupole or a drift.
Setting k(s) = k, u(s) = g, and //(s) = p one can rewrite Eq. (2.43)

r_ I
RN S (2.44)
p—kqg=0 p=kq
! 0 1
71— 1) _x (7)), (2.45)
4 k 0] \p p
where K is Hamiltonian.

In fact Eq. (2.45) follows to first order from Eq. (2.39) in coordinates found in Eq. (2.41).

We can find a solution for

or in vector notation

Uu(s) = My, (s) 1(s0) (2.46)

by setting

8

M, (s) = exp(sK) = (2.47)

as stated in Eqs. (2.12) and (2.13) with M, € Sp(2). For k = 0 we obtain sK = (8 8) and

therefore
1 s
Mseso = 0 1 > (248)

which is the transfer matrix of a drift space. For k > 0, sK = (2 5), which yields

0 L (Vks)! 1 ((Vks)> 0
— Vi 2
Mgy =1+ <\/I€(\/l€s)1 k 0 ) 7] ( 0 (\/%s)2>

1 0 LWks)*\ 1 [((Wks)* 0
- vk -
g B (0 0

o (Vks)2 (VEs)2n+! (2.49)
o Zn 0 (( )) \[ Zn =0 2713—1)
- \//;S 2n+1 oo \/%S 2n
VRISt e o

_ ( cosh(v/ks) ﬁsinh(\@s)>
Vksinh(vks)  cosh(vks) |

For the case with k < 0 we replace k with —|k| and make use of \/—|k| = i\/|k]|,
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sinh(ix) = isin(x), and cosh(ix) = cos(x) thus resulting in

1 .
My, cos(+/|k|s) W sin(+/|k|s) . 2.50)
—+/|k|sin(+/|k|s)  cos(+/]|k|s)

For a quadrupole with the constant strength k of the length L, we find

( cos( |k|L) ﬁsin( |k|L> -
- |k|sin< |k|L> cos( |k|L)
1 L

Mg 5, = ifk=0 (2.51)
0 1

cosh (\/%L) \/i]; sinh <\/I;L>

\/l; sinh (\/I;L> cosh <\/I;L> =0

\

To calculate the particle trajectory through an element, it is possible to use the previously
defined matrices
Uu(s) = My, U(s0)- (2.52)

Since in general, a beam line consists of more than one element, we can use successive matrix
multiplication, to obtain X,, [22].

We will now extend the 2 x 2-dimensional transfer matrices to 6 x 6 dimensions. If the
initial phase space vector of a particle at the position sq is given as Z(so) = (x,x,y,y',{, 6 )STO,
with the internal bunch coordinate {, we can write the evolution of this phase space vector to

an arbitrary point in the beam line s as
2(s) = Myes, - Z(s0), (2.53)

where M, now is the 6 x 6-dimensional transfer matrix. For a decoupled beam line, i.e. there
is no correlation between the transverse planes, we can write the transfer matrix in its decoupled

form

My My 0 0 0 M>g
0 0 My»zs M 0 M
Mdecoupled: > M 3 . (2.54)
0 0 Myz Mgy 0 My
Msy Msy Msz Msy Mss Mse

0 0 0 0 0 Mg

As we have shown in Section 2.2.1, this dispersive map Mgecoupled €an be symplectic if’ K €
Sp(4), L € Sp(2), and D7 is defined by means of Eq. (2.29). The transfer matrices for a

"See Eq. (2.14).
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drift space Mp, a horizontally focusing quadrupole magnet MqF, and a vertically focusing

quadrupole magnet Mqp are given by [22]

1 L 0 0O 0
01 00O 0
M 001 L O 0 5 55
P"looo10 o | (2.55)
L
00001 L
000 O0@PO 1
cos( |k|L) ﬁsin( |k|L) 0 0 0 0
|k|sin< |k\L) cos(+/JkIL) 0 0 0 0
l .
Mor — 0 0 cosh( \k|L) Wsmh( |k|L) o o |
0 0 \/|?smh( |kL) cosh( \k|L) 0 0
0 0 0 0 I I
0 0 0 0 0 1
(2.56)
and
cosh( ) %smh (\/_L) 0 0 0 0
Vksinh <\/_L) cosh(v/kL) 0 0 0 0
0 0 ( kL) L ( kL) 0 0
MQD: COS \/_ \/];SID \/_ ,
0 0 —+v ksin (\/I;L> cos (\/I;L) 0 0
L
0 0 0 0 L
0 0 0 0 0 1
(2.57)

where L is the length of the element, £ < O is the strength of a focusing quadrupole, and £ > 0
is the strength of a defocusing quadrupole. More transfer matrices for all beam line elements
exist, the full form of some of them can be found in [21, 22].

One of the most important perturbations of the beam orbit is caused by the fact, that particle
beams are not monochromatic but posses a finite momentum spread around the reference energy
0 [21]. As can already be seen in Eq. (2.54) this momentum deviation will already cause a
coupling into the transverse planes at first order if the M4 to M4 elements are non-zero, as it is
the case for a dispersive beam line incorporating dipoles. The M;¢ element of a transfer matrix
is called the horizontal dispersion 1), and the M3 element the vertical dispersion 1,. Where the

dispersion is non-zero a particle with a momentum offset of 6 has a transverse position of [22]

u(s) = uo(s) +un(s) = uo(s) +nu(s)0o, (2.58)

where u(s) is the transverse position of a particle without momentum offset, uy (s) is the dis-
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T

placement due to the momentum offset, and ii(s) = (x,x')] or ii(s) = (v,y')I.

2.5 Invariant Ellipse of an Accelerator in Two-Dimensional Phase Space

We will follow [21, 22] in this section to derive the invariant ellipse of an accelerator in
two-dimensional phase space. To obtain a general solution of Eq. (2.43) one can make the

s-dependent ansatz for u [22]

u(s) = /€,\/Pu(s) cos [Py (s) — o] (2.59)

which following [21, 22] indeed satisfies Hill’s equation of motion. Here, f3,(s) is the beta

function or amplitude function in the u plane,

s do

~Jo Bu(o)

is the phase function and ¥, is an integration constant [22]. The constant g, is the Courant-

W (s)

(2.60)

Snyder invariant and will be explained in the following. The first derivative of the trajectory

function can be written in the form [22]

A(s) = ﬁs) (0(5) 08 (Pu(5) — Pao) + sin (Pu(s) — Woo)] 2.61)

with

(2.62)

The optical functions fB,(s) and a,(s) with the phase ¥, (s) together with the dispersion 1,(s)
and its derivative 1, (s) fully describe the linear beam optics in the u plane [22]. Furthermore,

the transverse transfer matrix M. 4, in the chosen plane transporting the trajectory from s to s

us)\ [ uls0)
(M/(S)>_MS<—S0 (l/t/(S())) (263)

can be expressed by the optical functions: [22]

M. ) oos (AW,) + au(s0) sin (AW,)] /Bu(5)Bu(s0) sin (AW,,)
S50 (o (s0)— 0t (s)) cos(AW,) — (140, (s) o (s0)) sin(AY,,) Bu(so) _ . ’
VBB o) Bi0) (008 (A%u) — au(s) sin (A¥,)]

(2.64)
with the phase advance AY, = W, (s) — W,(so). Therefore, the transfer matrix between two
points can also be calculated if the optical functions are known at the start point and at the end
point.

To describe the invariant curves in the u-u’ phase space plane, it is necessary to eliminate
the phase ¥, (s) in Egs. (2.59) and (2.61). Following [21, 22] one obtains a constant of motion
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which is referred to as Courant-Snyder invariant [23]
}/u(s)uz(s) + 20, (s)u(s)u' (s) + By (s)u'2 (s) =g, (2.65)

with . 2( )
+ o (s
Yu(s) “Bils) (2.66)

Equation (2.65) is the general equation of an ellipse. The quantity g, which was originally

introduced in Eq. (2.59) as a constant parameter now has a physical interpretation. The quan-
tity e, is the area of the phase space ellipse often called the enclosed emittance. This is a
key parameter of particle beams as in particular it is a figure of merit for many derived quan-
tities, e.g. for luminosity and brilliance. The fact that g, is constant is a linear specialization
of Liouville’s theorem [24] which states that under Hamiltonian flows the phase space density
stays constant along trajectories. Liouville’s theorem in its most general form implies that arbi-
trary symplectic maps preserve Lebesgue measure on phase space [25]. In the linear case, the
Courant-Snyder ellipses are invariant sets of the linear flow and their area is preserved. In order
to apply Liouville’s theorem to the acceleration process, one has to use coordinates for which
the momenta are proper canonical conjugates to the spatial coordinates for all beam reference
momenta. In particular, the scaled momenta in Eq. (2.38) do not fulfill this constraint. However,

the normalized Courant-Snyder invariant

Eun = BYeu, (2.67)

is an adiabatic invariant of acceleration from one reference momentum to another one. It has
become common practice in accelerator physics [26] to refer to the Courant-Snyder invariant as
emittance and denoting both quantities as g,. In what follows, we will also use this definition.

The representation of particle beams via the phase-space ellipse is advantageous, as all
particles contained in that ellipse stay within that ellipse under linear maps [21]. Thus, instead
of mapping each individual particle we will map the optical functions.

Let i(s) = (u,u/ )ST be the two-dimensional phase space vector of a particle, then
ST N1y
i (s)o 'i(s)=1 (2.68)

is the representation of a 2-dimensional ellipse with a symmetric matrix o to be determined [21].
Evaluating Eq. (2.68) yields

Oaou? (5) + 26 12u(s)u' (s) + o114 (s) = det . (2.69)

Comparing this equation with Eq. (2.65), we see [21]

o(s) = (cm(s) cm(s)) :8M< Buls) —au<s>)7 270

o21(s) 02(s) —0y(s)  Yuls)
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which is the so-called beam matrix, and €, = vdeto.
Furthermore, using Eqgs. (2.59) and (2.61) and forming the average values of all particles

within a previously defined fraction of the beam, we obtain [21]

((5)) = &Bu(s) = o11(s) = 07 (5)
(u(5)) = €uYuls) = on2(s) = 0 (s) (2.71)
(u(s)u'(s)) = —€,04(s) = G12(s) = G21(5) = Oy (5).

With this definition we obtain

4 =\ (52() (w2 (5)) — Guls)ul () @72)

The here-described formalism for a two-dimensional phase space vector can of course be trans-
ferred to higher dimensional cases, in particular to Z(s) = (x,x’,y,y,{,8 )ST which is used to
describe particle beams.

After some simple calculations, which can be found e.g. in [22], we find, that also the beta
matrix can be evolved along the beam line using the transfer matrices defined in Eq. (2.53).
Given the beam matrix o (sp) at the starting point s, the beam matrix at s is given by

0 (s) = Mye_5,0(s0) ML,

550"

(2.73)

2.6 Acceleration and Bunch Compression

The energy gain of a particle at a longitudinal position § relative to the reference particle at
¢ = 0 within an electron bunch when passing through a radio frequency (RF) accelerating cavity
is given by [27]

AE = eV cos (Prp + krr() (2.74)

where e is the elementary charge, V is voltage amplitude, ®gp is the phase of the RF, and krp
is the RF wave number. The final energy after the acceleration is then Ey = E; + AE with the
initial energy E;. The acceleration is maximum for ®rgp = 0 and if the reference particle of
a particle beam is accelerated at this phase, the beam is “on-crest” of the RF wave [27]. As
we will see in the following, for bunch compression a linear dependence of the energy on the
longitudinal position in the bunch is necessary. This can be achieved by accelerating the beam
“off-crest”, 1.e. at an RF phase of —7 < ®rp < 0 or 0 < $rp < 7. The correlation describing
the dependence of energy and the longitudinal position in the bunch is called linear energy chirp

and is calculated by expanding the energy gain defined in Eq. (2.74) up to first order in { [27]

1 dEy 1
h=— Eo b o cos (Gup) — oV . :
Ey d§ E+chos(<I>RF)d§[ + eV cos (Prp) — eVkrp{ sin (Prr) + 0 (57)]
€VkRF sin ((I)RF)

_ ) 2.75
E;+ eV cos (Prr) ( )
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Thus, the energy deviation of a particle at a position { relative to the energy of the reference

particle Ey at { = 0 can be approximated by [28]

AE
0=—=hl+6;, (2.76)
Ey
where §; is the uncorrelated intrinsic energy deviation independent of (.
Equating the Lorentz force with the centripetal force for a particle moving with a longitudi-

nal momentum p, through a dipole with a uniform vertical magnetic field By yields [22]
Bop = %, @.77)
e

where p is the bending radius. This suggests that for highly-relativistic particles, i.e. the longi-
tudinal velocity is independent of the momentum of the particles (8 ~ 1), particles with a higher
momentum will follow a shorter path in a dipole than particles with a lower momentum. This
enables the possibility to build magnetic chicanes, where particles with a higher momentum in
the tail of the bunch catch up with particles with a lower momentum in the head of the bunch.
As in linac-driven FELs one usually wants to maintain a straight trajectory, the magnetic
chicanes used for bunch compression are arranged in a way that downstream of the chicane the
beam travels on the same orbit as upstream of the chicane [27]. This can e.g. be achieved by
utilizing a four-dipole C-chicane such as the one shown in Fig. 2.1. More complex arrangements

such as a six-dipole S-chicane are also possible.

Figure 2.1: Scheme of a C-chicane bunch compressor. Particles with a higher momentum
(marked in red) in the tail of the bunch catch up with particles with a lower momentum (marked
in blue) in the head of the bunch. The dipoles are plotted in teal.

From Eq. (2.54) we see, that the longitudinal position of a particle with a momentum offset

of 0 # 0 when passing through a beam line element with Msg # 0 changes according to
AL = Ms566 (2.78)

in first order of 8. When passing through a chicane the longitudinal position of a particle at the

exit of the chicane is given by [27]

Cr = Ci+Msc6 = §; (14 Msgh) +Ms66; = %+M565i, (2.79)
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where C = (1 +M56h)_1 is the compression factor. Taking the average over all particles in the

bunch, the rms bunch length in a bunch compressor changes according to

0} = — +M0}. (2.80)

In the limit of C — oo, the bunch length reaches a minimum of o in |Ms6| o5, [27].

2.7 Collective Effects in Free-Electron Lasers

Collective effects such as space charge and coherent synchrotron radiation can have a significant
influence on the beam dynamics and seriously degrade the beam quality. We will give a brief

introduction to these effects in the following.

2.7.1 Space Charge

Due to the necessarily high beam current and therefore the high particle densities in FELs,
space charge (SC) forces can have a significant influence on the beam dynamics in particular at
low energies. The space charge forces acting on the particles can lead to a notable degradation
of the beam quality. We will outline the most important aspects of space charge forces in the
following, for a more detailed view on space charge we refer to [29, 30, 31, 32].

The radial space charge force of a radial symmetric Gaussian beam with a total current of

I = BcA, where A is the line charge density, is given by [33, 34]

el 1 2 /952
Folr) = _<1_ - /20x,v>, 2.81
r(r) 2regBey? r ¢ ) (2.81)
with the vacuum permittivity &, r = \/x? + y? and Oy, is the rms radial beam size. It is repulsive
and can lead, especially for beams at low energies, i.e. ¥ ~ 1, to a radial blowup of the particle
beam [32]. For beams with higher energies, i.e. Y>> 1, the influence of the transverse space
charge force becomes less significant due to the 1/y? dependency and vanishes in the limit of
Y —> .
The longitudinal electric field of a round Gaussian beam with a charge of O, an rms radial
beam size of oy, and a bunch length of o, for linear motion is given by [35]

g (x+§)G(xy—)dx, (2.82)

E - 2
:(6) 41e)Y0,0; J oo o,

T e S (e (5)) i e

erf(x) = % /0 Yo, (2.84)
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and { 2
g(x)= e 2 2.85
( ) \/27! ( )

the Gaussian normal distribution. Due to this longitudinal electric field particles in the head of

the bunch are accelerated by the high charge in the center, whereas particles in the tail of the
bunch are decelerated [28].
To mitigate space charge effects particles should be accelerated fast to higher energies and

the charge density should be kept small at low energies.

2.7.2 Coherent Synchrotron Radiation

Relativistic electrons moving on a curved path emit synchrotron radiation tangentially to their
movement [36]. If the curvature radius of the trajectory is small, radiation emitted by the
particles can “overtake” them on a shorter, straight trajectory and interact with them [37],
c.f. Fig. 2.2.

AL,

Figure 2.2: Scheme of CSR. The electron bunch (blue) emits radiation when following a curved
path that travels on a shorter part through the curve and catches up with the electron bunch.

In the following, we will briefly describe the effects of synchrotron radiation acting on the
particle beam while passing through a deflecting magnet. For a much more detailed description,
we refer to [36, 37, 38, 39, 40, 41, 42].

Three radiation regimes can be distinguished in the description of synchrotron radiation.
If the longitudinal distance between the particles is large, i.e. the bunch length or > N i 0y,
where N is the number of particles and 6y = p/¥° is the critical bunch length, particles radiate
independently or incoherently [38]. The radiated power is then [38]

| écy

Pe=N— .
T 6m g p?

(2.86)

If the bunch length is shorter than the critical bunch length, the particles radiate fully coherent,

independent of finer structures in the longitudinal distribution [38]. The radiated power in this
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fully coherent regime is given by [38]

1 e*cy?
_ A2
Between these two extremes, we speak of the regime of coherent synchrotron radiation (CSR),
where there radiation power grows with N2 and is independent of the energy 7, but depends on

O¢ [38]. The radiated power of CSR is [38]

2
e“c 1

2.88
£ p2/3cc (2.88)

Radiation emitted by electrons slips through the bunch by the slippage length [28, 40]

93
Ly=AL, —AL =27 (2.89)

where AL, and ALy are the lengths traveled by the electron and photons, respectively, and 6 is
the bending angle of the dipole. The overtaking length L is defined as the length on which the
radiation from the tail of the bunch passes through the complete bunch and is given by [37]

Ly=¢{/ 24p26§. (2.90)

If the length of the dipole is larger than the overtaking length, the radiation emitted from the tail
of the bunch is able to interact with the particles in the head of the bunch.
The energy change of an electron due to CSR is given by [40]

dE 2e2
d(cr) _N31/3mp2/362/3G(5’75)’ (2.91)
with
1 _(E_ A2 _(E—4 2 ) é dé/ d e 5
G(ﬁ,x):3—\/}_( (S R (< X)/}jL/é—do_é’e €2, 2.92)

E=¢/ o¢, and ¥ = Ly / o¢. This energy exchange causes particles to gain or lose energy to
the light wave. Following [38, 41] it can be seen, that particles in the head of the bunch tend to
gain energy and particles in the tail of the bunch tend to lose energy due to CSR. Additionally,
the projected emittance as well as the slice emittance can be increased by CSR as it is outlined
in [38].

To reduce CSR small bending radii in bunch compressors should be avoided. As a con-
sequence, the Ms¢ of a bunch compressor is limited. To achieve strong compression without
introducing an energy chirp 4 which causes the energy of the beam to exceed the bandwidth for

the FEL process, c.f. Eq. (3.7), several cascaded bunch compressor stages should be used.
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3 Free-Electron Lasers

In this section, the theory of Free-Electron Lasers is briefly summarized with a strong focus on
the production and the properties of ultra-short FEL pulses. For further reading on FEL theory
we refer to [32, 43, 44, 45]. Additionally, the layout of two FEL facilities, the Free-Electron
Laser in Hamburg (FLASH) and the Linac Coherent Light Source (LCLS), are described in

more detail in Sections 3.3 and 3.4, respectively.

3.1 FEL Principle

Free-Electron Lasers were invented by John Madey in the 1970s [1] and demonstrated experi-
mentally for the first time by his group at Stanford University [46].

One possibility to create radiation from moving particles is sending them through an “un-
dulator”. This is a magnetic chicane with a sinusoidally varying magnetic field. For a planar
undulator with a horizontal gap the vertical magnetic field along the z direction can be expressed
as

By = Bysin (k,z), 3.1

where By is the magnetic pole field, k, = 27/A,, and A, is the undulator period. Relativistic
electrons passing through such an undulator, c.f. Fig. 3.1, will wiggle in the horizontal direction

and spontaneously emit radiation at the resonant wavelength [21, 45]

A K?
A= 14+—=—+767 3.2
r2y2(+2+y2 ) (3.2)
where 7 is the Lorentz factor,
B
K= (3.3)
mecky,

is the dimensionless undulator strength parameter, and 0 is the observation angle to the z axis.

L=t =t 1—'|1I'—1T|—'\/,‘,

e

L=t = ] =] M/

Iy

Figure 3.1: An electron passing through a planar undulator emits undulator radiation. Image
from [45].

The radiation emitted in forward direction copropagates with the electrons and may ex-
change energy with the electrons. In an undulator, the light wave overtakes the electrons in one

undulator period by one resonant wavelength in forward direction

Ay K?
xl:zr(ezmzz—yz (1+7). (3.4)
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Depending on the relative phase between the electron bunch and the light wave, the electrons
lose energy to the light wave or gain energy from the light wave. This energy modulation at
a periodicity of A; within the bunch leads to a density modulation of the electron bunch, as
electrons with a higher energy travel on a shorter path than electrons with a lower energy. This
is the so-called “microbunching” process which can lead to a coherent emission of radiation
and finally result in the light wave gaining energy from the electron bunch. [45]

In a high-gain FEL, i.e. a bright electron beam traveling through a long undulator, an expo-
nential growth of the radiation power along large parts of the undulator can be observed. This
process is illustrated in Fig. 3.2. At the beginning of the undulator, no microbunching can be
observed. To start the microbunching process an initial electromagnetic wave is needed. This
can either be an external radiation field in a so-called seeded FEL or the spontaneous undu-
lator radiation interacting with the resonant Fourier component of the electron shot noise in a
so-called SASE FEL. After passing a couple of undulator periods the microbunching in the elec-
tron beam evolves and the electrons start to radiate coherently leading to an exponential growth
of the radiation power. Therefore, this is often called the exponential regime. At some point,
the exponential gain stops as the electrons lost so much energy to the light wave, the resonant
condition in Eq. (3.4) is no longer fulfilled due to y being significantly lower than initially. Ad-
ditionally, the microbunches are fully developed. Further interaction with the light wave causes
a withdrawal of energy from the light wave. The radiation power reaches a saturation level and

we speak of the saturation regime.

r 3

Log(radiation power)

[
>

undulator distance

Figure 3.2: Radiation power growth and the evolution of the microbunching process along the
undulator in the 1D theory. Image from [45].

A fundamental parameter for the high-gain FEL is the dimensionless Pierce or FEL param-
eter preL [47]

(3.5)

1
I RAR
PFEL = | — %5 15 =

1
11, K21’
32 k2| ’

161y Yok

where [JJ] = [Jo(§)—J1(€§)] with & = K?/(4+2K?) for a planar undulator,
k, = \/21,/ (Y’ I462) is the longitudinal plasma oscillation wave number, I, is the peak cur-

rent of the electron beam, Iy = ec/r, ~ 17kA is the Alfvén current, r, ~ 2.8 X 10~ B m is the
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classical electron radius, and o, is the rms horizontal beam size of the electron beam.
In the 1D FEL theory, the distance required to increase the radiation power by a factor of e

in the exponential regime is described by the power gain length

A

=2 (3.6)
47\/3PFEL

Lco
In order to limit the increase of the 1D power gain length Lo to less than 25 %, the energy
spread of the electron beam o has to fulfill [32]

O _ 5 < PFEL. (3.7)

The actual gain length L differs from the 1D gain length Lo, e.g. due to the beam emittance
and the energy spread of the beam. A degradation factor 1 was calculated in [48] to account for

3D effects. The actual gain length is then given by

Le=Lgo(1+m). (3.8)

3.2 Characteristics of SASE FEL Radiation

In this section, the characteristics of radiation created by a high-gain SASE FEL are briefly
presented, summarizing the findings of [43, 45, 49, 50].

Several of the main properties of SASE radiation are characterized by the FEL parameter
preL. The relative FEL bandwidth at saturation according to the 1D theory is close to ppgr, and
the saturation power of the radiation is about ppgr, times the electron beam power [45, 47].

The transverse coherence of the radiation of a SASE FEL in the start-up regime is very poor
due to the non-negligible beam emittance which excites many transverse modes [45]. During
the amplification process in the exponential regime, the degree of transverse coherence in the
photon pulse grows, due to the self-focusing of the electromagnetic wave by the electron beam,
which is referred to as optical guiding [45, 51], until it reaches its maximum close to the sat-
uration point [49]. SASE radiation can achieve almost full transverse coherence, even if the
beam emittance g, is larger than the diffraction-limited radiation emittance & = A;/(47), also
due to optical guiding [45]. In the deep saturation regime the transverse coherence of the radi-
ation is again poor. There is a correlation between the increase of the radiation power and the
degradation of the transverse coherence [49].

As the SASE process is initiated by shot noise the temporal property of a SASE FEL follows
that of chaotic light [52]. An important parameter for the determination of the temporal or

longitudinal coherence is the cooperation length [52]
— . 3 -9
2 Lo (3.9)

This is the length over which the electrons and the light wave interact with each other due to
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Figure 3.3: Temporal X-ray profile of a long SASE pulse and of single-spike radiation.

slippage in one gain length and characterizes the first order longitudinal coherence [50]. As
usually the bunch length is much larger than the cooperation length, the radiation pulse consists
of many spikes with a maximum duration of about 27L./c [52]. An example of such a longer
SASE pulse is shown in Fig. 3.3(a).

The probability distribution of the radiation energy W follows a gamma-distribution [53, 54]

() ) ) o

where M = (W)? /o, is the number of modes in the radiation pulse, I'(M) is the gamma func-
tion, and o7, = <(W — (W>)2>

3.2.1 Single-Spike Radiation

As discussed before, mostly the electron bunch length is much longer than the cooperation
length and many independent radiation modes arise within the radiation pulse. Nonetheless, for
some applications a much higher longitudinal coherence is desired up to the extreme case of
fully coherent radiation.

Such a high degree of longitudinal coherence can for example be achieved by seeding the
FEL pulse, as it is described e.g. in [55, 56].

Additionally, some applications require extremely short photon pulses. Also this can be
achieved by seeding [55, 56] or spoiling the emittance in most parts of the bunch [2]. However,
this is not efficient, as only a small fraction of the electron bunch is used to produce radia-
tion [57]. One possibility to achieve both requirements simultaneously and utilize the whole
beam to produce radiation is to only have one radiation mode being radiated by the electron
bunch. An example for single-spike radiation is shown in Fig. 3.3(b). This can be achieved by

significantly decreasing the bunch length, so that it satisfies [52, 57]

A
) P —
‘ 27v/3PFEL

~Y

o¢ (3.11)
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Figure 3.4: Overview of the FLASH facility (not to scale). Courtesy of M. Vogt.

If the electron bunch is longer than given by these conditions, multiple optical modes arise in
the bunch, thus resulting in a not-fully coherent radiation pulse, which is also longer than one
single-spike. If the electron bunch is much shorter than given by the condition in Eq. (3.11),
the radiation wave may slip out of the electron bunch before the microbunching process is
saturated. Additional radiation modes can form, resulting again in longer, not-fully coherent
radiation. Therefore, ideally the electron bunch length should be in the order of the cooperation
length. However, this single-spike radiation is only present close to the point, where saturation
is reached. Before that, additional modes are visible as not all of the electrons interacted with
the light wave and the fundamental mode is not built up, yet. In the saturation regime, the
single spike slips ahead of the electron bunch and again, additional radiation modes begin to

form along the electron bunch. [28]

3.3 FLASH

The Free-Electron Laser in Hamburg (FLASH) is an FEL user facility delivering soft X-ray
radiation since 2005 [58, 59]. In 2007, wavelengths in the water window were achieved, en-
abling the possibility to perform in vitro (and potentially in vivo) experiments on biological
samples [60]. In 2015, a second beam line, called FLASH2, was commissioned enabling to
supply two users with radiation at the same time at different wavelengths, beam patterns, and
FEL pulse properties [61, 62, 63, 64]. The newest upgrade to the FLASH facility is the plasma-
wakefield experiment FLASHForward which is currently under commissioning [65].

A schematic overview of the FLASH accelerator is shown in Fig. 3.4.

The electrons used for acceleration are extracted from a Cs,Te cathode [66] by using one
of the three independent UV® injector lasers [67]. The two lasers used for “regular” operation
produce UV pulses with an rms pulse duration of 4.5 ps and 6.5 ps, respectively [68]. These
two lasers are used to create bunches with a charge of up to 2nC with a repetition rate of up
to 1 MHz [68]. The third injector laser is the so-called “short-pulse” injector laser [69, 70],

which is capable of producing UV pulses with a variable rms pulse duration of 0.8 ps to 1.6 ps.

8Ultra-Violet
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With this laser, short bunches can be created directly at the cathode, reducing the compression
factor to achieve short photon pulses significantly. The bunch charges created by the short-pulse
injector laser typically range from 20 pC to 120 pC [71].

The RF gun used to accelerate the particles from the cathode is a 1.5-cell normal conducting
1.3 GHz L-band copper cavity [72]. It is pulsed at 10 Hz with an RF pulse duration of up to
800 us. With the repetition rate of the injector laser of up to 1 MHz it is therefore possible to
accelerate up to 800 electron bunches in one bunch train or 8000 bunches per second. Using
this RF gun, the electrons are accelerated to energies of about 5.6 MeV.

The normal conducting RF gun is followed by the superconducting linac. It comprises seven
superconducting modules each consisting of eight 1 m long 9-cell standing wave pure niobium
cavities [72]. They are operated at the same frequency as the RF gun. The maximum beam
energy possible is 1.25 GeV, the lowest beam energy reasonably achievable is 350 MeV. The
first accelerating module called ACC1 is followed by a third-harmonic module comprising four
third-harmonic cavities operated at 3.9 GHz [72]. This module is used to linearize the energy
chirp to achieve efficient bunch compression in the following bunch compressors.

The two bunch compressors are installed downstream of the third-harmonic module and
the third accelerating module, respectively, c.f. Fig. 3.4. The first bunch compressor is a C-
chicane with an Ms¢ of 180 mm operating at a nominal beam energy of 146 MeV. The second
bunch compressor is an S-chicane with an M5¢ of nominal 43 mm but typically set to 77 mm
operating at a nominal beam energy of 450 MeV [73]. In the context of the FLASH midterm
refurbishment and the FLASH2020+ upgrade plans, a third bunch compressor will be installed
downstream of the FLASH2 extraction arc (FL2BC) [7, 74]. This bunch compressor allows
a bunch compression at the highest beam energy, reducing space charge effects by reducing
the compression in the first two bunch compressors. Additionally, the compression takes place
downstream of the FLASH?2 extraction arc, thereby reducing CSR effects. This idea was de-
veloped in parallel to this thesis, therefore the FLASH layout used in Section 5 still comprises
only two bunch compressors.

After the final acceleration the electron bunches are transported to the undulators where the
radiation for the users is generated. Until 2014 only one undulator beam line was available
and therefore only one user experiment at a time could be performed. As FLASH is capable of
delivering up to 8000 electron bunches per second due to its superconducting linac, a second
beam line was built which uses a part of these electron bunches to supply a second undulator
beam line to enable the simultaneous operation of two experiments [61, 75]. Downstream
of the main linac the beam line is split. A part of the bunch train is then sent to the initial
undulator beam line, nowadays called FLASH1. The other part is extracted using a kicker and
a Lambertson-septum [41, 76] and is sent to the newly built FLASH2 undulator beam line.

The FLASH1 undulator beam line consists of six fixed-gap undulators with a length of 4.5 m
each [72]. The maximum magnetic pole field is 0.47 T, the undulator period is 27.3 mm, and the
undulator parameter is 1.27 [72]. As FLASH]1 is equipped with fixed-gap undulators, the only

possibility to tune the radiation wavelength is by changing the beam energy. With an energy
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Figure 3.5: Overview of the LCLS facility (not to scale). Reprinted by permission from [82].

range of 350 MeV to 1.25 GeV the corresponding wavelength range is 52 nm to 4.1 nm [72].
In contrary, FLASH?2 is equipped with twelve variable-gap undulators with a length of 2.5 m,
each [77, 78]. The maximum magnetic pole field is 0.92 T, the undulator period is 31.4 mm, and
the undulator parameter can be adjusted in the range from 1.0 to 2.7 by opening or closing the
undulator gap. With these variable gap undulators, FLASH?2 covers wavelengths in the range
from 4 nm to 90nm [61]. This enables the set-up of different wavelengths simultaneously at
both undulator beam lines. If FLASH runs at a beam energy of 700 MeV, the corresponding
wavelength at FLASHI is 13.5 nm, which is quite popular among users [78]. At the same time,
the wavelength that can be covered at FLASH? spans from 10 nm to 40 nm [78], thus enabling a
variety of additional experiments. Additionally, a third undulator line is integrated at FLASHI.
Between the SASE undulators described above and the FLASH2 extraction additional undula-
tors are integrated for a seeding experiment called sSFLASH [55, 79]. Lasing at all three beam
lines was achieved simultaneously [80].

Various diagnostics are integrated in the FLASH facility, for example to measure the bunch
charge or the FEL pulse energy. An overview of the available diagnostics to characterize ultra-
short photon pulses at FLASHI is given in [81].

34 LCLS

The Linac Coherent Light Source (LCLS) is an X-ray free electron laser for soft and hard X-
rays [82]. It was the first hard X-ray FEL in operation and delivers radiation to users since
2009 [82]. The electron accelerator driving the LCLS is based on the last kilometer of the
Stanford two-mile accelerator initially operated to drive high energy physics experiments [83].
The initial linac was capable of delivering electrons with energies of up to 50 GeV by using an
S-band copper linac at 2.856 GHz [82].

A schematic overview of the LCLS is shown in Fig. 3.5.

To create the electrons for the LCLS, a new injector was built [84]. It is driven by a UV
injector laser [85] that extracts electrons from a copper cathode. The FWHM pulse duration of
the laser can be varied in the range of 3 ps to 20 ps with a repetition rate of up to 120 Hz [84].
The electrons are accelerated using a 1.6-cell normal conducting 2.856 GHz S-band RF gun,
capable of reaching field strengths of up to 140 MV/m [86]. The design energy of the electrons
when leaving the gun is about 6 MeV [84], the maximum repetition rate is 120 Hz.

The RF gun is immediately followed by a modified version of two S-band linac sections
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(LO) formerly used in the old two-mile accelerator [84]. Using these cavities, the electrons
reach energies of 135 MeV.

Directly downstream of this first linac section, a laser heater follows [87, 88] introducing a
controlled amount of energy spread (~ 20keV rms). This is done to “Landau damp” possible
micro-bunching instabilities that might disrupt the high-brightness beam [82, 88]. The laser
heater successfully showed to overcome this instability and improve the FEL performance [89].

The beam is then injected on the axis of the main linac, where it is accelerated using three
S-band accelerating structures (L1S), directly followed by a X-band fourth-harmonic mod-
ule (11.424 GHz) to linearize the longitudinal phase space for the following bunch compres-
sion [84]. Two more accelerating sections follow. The first one (L2-linac) is situated between
the first and the second bunch compressor, the second one (L3-linac) is placed downstream of
the second bunch compressor. Using all of these accelerating modules the maximum achievable
beam energy is 14 GeV [82].

The bunches are compressed in two bunch compressors. The first bunch compression (BC1)
takes place at an energy of 250 MeV with Ms5¢ = 39mm [90]. The second bunch compression
(BC2) is performed at an energy of 4.3 GeV with an Msg of 24.7mm [91]. Both bunch com-
pressors comprise four dipole magnets arranged in a C-shape and are designed to minimize
CSR effects [40, 92]. Using both bunch compressors, compression factors of about 100 can be
achieved, yielding peak currents of up to 3.5 kA [82].

After the final acceleration, the electron bunch is transported to the undulators. The LCLS
undulator section comprises 33 3.4 m-long planar undulator segments with a undulator period
of 30mm [82, 93]. The undulator magnet poles are canted [94] to allow for tapering of the
undulators to compensate the energy loss of the electrons. The effective K-value varies from
3.500 to 3.485 [95]. The final electron beam energy at the undulator is in the range of 3.5 GeV
to 14 GeV, resulting in photon wavelengths of 22 Ato1.5A, respectively [82].

Downstream of the undulators, LCLS is equipped with an X-band TDS called XTCAV?
operating at a frequency of 11.424 GHz to enable longitudinal phase space measurements in
the following dispersive section [96]. The principle of a TDS and possible applications are
discussed in detail in Section 4. The installation of such a device downstream of the FEL

undulators enables to reconstruct the temporal profile of photon pulses [11].

9X-band Transverse Deflecting Cavity
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4 Transverse Deflecting Structures

Transverse Deflecting Structures (TDS) are a widely used tool in particle accelerators since
the 1960s. Based on the findings in [97], TDSs were initially used for high energy physics to
identify and separate high energy particles [98, 99].

In 2000, the first ideas to use a TDS as a tool for bunch length and phase space diagnostics
were brought forward [6]. Due to the high achievable resolutions of a TDS, this application
proved especially useful to measure short electron bunches at FELs and is used at many facili-
ties [100, 101, 102, 103].

In this section, we will show the basics of the TDS principle, derive the transfer matrix of

such a device, and will show the possible applications to longitudinal diagnostics.

4.1 TDS Principle

Here, we will describe the working principle of a TDS closely following the derivations given
in [6, 99, 102]. In the following, the transverse plane in which the TDS is deflecting is denoted
as u, the plane perpendicular to the streaking direction is denoted as v, as a TDS can have an
arbitrary streaking direction. In particular, the streak of a PolariX TDS, c.f. Section 6.1.1, is not
limited to the horizontal or vertical plane, but can be set to any transverse direction.

The electric and magnetic field inside a TDS excited in the TM ; mode are given in [6, 99].
The Lorentz force experienced by a particle of charge e when passing through such a device in

cartesian coordinates (u,v, {) is given by [102]

F, = ed) Sin(CI)RF + kRFC),
F, =0, “4.1)
F, =e&) COS(CI)RF + kRFC)kRF%

where @R is the RF phase at the bunch center ({ = 0) relative to the zero-crossing, & is the
amplitude of the traveling electromagnetic wave & = é’oei(kRFg_“’RFt ), and krr = @Rp/c are the
wave number and the frequency of the RF, respectively. The slope «’ in the deflecting plane after
passing through a TDS will now be calculated under the approximation that the total momentum
Py remains constant, there is no phase slippage of the RF, and in the paraxial approximation
(' =du/ds == p,/Py). As { < A /27 [6], we approximate the sine and cosine of the RF phase
by a Taylor series around kgp{ = 0

F, ~ ed) [kRFCCOS((DRF) + sin(bep)] ,
F, =0, (4.2)
E ~ eé"o [COS(CI)RF) — kRFC SiIl(‘I)RF)] kRFu.

After passing through the cavity for a distance of s < L, where L is the total length of the cavity,
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the change of the slope by the TDS is added to the initial slope u’(sg) [102]

P, (s / F
'(s0 —l—/ — =u(so —i—/ —Fu—: (s0) + =—s
¢ Poc 43)
/ ed) (kRFC COS(CI)RF) + SlIl((I)RF))
~u'(so) + P s.
0

As a linear dependence of the deflection on the longitudinal position § in the bunch is beneficial,

a TDS is usually operated at the zero-crossing phase, i.e. ®rr = 0,7 [102]. The slope is then

ok
£ (s) = ol (s0) £ S0 4.4)
P()C
where + and — refer to ®rr = 0 and Prp = 7, respectively.
The total displacement of the particle can be calculated by means of Eq. (4.4) [102]
ok
= u(so +/ ds = u(so) +u' (so)s + e‘}’D—Rngz. (4.5)
0C

As can be seen in Eqgs. (4.1) and (4.2), particles with an offset in the cavity experience a
longitudinal force changing their longitudinal momentum p,. By combining Egs. (4.2) and (4.5)
we obtain for the momentum change Ap,(s) for a particle after traveling through the cavity for
a length s [102]

Eok d
Ap.(s / F,— / eSokrp (u(so) +u(sg)s & Msz) &
Pyc c

_ e@@okRF g CeéaOkRF
6 P()C ’

| 4.6)
su(so) + 2S2M (s0) +1

Finally, the momentum change after traveling through the whole structure of length L is given

by

1 3 eéa()kRF
-L°C——— | .
6 C P()C )

Sok 1
Ap,=Ap,(L) = ¢ Oc RE (Lu(so) + L% (50) +

> 4.7)

The transverse deflection also changes the momentum in u direction. As F, is constant over the
structure, we obtain for the momentum change in u [102]
F, _ ebpkrp

Apy, = APM(L) = o ‘u(L) =

<Cu(so)+lCLu( 0) £ chzegokRF) (4.8)
2 Pyc

Comparing Egs. (4.7) and (4.8) we observe, that Ap, > Ap, as typically L > {. Thus, the total
momentum gain Ap is dominated by the gain of the longitudinal momentum Ap ~ Ap, [102].

Using
eVokrr _ eVoWRF
Pyc Pyc?

H = 4.9)
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with the total deflecting voltage V) = &yL, the total momentum change of a particle is

AS = % = A u(so) + %J{Lu/(m) + é,}i/ZLC. (4.10)
0

For a particle bunch, the first term in Eq. (4.10) results in an induced rms momentum spread
due to the finite beam size of the particle bunch [104, 105]

O[ES = H - GM(S()>. “4.11)

The second term also results in an rms momentum spread due to the angular spread, but is
usually neglected for the case of a short TDS [105]. The third term in Eq. (4.10) results in a
linear momentum chirp along the bunch [104, 105]

d
g

4.2 Transformation Matrix of a TDS

S = é%zL. (4.12)

Using Eqgs. (4.4), (4.5) and (4.10) and the fact, that the TDS acts as a drift space in the non-
deflecting plane v, the transfer matrix for a thick TDS of length L and using the approximation
Y>> 1is given by [102, 106]

1 L 00 %L 0
0 1 00 +# 0
0o 0 1L 0 0
M S , 4.13
TDS, thick 0 o 01 o0 o0 (4.13)
O 0 00 1 0
+# +£L 0 0 +£4L |

if the phase space vector in front of the TDS at s¢ is written as Z(so) = (u,u’,v,v', {, )STO Again,
the + and — refer to the two zero-crossing phases, c.f. Eq. (4.4). For y < o the M5¢ term would
not vanish, which results in additional terms in the sixth column and the fifth row, c.f. Sec-
tion 2.2.2. This matrix is indeed symplectic, as can be shown using the relations shown in
Section 2.2.2 for

1 L0O + 4L
0100 10 LA

K= , L= . ,and ¢ = . 4.14
001 L (i/;L 1) 0 19
0001 0

For MTps wick to be symplectic, Eq. (2.34) has to be true. This is indeed the case, as

K= (x4 +#LF%L 0 0)= (4 £%L 0 0), (4.15)
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which yields that the correct form of B is given in Eq. (4.13).

Equation (4.13) considers the finite length of the TDS and is therefore called the “thick lens
form” [102]. If only the transverse motion of the particles is of interest, a thin lens approxima-
tion is made for L — 0. The transfer matrix is then a drift matrix of length L/2, followed by the
thick lens matrix for L — 0 and another drift matrix of length L/2 [102, 106]

L L
Mrps,thin = Mp <§> MT1Ds thick,L—0 - MpD <§>

1 0 0O 0 0

0 1 00 £ 0 416
L O 010 0 O L (4.16)
2 0 001 0 O 2

0 0 0O 1 0

+7 0 0 0 0 1

4.3 Longitudinal Diagnostics using a TDS

Knowledge about longitudinal parameters of a particle beam is crucial for the operation of par-
ticle accelerators. Especially in high-gain FELs, where the lasing process strongly depends on
e.g. the peak current or the slice energy spread, knowledge of these parameters can significantly
enhance the ability to optimize the lasing process.

A TDS offers the possibility to gain direct access to the longitudinal coordinate of elec-
tron bunches. As we will see in Eq. (4.18), the longitudinal coordinate of the electron bunch
is mapped linearly to a transverse one when using a TDS. The measurement of the transverse
coordinates in an accelerator can be easily achieved, e.g. by using scintillator screens [107] or
optical transition radiation (OTR) screens [108]. For this reason, TDSs are widely used for lon-
gitudinal diagnostics. While other methods, such as the electro-optics (EO) method [109, 110]
or the coherent radiation spectroscopy [111, 112], exist for the measurement of the longitudinal
current profile, these methods cannot be used for the measurement of the longitudinal phase
space density or the slice emittance as they are indirect methods. Given that a TDS provides a
direct measurement of the longitudinal coordinate, this measurement can be combined with a
variety of other measurements, yielding access to many longitudinal bunch properties includ-
ing the longitudinal phase space density and the slice emittance. The longitudinal phase space
density can be mapped by combining the streak of a TDS with a dipole deflecting the beam in
the plane transverse to the streaking direction of the TDS. On a subsequent screen, one coor-
dinate (u) is then related to the longitudinal position and the other (v) to the beam energy [6].
Additionally, a TDS comprises a wide dynamical range: Electron bunches with bunch lengths
of picoseconds down to a few femtoseconds can be characterized using a TDS [11, 102].

In the following, we will show how the measurement of the longitudinal current profile, the
longitudinal phase space and subsequently the FEL photon pulse reconstruction, and the slice

emittance can be performed using a TDS.
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4.3.1 Longitudinal Current Profile

In FELs a high-peak current is required for the lasing process, c.f. Eq. (3.5). To monitor the evo-
lution of the longitudinal current profile downstream of bunch compressors, a TDS can be used.
Additionally, the electron bunch length can serve as an estimate for the upper radiation pulse
length [113]. We follow [102] in our derivation of the longitudinal current profile measurement.

For the measurement of the longitudinal current profile, only transverse motions are of in-
terest, we consider the TDS to be described by the thin lens form found in Eq. (4.16) [100]. The
transport of an electron beam with the 6D-phase space vector Z(so) = (u,u’,v,v',§, 8 )STO from

the center of the TDS at s to a screen station at s is described to first order by

Z(s1) = My, - MTDS thin - 2(50)- 4.17)

Evaluating this expression yields for the position of a particle in the streaking plane

sin(beF) C
= S- . 4.18
u(sy) = uo(sy) + (C+COS(¢RF) CORF) (4.18)
with the initial particle position ug(s; ), the Shear-parameter
. eVor .
S =+/Bul(s0)Bu(s1)-sin(A¥,) - (z)cz F . cos (Prr) = v/ Bu(s0)Bu(sy) - sin(AP,,) - # - cos (PrE),
(4.19)

the beta function in the streaking plane at the center of the TDS f,(so), the beta function in the
streaking plane at the screen f3,(s;), and the phase advance in the streaking plane between the
center of the TDS and the screen AY,, = W(s1) —¥(s0).

As there is usually more than one particle passing through the cavity, we are interested in
the second moments of the particle distribution. In the following, we will treat electron bunches
without an initial correlation in (u,§) and («/,{). Cases where this is not true can of course
also be treated and are described in detail in [102, 114]. Additionally, the TDS is operated at
the zero-crossing, i.e. Prp = 0.

Going from the single-particle motion in Eq. (4.18) to the squared rms beam size in the

streaking plane on the screen yields
G, (s1) = O (51) + 5707 (s0). (4.20)

When the intrinsic beam size o, (s1) is known, e.g. by performing a measurement with the TDS
switched off, the rms bunch length o (so) can be determined by means of Eq. (4.20).

The longitudinal resolution is usually defined as the bunch length making the two terms on
the right-hand side of Eq. (4.20) equal [115]

p.2
Ry = Zl5) _ Ve e @21)

S /Bulso) - sin(A®,,) - eVoogp - cos (Prp)
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In accelerator physics, it is common to indicate the length of ultra-relativistic particle bunches
not in units of meters but rather in seconds by dividing the bunch length by ¢
%¢

o = —>. (4.22)
C

The corresponding equivalent for the longitudinal resolution defined in Eq. (4.21) can also be

stated in seconds
R¢

c

R, (4.23)

It is then sometimes also referred to as “temporal” resolution of a TDS measurement.
For the measurement of the longitudinal current profile using a TDS, the transverse coordi-
nate u has to be translated to the arrival time 7. This is achieved by applying Eq. (4.18) for the

difference of the transverse position Au(s;) = u(s;) —ug and At =t — 1

Au(sy)
Sc

At =

(4.24)

The offsets ug and #y are usually not of interest and can be defined arbitrarily. Common defi-
nitions are the center of the screen, the mean of the bunch distribution or the beginning of the
bunch distribution.

To be able to use Eq. (4.24) the Shear parameter S has to be known. If the optical functions
at the TDS center and the screen are known, this can be done easily by using Eq. (4.19). As
in reality this is mostly not the case, another way to calculate S is using a phase-scan of the
TDS. The RF phase ®gp is varied by small amounts around the zero-crossing and the centroid
position of the beam (u(s;)) at the screen is recorded. S can then be obtained by a linear fit of

Eq. (4.18) for small deviations of ®rp
C
Alu(sy)) = S——ADPRE. (4.25)
(u(s1)) = S - AP

4.3.2 Longitudinal Phase Space Density

As a TDS is only streaking the beam in one plane, the other remains unaffected. It is therefore
possible to combine the streak of the TDS in the u plane with an energy spectrometer, such as a
dipole, bending the beam in the v plane. With such an arrangement, additionally to the current
profile, the energy profile can be extracted and finally, the longitudinal phase space density can
be measured [6].

The position of a particle at a screen at 51 in the deflecting plane v of the dipole at s¢ is given
by, c.f. Eq. (2.58), [22, 104, 116]

v(s1) =vo(s1) +nv(s1)d. (4.26)

It is worth noting, that by using a TDS the momentum deviation of a particle changes according

to Eq. (4.10), which is of course added to the initial momentum spread &y. In the above equation,
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the total momentum deviation responsible for the change of the particle position when using a
TDS is 6 = &y + AJ.
Again, going from the single particle motion described in Eq. (4.26) to the rms beam size as

in the previous section, we obtain

o, (s1) = oy, (s1) + 15 (51)03. (4.27)
If the intrinsic beam size szo(sl) is known, the momentum spread o5 of the bunch including
the induced momentum spread by the TDS, c.f. Eq. (4.11), can be determined. As we have seen
before, the TDS induces an momentum spread to the bunch, therefore the measured momentum
spread is G§ = Ggo +.#?02. The induced momentum spread is not homogeneous along the
bunch, but depends on the slice beam size. However, the determination of the exact momentum
spread o5 would require a measurement with the dipole switched off or setting the dispersion at
the screen to zero. The first option requires a duplicate of the dispersive beam line continuing
straight through the dipole, which is hardly feasible at any facility. The second option requires
very precise matching of the optical functions which in real machines is very difficult to achieve
and is therefore seldom used.

The resolution of the measurement is defined analogously to the previous section as the
momentum spread o5 making both terms on the right-hand side in Eq. (4.27) equal

Ry = 200 _ VAG)E (4.28)

nv(s1) Mv(s1)

For the measurement of the longitudinal phase space density, not only the transverse co-
ordinate u has to be translated to the arrival time ¢ by applying Eq. (4.24), but also the trans-
verse coordinate v has to be translated to the momentum deviation 6. This is achieved by

applying Eq. (4.26) for the momentum deviation 6 and the difference of the transverse position

Av(s1) =v(s1) —vo Avls)
V(s

~ ()

The offset vq is usually chosen in a way that a particle with the momentum P, arrives at the

. (4.29)

screen at this position. If the dispersion at the screen is known, Eq. (4.29) can be applied with
ease. As in reality, this is mostly not the case, a momentum scan can be used to determine the

dispersion on the screen. The design deflection angle of a dipole is defined by [22, 102]

L eBoL elpL
po B R’

(o7 (4.30)

where L is the length of the dipole magnet, By the magnetic field and Iy the current correspond-
ing to the magnetic field By. For a particle with a slightly higher momentum P = Py(1 + €5),
&5 < 1 the deflection angle is

o= 0y—Aa. 4.31)
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The change of the deflection angle is

Po €s
Ao =o0p—0o=0p— = R OEs. 4.32
% o aOPo(l—FSg) aol+85 %o&s ( )

Therefore, if we scan the mean momentum of the particle beam in steps of €5 and record the
corresponding centroid position of the beam in the v plane (v(s1)), we can obtain the dispersion
via Eq. (4.26) [102]

A(v(s1)) = ny(s1)Ags. (4.33)

As in a real machine changing the momentum with the required precision for the calibration
is usually not feasible and practicable, a different approach is used. The same variation of the
deflection angle can be achieved by changing the current of the dipole from I to In(1 + &),
€ < 1. The change of deflection angle is then

I()(l -|-8[)

Ao =o— o0y = 0y
I

— Op = €. (4.34)
Therefore, the same displacement as with a momentum scan can be achieved and the centroid

position varies with the current change as

A(V(S1)> = nv(sl)Ai-I]. (4.35)

Performing this scan and fitting the applying a linear fit yields the dispersion 1,(s;) at the

screen.

4.3.3 Photon Pulse Reconstruction

If a TDS is installed downstream of the FEL undulators, the temporal profile of photon pulses
can be reconstructed [11, 96, 117, 118]. To accomplish this, the longitudinal phase space density
of an electron bunch producing light (lasing on) has to be compared to one where the lasing
process is suppressed (lasing off). This can for example be achieved by opening the undulators
(in the case of variable gap undulators), moving the undulators out or offsetting the orbit in the
undulator. Here, it is assumed that the stability of the machine suffices to guarantee that the
bunches with lasing on and off are identical at the undulator entrance.

The longitudinal phase space densities are then divided into slices along the time dimen-
sion to get the time-dependent beam parameters such as the mean energy Eop, off(#;), the energy
spread O, (%), and the current /(#;) in each time slice #; [11, 117]. The subscript denotes,
whether the quantity was taken from a measurement with lasing on or lasing off. The influence
of the FEL process on the bunch current is negligible, therefore, this quantity does not have a
subscript. For each time slice, the energy loss and the energy spread increase comparing the

lasing-on and lasing-off measurement is then calculated
AE(t;) = Eon(ti) — Eofi(t:), (4.36)
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e (1) = \/ 0% () — o2 (1)- 4.37)

From these quantities the radiation power in each slice can be determined. When using the

energy loss method, the radiation power in each slice is [11, 96, 117]

P(t;) = AE(1;) - I(%')- (4.38)

When using the energy spread method, the radiation power in each slice is [11, 117, 119]

wWINY

P(1;) o< o (1;)* - 1(1;)3. (4.39)

To determine the total radiation power an additional, independent measurement of the total pulse
energy is necessary. This can for example be accomplished using a calibrated gas detector [120,
121, 122].

The reconstruction of the temporal radiation power profile using these to methods generally
only works in the linear FEL regime and at the beginning of the saturation regime. In deep
saturation, the radiation created in the exponential regime slips ahead of the position where
the actual energy transfer from the electron bunch to the light wave happened. Therefore, the
position of the energy loss and the energy spread increase is not related to the position where it
is actually stored in the light wave anymore. Additionally, the temporal resolution of the TDS
blurs the reconstruction of the temporal power profile. In good approximation, this process can
be modeled by a convolution of the actual power profile P(¢) with a Gaussian G(z) of fixed
standard deviation R;

(P+G)(t) = P(1), (4.40)

yielding the reconstructed blurred power profile P(t), see Section 7.

4.3.4 Slice Emittance Reconstruction

As described in Section 2.5, the emittance is an important quantity in particle accelerators.
Especially in FELs, low emittances can significantly enhance the lasing process by lowering
the transverse beam size and thereby enlarging the FEL parameter, c.f. Eq. (3.5). Even more
important for the FEL process than the projected emittance is the slice emittance, as not all
of the bunch contributes to the lasing process and the slice emittance in the core part of the
bunch can be significantly smaller than the projected emittance. The combination of an emit-
tance measurement with a TDS can be used to measure the slice emittance. We will describe
the emittance measurement in the following, which is used for both, the measurement of the
projected emittance and the slice emittance.

Again in this section, u is the transverse plane in which the TDS is streaking, v is the plane
perpendicular to u. If no TDS is used, the equations are valid for both planes. The indices {¢, p}
are {1,2} for the horizontal plane and {3,4} for the vertical plane. Applying the matrix for a
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decoupled beam line defined in Eq. (2.54) to Eq. (2.73) yields for the transverse beam size [123]

<V2(S1)> = sz(sl) :ng <V2(S0)> +2MygMyp <V(SO)V/(SO)> +M§p <V,2(SO)>
+2MgqMy6 (v(50) 8 (50)) +2MgpMye (V' (s0) 8 (50) ) +M§6 <52(s0)> ,
(4.41)

where M, is the g, p element of the transfer matrix My, , from the reconstruction point at
so to the screen at s;. If one uses six different, known, and independent transfer matrices
M

scanners [125], all unknown quantities in Eq. (4.41) can be determined.

i s, and measures the corresponding beam sizes using e.g. OTR screens [108, 124] or wire

When the M element vanishes, Eq. (4.41) simplifies to
<v2(s1)> =02(s)) = ng <v2(s0)> +2MgqMgp (v(s0)V'(s0)) + Mgp <v'2(so)> . (4.42)

This can for example be accomplished by performing the measurement in a dispersion free beam
line or letting the dispersion at the measurement screen vanish. With this equation, only three
different measurements are needed to determine (v?(s9) ), (v(so)v'(s0)), and (v'*(s0)). From

these quantities, the emittance and also the Twiss functions can be calculated via [126, 127]

&= 1/ (v2(50)) (v2(50) — (v(50)V'(50)), (4.43)
By (sy) — (0

y(s0) = e (4.44)

o (s0) = —Mmlﬂ. (4.45)

Additionally, the mismatch between the design and the measured beam ellipse can be expressed
by the mismatch parameter or beta matching parameter B,e and the mismatch amplitude
Armag [128]

Biag = % (Bu(50) %o (s0) —208,(50) O, (50) 4 Bry (50) % (50)) (4.46)

Ammag = Brmag + \/Bhag — 1. (4.47)

where B,(s0), 0, (s0), and %(so) are the measured Twiss parameters, and By, (so), O, (s0), and
Y (S0) are the design parameters.

Although three measurements with different, known, and independent M s, Suffice to de-
termine the three unknown second moments in Eq. (4.42), in reality they are subject to errors.
Therefore, more than just three measurements should be used. The different M can be cho-
sen by performing the measurement at subsequent screens (multi-screen method) or varying
the quadrupole strengths between the measurement point and the screen or a combination of
both [126].

To determine the second moments (v*(sp)), (v(s0)v'(so)), and (v*(s0)) one has to
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solve [126, 127]

L (v(s0))
S =N v(so)V (s0)) | s (4.48)
Z (V*(s0))

where n > 3 is the number of measurements,

<(vi(s1))2>

= L (4.49)
(in)?)

i € [1,n] is the measurement index, ¢ < is the error of the measured, squared beam size

(vi(s1)?)
<(vi (sl))2>, and the i-th row of the n x 3 matrix N is given by

! | o
Ni=——— (M) 2Mi M, (M0,)%). (4.50)

o)) e

This can for example be accomplished by calculating the inverse of N with approaches like
SVD or the Gauss-Jordan algorithm [127].

To determine the slice emittance, additionally a TDS has to be used streaking the beam in
the u plane [129]. For each measurement i the beam image is then sliced into m slices along
the u axis. For each of the m slices the corresponding beam size <(vfn(s1))2> is measured
and Eq. (4.48) is solved m times (once for each slice). This yields via Eq. (4.43) the m slice

emittances &, j, where j € [1,m].
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5 Ultra-Short Electron Bunches and Photon Pulses at
FLLASH2

To study the dynamics of ultra-fast processes users of FELs often require very short X-ray
pulses. These are fundamental for experiments which depend strongly on a high temporal
resolution, e.g. to study ultra-fast process. This can be indeed achieved by using ultra-short
electron bunches for the radiation production, c.f. Section 3.2.1, however at the cost of a reduced
pulse energy, as we will see in the following. The main concern of other experiments is a large
number of photons per time. Although by using short electron bunches the radiation pulse
length is drastically reduced, the total amount of photons in the pulse might be too low for
these experiments. A third reason to use short X-ray pulses is their longitudinal coherence,
c.f. Section 3.2.1, though this can also be achieved by seeded FELs.

To provide short X-ray pulses for these users a short pulse injector laser was installed at
FLASH [69], c.f. Section 3.3. This short pulse injector laser is designed to generate elec-
tron bunches with a bunch length of about 1 ps rms directly at the cathode. The generation of
ultra-short electron bunches and photon pulses at FLASH]1 using this short-pulse injector laser
has been studied extensively in [28]. However, these studies cannot be directly transferred to
FLASH? as the layout of the two beam lines differs: The extraction arc of FLASH?2 has a differ-
ent geometry than the FLASHI1 dogleg and FLASH?2 is equipped with variable gap undulators,
offering the possibility to vary the undulator K parameter. In the following, we show that at
FLASH2 we are also able to generate ultra-short electron bunches and photon pulses down to a
few or even a single longitudinal mode.

In Section 5.1 experimental data taken at FLASH?2 is presented, showing that radiation
pulses containing close to only one longitudinal radiation mode can be generated.

These measurement results are further investigated in Section 5.2. Genesis 1.3 simulations
using an ideal Gaussian beam as input are shown in Section 5.2.1. Start-to-end simulations
from the FLASH gun to the FLASH?2 undulators are shown in Section 5.2.2. To get an insight
on the beam dynamics of the short pulse creation, these simulations are based on three main

simulation codes:

* the tracking algorithm ASTRA [130] models transverse and longitudinal space charge

forces on the bunch in straight sections including external and internal fields

¢ the code CSRtrack [131] includes the coherent synchrotron radiation effects on the bunch

in the bunch compressors and the FLASH?2 extraction arc

¢ the 3D time-dependent FEL code Genesis 1.3 [132] simulates the lasing process in the

undulators.

Additionally, the possibility to generate single-spike radiation at FLASH?2 at different wave-

lengths using start-to-end simulations is demonstrated in Section 5.3.
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These simulation results of short pulses will be used in Section 6.3 to understand the perfor-
mance and limits of the TDSs that will be installed at FLASH?2.

5.1 Experimental Results for Short-Pulse Operation at FLASH?2

Short electron bunches were sent through the FLASH2 undulators. The goal was to obtain
short photon pulses comprising only few radiation modes. The results have already been partly
published in [133].

During the measurements gain curves were recorded using a gas monitor detector (GMD)
[120, 121] for SASE pulse energies above 2 uJ. With only a few undulators used, the GMD
resolution was limited by the reduced SASE pulse energy. Therefore, these measurements
were performed using a micro channel plate (MCP) based radiation detector [134], which was
calibrated with GMD values at high pulse energies.

In addition to the gain curves, the fluctuations of the SASE radiation were measured. As
discussed in Section 3.2, the probability distribution of the radiation energy follows a gamma-
distribution. Using Eq. (3.10) the number of modes in the radiation pulse can be determined.
The full width-half maximum (FWHM) photon pulse duration T;I)?lin and the rms photon pulse
duration ¢™ at the end of the exponential regime!? for the number of longitudinal modes

t,ph
M 2 2 is then given by [113]

i i M Al M ;Ll Lyt
2v2In20" = 7" ~ ~ 5.1

n l‘,ph ph SPFEL SCAM I ( )
where Lgy is the saturation length. Additionally, the rms bunch length ©; jasing Of the “potential
lasing part” of the electron bunch can be linked to this photon pulse duration

Tgﬁm = Ot lasing- (5.2)

In this case, following [113], the “potential lasing part” of the bunch is referred to as the
Gaussian-core region of the bunch. The actual bunch length can be larger, as e.g. parts with
a high slice-emittance or high energy spread do not contribute to the lasing process. These two
procedures were the only available photon pulse duration diagnostics at FLASH2 during the
measurements.

The FEL parameter ppgr, and the coherence time 7, are related to the saturation length Ly

by [113]
}Lu ~ AlLsat

FEL ~ T ~ .
p Lsat ’ ¢ 2\/%6‘);«”

Multiple measurement shifts were conducted at FLASH?2 to demonstrate the feasibility of

(5.3)

the short-pulse operation at FLASH?2 as well as the integrability of short-pulse operation at
FLASH?2 during regular operation at FLASHI. In each shift gain curves were recorded at dif-

ferent electron beam and undulator settings and the SASE radiation fluctuations were measured.

10Gee Section 3.1.
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Table 1: Parameter Overview and Results of Short Pulse Measurements at FLASH?2.

A /nom  Q /pC E /MeV OW,max M ‘L'I‘)‘i‘lm /fs 7. /fs Date
15 60 1150 0.704+£0.03 2.0£0.2 13.0£1.5 9.0£0.6 26.08.16
40.5 88 690 0.97+0.09 1.14+0.2 14.74+2.8 19.7+1.5 27.08.16
20 88 690 0.57+£0.04 3.1+£0.5 348+53 157+£0.7 27.08.16
30 70 760 0.67+£0.03 22402 247£28 157+1.1 11.03.17
30 38 760 0.794+0.05 1.6£02 204+27 18.0+1.1 11.03.17
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(a) Gain curve. (b) Fluctuations.

Figure 5.1: Measurement at FLASH?2 for a bunch charge of 60 pC and a radiation wavelength
of 15 nm. The beam energy was 1150 MeV.

An overview of the parameters and results is shown in Table 1 and detailed information is pre-
sented in the following.

During all of the shifts in August 2016, i.e. the first three rows in Table 1, FLASH1 was
running in parallel for other users.

For the first shift on 26.08.16, we set up FLASH2 for a radiation wavelength of 15 nm. The
measured gain curve and the corresponding measured fluctuations can be found in Fig. 5.1. The
maximum of the relative fluctuations was 0.70 £ 0.03 corresponding to 2.0 +-0.2 modes in the
radiation pulse. The calculated mean radiation pulse duration using Eq. (5.1) is (13.0£1.5)fs
FWHM which is only 1.4 times higher than the coherence length, c.f. Eq. (3.9), of (9.0£0.6) fs
for this wavelength.

In the second shift on 27.08.16, we attempted to achieve a single radiation mode in the
photon pulse. The bunch charge was raised to 88 pC to achieve a higher peak current compared
to the first shift. Additionally, a wavelength of 20 nm was set up to observe how many radiation
modes we obtain with the same settings but for half of the radiation wavelength. The measured
gain curves and the corresponding measured fluctuations are displayed in Fig. 5.2 for both
radiation wavelengths. For a radiation wavelength of 40.5 nm almost single mode lasing was
accomplished, there were on average only 1.1 4-0.2 radiation modes present in the photon pulse.
This gave a theoretical minimal FWHM photon pulse duration of (14.7 £2.8) fs which is even
below the coherence length of (19.7 £ 1.5)fs, as for this case M < 2 and Eq. (5.1) is only a
rough approximation of the photon pulse duration. Genesis 1.3 simulations for this case using
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an ideal Gaussian electron beam as input are shown in Section 5.2.1. For a radiation wavelength
of 20nm and a slightly changed compression the number of modes tripled in comparison to the
measurement at 40.5nm. Due to the shorter coherence length not only one single mode is

amplified in the bunch but multiple independent ones.
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Figure 5.2: Measurement at FLASH2 for a bunch charge of 88 pC and radiation wavelengths of
40.5 nm and 20 nm. The beam energy was 690 MeV.

In the third shift, a wavelength of 30 nm was selected at FLASH2. For this wavelength elec-
tron bunches with charges of 70 pC and 38 pC were sent through the undulators. The gain curve
measurement and the corresponding fluctuations are shown in Fig. 5.3. Start-to-end simulations
from the cathode to the end of the undulator section are shown in Section 5.2.2. For a bunch
charge of 70 pC there were in the mean 2.2 +0.2 modes present in the radiation pulse, a his-
togram for the highest fluctuations of 0.67 £0.03 is shown in Fig. 5.4(a). The FWHM photon
pulse duration and the rms electron bunch length were therefore in the order of (24.7 4-2.8) fs.
By selecting a smaller laser beam spot on the cathode and slightly retuning the machine, e.g. to
compensate phase drifts in the accelerating modules, the bunch charge decreased to 38 pC and
the number of modes in the radiation pulse to 1.6 +-0.2. The corresponding histogram is shown
in Fig. 5.4(b). The FWHM photon pulse duration was in the order of (20.4 - 2.7) fs, although of
course in this case M < 2 and therefore Eq. (5.1) is only a rough approximation. Additionally,
as can be seen in Fig. 5.3(a) the saturation length increases when the charge is reduced, which
according to Eq. (5.1) leads to a longer photon pulse duration. The shorter electron bunch length
is achieved by reducing the charge, as the (longitudinal) space charge forces in the bunch are
also reduced. Therefore, the electron bunch stays shorter after compression.

The values for the minimal photon pulse duration are shorter than in [133], since the satura-
tion length was determined differently. For the calculation here, the findings from the start-to-
end simulations shown in Section 5.2.2 are also considered.

In summary, these measurement results show that ultra-short pulses at FLASH2 can be
generated at different beam energies, bunch charges, and wavelengths. Even nearly single-
spike lasing could be achieved. In the following, we will show simulation results supporting

these findings and show, that single-spike lasing at lower wavelengths is also feasible.
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Figure 5.3: Measurement at FLASH2 for bunch charges of 70 pC and 38 pC and a radiation
wavelength of 13.5 nm. The beam energy was 760 MeV.
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Figure 5.4: Highest fluctuations measured at FLASH?2 for bunch charges of 70 pC and 38 pC
and a radiation wavelength of 13.5 nm. The beam energy was 760 MeV.

5.2 Simulation Results for Short-Pulse Operation at FLASH?2

To investigate the measurement results further, simulations are used based on three main simu-
lation codes explained in Section 5. Genesis 1.3 simulations using an ideal Gaussian beam as
input are shown in Section 5.2.1. Start-to-end simulations from the FLASH gun to the FLASH?2
undulators using all three simulation codes are shown in Section 5.2.2.

To model the statistic nature of SASE, Genesis 1.3 was ran with various random initial con-
ditions for the start-up processes of the radiation. The runs with these “seeds” will be presented
in the following images. They are not to be confused with the laser pulse seed for a seeded
FEL. For the simulations using an ideal Gaussian beam in Section 5.2.1 a total of four different
initial conditions was used, as this study was done to complement the measurements. For the
simulations shown in Sections 5.2.2 and 5.3 a total of ten initial seeds was used, to obtain a

more detailed view on the radiation emission.
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5.2.1 Ideal Gaussian Beam

In this section, results of Genesis 1.3 simulations using an ideal Gaussian beam are shown for
one of the examples. The 88 pC case producing radiation with a wavelength of 40.5 nm is se-
lected, as this setting produced radiation which was the closest to single-spike lasing. Some
input parameters such as the bunch length and the beam energy are taken from the measure-
ments. Others have to be estimated or iterated, as there is no direct way to measure those
properties at FLASH?2, yet.

To model the 88 pC case a beam energy of 690 MeV, a peak current of 0.9 kA at the undu-
lator entrance, a normalized emittance of 0.6 mm mrad, an rms bunch length of 14.7 fs, and an
energy spread of 0.5 MeV is assumed for the simulations. The temporal and radial distributions
are assumed to be Gaussian. The rms electron bunch length for the potential lasing part is esti-
mated from the measurements according to Eq. (5.2), although, as stated before, this is a rough
approximation in this case. For this setting, four different random initial conditions are used
to model the statistical nature of SASE. A comparison of the measured and the simulated gain
curves for the 88 pC case is shown in Fig. 5.5. In the exponential regime the simulated gain
curves are a little above the measured curve, as there were no errors assumed for the simula-
tion. In the saturation regime the radiation power stops to grow for the simulation because the
photon pulse slips out of the electron bunch. This is because only the core part of the electron
bunch was modeled for the simulation as we are most interested in the radiation produced in the
exponential regime. Figure 5.6 shows the temporal and spectral distribution at the end of the
exponential regime, 1.e. at the sixth undulator. Three of the pulses show a temporal single-spike,
one of the pulses shows a small side peak. The spectral distribution shows a single-spike for
all cases. These results support the measured nearly single-spike radiation at a wavelength of
40.5 nm at FLASH?2. The generation of single-spike radiation at other wavelengths is studied in
Section 5.3.
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Figure 5.5: Comparison of gain curves measured and simulated for 88 pC and a radiation wave-
length of 40.5 nm. The beam energy is 690 MeV. Four different initial conditions are used for
the radiation pulse.
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Figure 5.6: Simulated distributions of the FEL pulse at the sixth undulator for 88 pC and a
radiation wavelength of 40.5 nm. The beam energy is 690 MeV. Four different initial conditions
are used for the radiation pulse.

5.2.2 Start-to-End Simulation

During the shifts in March 2017, c.f. Table 1, we carefully recorded the machine parameters.
This enables the possibility to perform meaningful start-to-end-simulations for the measure-
ments to get a better understanding of the beam dynamics.

Some assumptions for the simulations are made. If one tries to directly use the theoretical
current values as actual values for the magnets at FLASH2, the beam does not follow the theory
optics. This is not yet fully understood. However, one reason is that the design optics are valid
only in the limit of no space charge. To overcome this, matching routines are applied in the
FLASH matching sections to match the beam to the theoretical Twiss parameters. Therefore,
the beam optic used for the simulation is the theory optic as this is the one the machine is set up
for. Additionally, the RF phases are subject to phase drifts. The on-crest phases were measured
4 hours before the shift, therefore phase differences in the on-crest phases of +-1° can occur.
The RF phase of ACC1 has the biggest influence on the compression in the FLASH linac. This
phase is adjusted empirically using RFTweak [135] in the given range. Offsets of 0.15° and 0.3°
in the ACC1 phase for the 70 pC and the 38 pC bunch, respectively, yield results reproducing

the gain curve measurements shown in Fig. 5.3.

70 pC bunch

Figure 5.7 shows the simulated bunch parameters for a charge of 70 pC at the start of the undu-
lator section.

It is worth noting, that the peak current for this bunch charge is only ~600 A although the
same compression settings as for the 38 pC bunch are applied and also the initial bunch length is
the same. Nonetheless, the 38 pC bunch yields a peak current of more than 1.1 kA, c.f. Fig. 5.11.
This happens because of strong space charge effects before the compression chicanes for the
70 pC bunch which elongate the bunch. The bunch length at the undulator is 54 fs. This value
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is higher than the electron bunch length calculated according to Eq. (5.2) of (24.7 +2.8)fs as
Eq. (5.2) is an approximation and only takes the potential lasing part of the bunch into account.

The slice emittance is between 0.4 mm mrad and 1.2 mm mrad, c.f. Fig. 5.7(a). Interestingly,
the lowest slice emittance is in the region of 100 fs and not around the current peak. This is due
to space charge induced emittance growth in the region of the current peak, as the electron
density is higher there.

Nonetheless, the radiation is emitted around the current peak but slightly shifted towards
regions with lower emittance and energy spread, as can be seen from the temporal profiles
at the end of the exponential regime in Fig. 5.10. This is because not only the emittance is
important for the lasing process, but also the peak current, the energy spread, and how well
the electron beam is matched to the undulator. Figure 5.7(b) shows the slice-beta matching
parameter indicating how well the slices are matched to the undulator. In the region from —50 fs
to 50 fs, which is also where the current peak is, By, is close to one in both transverse planes.
In the region of the lowest slice emittance, Byagy grows and the slices are not matched very
well to the undulator. All of these effects add up in the lasing process.

The slice energy spread is below 180 keV for the whole bunch as can be seen in Fig. 5.7(d).
This low energy spread is due to the fact that the machine was operated at undercompression
for this bunch charge, which can also be seen in the longitudinal phase space density shown in
Fig. 5.8.

Figure 5.9 shows the measured and the simulated gain curves using the bunch described
above as input. It can be seen that the simulated gain curves tend to have more pulse energy
than the measured ones. This is due to the aperture of 2 mm we used for the measurement
which cut the outer part of the radiation and also because the simulation does not consider orbit
or undulator errors.

The temporal distribution of the photon pulses at the end of the exponential regime, i.e.
using the first six undulators is shown in Fig. 5.10. It can be seen that the pulses consist of 2 to
4 modes, which is in the order of the measured number of modes of 2.9. The simulated photon
pulse durations are in the order of 10 fs to 35 fs with a mean value of (24.1 £10.5) fs. This value

is in good agreement the measured value of (24.7 +2.8) fs.
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Figure 5.7: Simulated slice parameters of the bunch for a charge of 70 pC at the start of the
undulator section. The current profile is plotted in blue, the slice parameters in red. The head
of the bunch is to the right.
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Figure 5.8: Simulated longitudinal phase space density at the beginning of the undulator for
70 pC at a beam energy of 760 MeV. The head of the bunch is to the right.
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Figure 5.9: Comparison of gain curves measured and obtained from start-to-end simulations for
70 pC and a radiation wavelength of 30 nm. The beam energy is 760 MeV. Ten different initial
conditions are used for the radiation pulse.
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38 pC bunch

Figure 5.11 shows the simulated bunch parameters for a charge of 38 pC at the start of the
undulator section.

Using the same compression settings as for the 70 pC bunch, the peak current at the undu-
lator entrance is about 1.15kA for 38 pC. This is twice as large as the peak current that was
achieved using the 70 pC bunch, since the elongation due to space charge effects for the 38 pC
bunch is smaller due to the lower particle density.

The slice emittance, which can be seen in Fig. 5.11(a), for the tail of the bunch is very
small and grows strongly around the position of the current peak to values of 1.5 mm mrad in
the horizontal plane. Behind the current peak the emittance decreases. The increase around
the current peak stems from transverse space charge effects due to the high particle density in
this region. Nonetheless, the beta-matching parameter in both planes is about 1 in the region
from Ofs to 40fs, c.f. Fig. 5.11(b). Most parts of the bunch are matched to the undulator and
contribute to the lasing process, see also Fig. 5.15.

The slice energy spread is shown in Fig. 5.11(d) and ranges from 200keV to 400keV.
This is four to eight times higher than for the 70 pC bunch as the 38 pC bunch is strongly

48



1200 n2.5 1200 i "5
JE— \ —I
1000 —cnl{2 1000 —B agx |14
800 “yn 3 goo Bragy
15 £ ! 13 o
< 600 ¢ < 600 & .
= g = \ ’
11 c , 12 om
400 TN~ = =~ 400 s -,
=~ -~ \uC N < =
o 4 A = 4
200 | 05 200 | =\

0 ‘ : ‘ 10 0 : : : 10
-20 0 20 40 60 -20 0 20 40 60
Atl/fs Atl/fs

(a) Slice emittance. (b) Slice beta-matching parameter.
1200 ‘ ‘ "8 1200 ‘ ‘ ‘ 1800
— —
1000 t —, 1000 —%
S 116 1600
800 Y 800
£ o
< 600 ¢ ; 14 £ < 600 1400 <
— , SooN - o L= :
40 t\ [ 4 v T =N ° 400 | ©
2 1200
200 200
0 ‘ : ‘ 10 0 ‘ : 10
-20 0 20 40 60 -20 0 20 40 60
At/fs Atl/fs
(c) Slice beam size. (d) Slice energy spread.
1200 n 760
—
1000 —<E>
1758
800
°
< 600 1756 =
400 | -
1754
200
0 ‘ ‘ : 1752
-20 0 20 40 60
Atl/fs

(e) Slice mean energy.

Figure 5.11: Simulated slice parameters of the bunch for a charge of 38 pC at the start of the
undulator section. The current profile is plotted in blue, the slice parameters in red. The head
of the bunch is to the right.

overcompressed, which can also be seen in the longitudinal phase space density at the beginning
of the undulator in Fig. 5.12. This strong overcompression is also the reason why during this
shift no single-spike lasing was achieved. According to [28, 136], the best possibility to achieve
single-spike lasing is at slight overcompression. Additionally, due the strong overcompression
there are two main energies at the same longitudinal position within the bunch. The tail of the
bunch is compressed stronger than the head of the bunch due to nonlinearities, space charge
effects, and CSR, especially in the second bunch compressor. The longitudinal phase space
density at the entrance and the exit of the second bunch compressor are shown in Fig. 5.13.
Due to CSR and space charge effects, the electrons in the head of the bunch are accelerated,
c.f. Section 2.7, resulting in a smaller compression than for the rest of the bunch. Space charge

effects between the second bunch compressor and the undulator and the compression in the
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Figure 5.12: Simulated longitudinal phase space density at the beginning of the undulator for
38 pC at a beam energy of 760 MeV. The electron bunch is overcompressed. The head of the
bunch is to the right.
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Figure 5.13: Simulated longitudinal phase space density at the entrance and exit of the second
bunch compressor for 38 pC at a beam energy of 450 MeV. The electron bunch is overcom-
pressed. The head of the bunch is to the right.

FLASH?2 extraction chicane cause these effect to become more severe, resulting in the phase
space density at the undulator displayed in Fig. 5.12. A similar phase space density was also
observed in simulations for FLASH1 [53].

Figure 5.14 shows the measured and the simulated gain curves using the bunch described
above as input. In the exponential regime, most of the ten different gain curves are within the
errors of the measurement. In saturation the simulated gain curves are a factor three to six higher
than the measured ones. This is again due to the aperture of 2 mm we used for the measurement
which cut the outer part of the radiation and also because the simulation does not consider orbit
or undulator errors.

The temporal distribution of the photon pulses at the end of the exponential regime, i.e. using
the first six undulators is shown in Fig. 5.15. The photon pulses are created in the region of the
current peak and then slip ahead within the electron bunch, where they are then amplified. The
simulated pulse durations range from 10.1 fs to 27.6 fs with a mean of (15.8 5.5) fs FWHM
which is within the error range of the mean measured photon pulse duration of (20.4 £2.7) fs
FWHM. The slightly lower simulated pulse duration may stem from the idealized model for the

undulator and beam orbit in the simulations and also the uncertainty in the accelerating phases.
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Figure 5.14: Comparison of gain curves measured and obtained from start-to-end simulations
for 38 pC and a radiation wavelength of 30nm. The beam energy is 760 MeV. Ten different
initial conditions are used for the radiation pulse.
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Figure 5.15: Temporal X-ray profile using seven undulators obtained from start-to-end sim-
ulations for 38 pC and a radiation wavelength of 30nm. The beam energy is 760 MeV. Ten
different initial conditions are used for the radiation pulse.

Also, Eq. (5.1) holds for M 2 2 which is not the case here. Additionally, only ten different
SASE pulses were simulated, which is a lot lower than the 500 measured SASE pulses.

5.3 Simulation Results for Single-Spike Operation at FLASH2

A feasibility study for the generation of single-spike radiation, c.f. Section 3.2.1, at FLASH?2 is
conducted, similarly to the one for FLASH1 described in [28]. The goal is to show, that single-
spike operation at FLASH?2 is possible and that we can reach single-spike radiation at different
wavelengths.

The bunch charge used to create single-spike radiation is 20 pC. With such a low bunch
charge the space charge forces are minimized, yet there are enough electrons to produce radia-
tion. The laser pulse duration is set to 1 ps rms to create a short electron bunch directly at the
cathode, which is feasible using the short-pulse injector laser. Figures 5.16(a) and 5.16(b) show
the slice emittance and the energy spread downstream of the gun, respectively. Due to space
charge in the gun and the first accelerating module, the bunch length grows to 1.277 ps rms at
the first dipole of the first bunch compressor.

In the first bunch compressor the electron bunch is compressed by a factor of 4 to 302 fs

rms. The slice emittance, shown in Fig. 5.16(c), in the central part is unchanged, the slice
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energy spread, shown in Fig. 5.16(d) grows a little due to the acceleration.

The second bunch compressor compresses the bunch by a factor of 16 to 19 fs rms. The
horizontal slice emittance in the region of the current peak grows slightly due to CSR and space
charge effects in the bunch compressor, as can be seen in Fig. 5.16(e). The slice energy spread
also increases, as the bunch is strongly compressed and most of the electrons are in the region
of the current spike, c.f. Fig. 5.16(f).

The final compression takes place in the FLASH?2 extraction, resulting in a bunch length of
12 fs rms at the undulator entrance. Strong space charge effects blow up the emittance around
the current spike, see Fig. 5.17(a). Additionally, CSR effects and the further compression lead to
an increase in the slice energy spread to values of up to 1.5 MeV rms in the region of the current
spike, c.f. Fig. 5.17(d). This results in the main spike not contributing to the lasing process as
will be shown in the following. The slice energy spread and the slice emittance are too large
in the region of the current spike to sustain lasing. The longitudinal phase space density at
the undulator entrance is shown in Fig. 5.18, the slice parameters and current distribution are
displayed in Fig. 5.17. The mean energy of this bunch is 694 MeV.

This electron bunch is used to create radiation at different wavelengths as described in the

following.
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Figure 5.16: Simulated slice parameters of the bunch for a charge of 20 pC along the accelerator
for single-spike radiation. The current profile is plotted in blue, the slice parameters in red. The
head of the bunch is to the right.
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Figure 5.17: Simulated slice parameters of the bunch for a charge of 20 pC at the start of the
undulator section for single-spike radiation. The current profile is plotted in blue, the slice
parameters in red. The head of the bunch is to the right.
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Figure 5.18: Simulated longitudinal phase space density at the beginning of the undulator for
single-spike radiation at beam energy of 694 MeV. The head of the bunch is to the right.
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35.64 nm

The first radiation wavelength at which the production of single-spike radiation using the elec-
tron bunch described before is simulated is 35.64nm. The mean energy of this bunch is
694 MeV. The K-value of the variable gap undulators has to be set to 2.52 to yield this ra-
diation wavelength.

Figure 5.19 shows the gain curves obtained from the Genesis 1.3 simulations for the ten
different statistical seeds. The according temporal and spectral X-ray profiles just before satu-
ration, i.e. downstream of the sixth undulator, are displayed in Figs. 5.20 and 5.21, respectively.
The SASE pulse duration for these simulations is 10 fs to 20 fs and all but two temporal profiles
show a single spike. However, the single spikes are not in the region of the main current spike
but are created by electrons in the head of the electron bunch. This is due to the high slice
emittance and slice energy spread of the current spike, c.f. Figs. 5.17(d) and 5.17(d), resulting
in no lasing in this region. In the spectral domain all but one radiation pulses consist of a single
spike, one profile shows a negligible side peak.

These simulation results encourage the possibility to produce single-spike radiation at a
wavelength of 35.64 nm at pre-saturation. To achieve this in reality, the first six undulators

at FLASH2 have to be opened. Otherwise, the beam will produce radiation in the saturation
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Figure 5.19: Gain curves from start-to-end simulations for single-spike radiation at 35.64 nm.
Ten different initial conditions are used for the radiation pulse.
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Figure 5.20: Temporal X-ray profile using six undulators obtained from start-to-end simulations
for single-spike radiation at 35.64 nm. Ten different initial conditions are used for the radiation
pulse.
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Figure 5.21: Spectral X-ray profile using six undulators obtained from start-to-end simulations
for single-spike radiation at 35.64 nm. Ten different initial conditions are used for the radiation
pulse.

regime, where multiple additional modes in the radiation pulse arise due to slippage effects, as
can be seen in the temporal and spectral X-ray profiles at the end of the undulator section shown

in Figs. 5.22 and 5.23, respectively.
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Figure 5.22: Temporal X-ray profile using all undulators obtained from start-to-end simulations
for single-spike radiation at 35.64 nm. Ten different initial conditions are used for the radiation
pulse.
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Figure 5.23: Spectral X-ray profile using all undulators obtained from start-to-end simulations
for single-spike radiation at 35.64 nm. Ten different initial conditions are used for the radiation
pulse.
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16.95 nm

The second radiation wavelength at which the production of single-spike radiation is simulated
is 16.95 nm which is less than half of the wavelength used in the first case. Again, the same
electron bunch, described above, is used to create the radiation in the undulators. As FLASH2
consists of variable gap undulators only the K-value has to be adjusted to 1.40 by slightly
enlarging the undulator gap to yield radiation at this wavelength.

Figure 5.24 shows the gain curves at this radiation wavelength obtained from Genesis 1.3
simulations for the ten different statistical seeds. Saturation is reached using about eight un-
dulators. The temporal and spectral X-ray profile in the pre-saturation regime, i.e. using seven
undulators in this case, are displayed in Figs. 5.25 and 5.26. At this radiation wavelength, most
of the temporal X-ray profiles consist of a single spike. Some profiles comprise a large main
spike and a smaller side spike due to the shorter cooperation length at this wavelength. This
leads to more possible modes fitting in the bunch. Nonetheless, six pure single-spikes are pro-
duced. The same is true for the spectral domain. The FWHM X-ray pulse duration is in the
range of 5fs to 15fs. Again, the radiation is not produced by the main spike due to its poor
beam quality as discussed before.

Also these simulation results are very encouraging, as they demonstrate the feasibility of
single-spike radiation at FLASH?2 at this shorter wavelength. They could be further optimized
by changing the compression in the bunch compressors so that less slice energy spread in the
core part of the bunch is present, for example by performing further parameter scans of the ac-
celerating phases. This was not done in this thesis, as the feasibility of single-spikes at FLASH2

is sufficiently demonstrated.
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Figure 5.24: Gain curves from start-to-end simulations for single-spike radiation at 16.95 nm.
Ten different initial conditions are used for the radiation pulse.
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Figure 5.25: Temporal X-ray profile using seven undulators obtained from start-to-end simu-
lations for single-spike radiation at 16.95 nm. Ten different initial conditions are used for the
radiation pulse.
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Figure 5.26: Spectral X-ray profile using seven undulators obtained from start-to-end simula-
tions for single-spike radiation at 16.95nm. Ten different initial conditions are used for the
radiation pulse.
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6 Implementation of a TDS at FLASH2

FLASH?2 will be equipped with a longitudinal diagnostics section downstream of the FLASH?2
undulators. Up until now, the only possibility to estimate the electron bunch lengths was to
perform statistics measurements as described in the previous section. Additionally, a coherent
transition radiation intensity spectrometer (CRISP) [137] is currently under commissioning at
the FLASH?2 beam line upstream of the undulators [138].

In this section, we describe the implementation of a TDS downstream of the undulators to
enable direct measurements of the longitudinal phase space density, photon pulse reconstruc-

tions, as well as slice emittance measurements.

6.1 Layout of the TDS Diagnostic Section at FLASH2

The TDS diagnostic section is situated directly downstream of the FLASH2 undulators. It
will feature two PolariX TDSs [10], which are X-band transverse deflecting structures (frp ~

12GHz), and a kicker to deflect the beam onto an off-axis screen station as described in the

following.
FLASH2 PolariX TDS
e || (s || e
IO || DO || B o |
RF Switch Klystron
FLASH Forward | = ~ Compressor *
[\ e | e || e
|/ e || s || O
PolariX TDS
| Tunnel wall |

Modulator [l LLRF

Figure 6.1: Shared RF system between FLASH?2 and FLASH Forward. Courtesy of P. Gonzélez
Caminal.

The installation of the TDSs downstream of the FLASH?2 undulators shares an RF station
with FLASH Forward [65] as both experiments share the need for longitudinal diagnostics [9].
The waveguide distribution and RF components can be seen in Fig. 6.1. The TDSs at both
experiments are connected via an RF switch to the same RF source. This installation scheme
prohibits the simultaneous operation, but requires only one RF station and therefore reduces
costs and space. The RF source comprises a 6 MW Toshiba E37113A klystron with an Am-
pegon Type u, S-Class modulator [10] and is similar to the CERN!! Xbox3 design [139]. To
minimize the attenuation in the waveguides and achieve high deflecting powers, it was decided
to place the klystron as close to the FLASH2 TDSs as possible. Therefore, the klystron is
placed inside of the tunnel while the radiation sensitive modulator and LLRF'?-rack are placed

" Conseil Européen pour la Recherche Nucléaire
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outside. The klystron and the modulator are connected by 15 m-long pulse cables. The total
waveguide length from the klystron to the cavities is about 5 m. In the final stage, a compressor
will be installed between the TDSs and the klystron, approximately raising the input power for
the TDSs by a factor of four. Possible pulse compressors under discussion are a SLED cavity
developed at CERN [140, 141] or an X-band version of the PSI'> C-band barrel open cavity
(BOC) [142].

6.1.1 PolariX TDS

The TDSs that will be installed downstream of the FLASH?2 undulators are called PolariX TDS.
They were originally designed for CLIC'* at CERN [8] and have been further developed in a
collaboration between CERN, PSI, and DESY [9]. Cavities of this type will be installed at
FLASH?2 [133], FLASH Forward [143], SINBAD'! [115, 144], and at SwissFEL [145]. This
novel design of a TDS will allow for variable polarization of the deflecting field and thus arbi-
trary streaking directions. This enables for example the possibility of a 3D charge reconstruc-
tion [146, 147] or slice emittance measurements in both planes using the same TDS, c.f. Sec-
tion 6.3.3. This innovative CERN design requires highest manufacturing precision to guarantee
the azimuthal symmetry of the structure and avoid the deterioration of the polarization of the
streaking field [9, 10]. To ensure this, the high-precision tuning-free assembly procedures de-
veloped at PSI for the production of the C-band and X-band accelerating structures [148] are
used for the manufacturing of the PolariX TDS.

The working principle of the variable polarization of the TDS is shown in Fig. 6.2. The
incoming power is split using an E-hybrid [8] and distributed in two branches. The RF phase in
one branch can be varied using a variable phase shifter. The power of both circularly polarized
modes is then combined in an E-rotator, where a linearly polarized TM; ; mode is formed. By
changing the phase difference between the two incoming modes by 180°, the polarization of
the deflecting field is rotated by 90°, i.e. from horizontal to vertical [8]. Arbitrary streaking
directions can therefore be selected by varying the phase difference between the two modes.
The linearly polarized deflecting mode is fed into the TDS at the downstream end, since it is a
backward traveling wave structure.

The parameters for the Polarix TDS are summarized in Table 2. There are two designs
available: a long one and a short one. FLASH2 will be equipped with two short ones, since the
deflecting voltage should be maximized given the available space. Two of the longer cavities do
not fit, and the total voltage is lower if only one long cavity is built in. The parameters are given
for the design temperature of 30 °C. For FLASH?2 the RF frequency needs to be 11.9888 GHz,
therefore the cavity is operated at a temperature of 62 °C. Additionally, the option with a TDS
and the previously discussed BOC pulse compressor is indicated in the table, which is currently

under development at PSI.
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Figure 6.2: Layout of the variable polarization mode launcher. A variable phase shifter controls
the RF phase between the two incoupling ports which enables to rotate the polarization of the
deflecting field. Image from [8].

Table 2: PolariX TDS Parameters for the Long and the Short Version and a Temperature of
30°C [10].

Cell parameter
Frequency /MHz 11995.2
Phase advance/cell /° 120
Iris radius /mm 4
Iris thickness /mm 2.6
Group velocity /(%c) -2.666
Quality factor 6490
Shunt impedance /(M£2/m) 50
TDS parameter Short Long
Number of cells 96 120
Filling time /ns 104.5 129.5
Active length /mm 800 1000
Total length /mm 960 1160
Power-to-voltage /(MV/MW%3) | 5225  6.124
TDS + BOC Short Long
Power-to-voltage /(MV/MW®3) | 12.010  13.626

For FLASH?2, the maximum deflecting voltage for two short cavities assuming an output
power of 6 MW from the klystron and 5 m of waveguides with an attenuation of —0.1 dB/m is
39.28 MV. Nonetheless, in the following chapters we will mostly show parameters and simu-
lations for a deflecting voltage of 34 MV to give more realistic values for the operation later,
as additional losses in the waveguide bends can occur and also the pulse compressor is not yet
finally developed. Only one bunch out of a FLASH2 bunch train can be streaked using the
TDSs, due to the maximum length of the RF pulse produced by the klystron and the maximum
repetition rate of the klystron.

Technical drawings of the Polarix TDS, the input coupler and a regular disc can be found
in Fig. 6.3(a), a photo of the PolariX TDS prototype at the test stand at CERN is shown in
Fig. 6.3(b). A technical drawing of the supports for the two cavities at FLASH?2 is displayed in
Fig. 6.4.
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Figure 6.3: Technical drawings and photo of the PolariX prototype.

Figure 6.4: Technical drawing of the supports for the two PolariX TDSs at FLASH2. Courtesy
of M. Fose.

6.1.2 Kicker Magnet

The kicker magnet that will be used to deflect the streaked bunch onto the off-axis screen is
similar to the ones used at European XFEL'® and described in [102]. The kicker consists of
a ceramic vacuum chamber that is sputtered with a 1 um thick layer of stainless steel. The
deflecting pulse is produced by two copper air coils and has a pulse duration of less than 2 ps. It
is thus possible, to deflect a single bunch at the full maximum repetition rate of 1 MHz. The high
voltage for the deflection is generated by a pulser directly attached to the kicker at a repetition
rate of 10 Hz and a maximum deflecting voltage of 20kV. A technical drawing of the kicker is

shown in Fig. 6.5.

16X _ray Free-Electron Laser
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(a) Copper bars. (b) Housing.

Figure 6.5: Technical drawing of the kicker. Courtesy of F. Obier.
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(a) Observation geometry. (b) Imaging optics.

Figure 6.6: Layout of the screen station that will be installed at FLASH2. The beam hits a
screen and the radiation is observed under an angle of 45°. A movable CCD camera is used to
digitize the image. Image from [149].

6.1.3 Screen Station

The screen station that will be installed for the FLASH2 longitudinal diagnostics section is
already in use at the European XFEL and several other positions at FLASH [102, 149]. A
technical drawing of the screen station and imaging system can be found in Fig. 6.6. The beam
hits the screen frontally, the observation of the radiation produced by the beam on the screen is
observed under an angle of 45°. The screen material is not yet decided, as non-linearities in the
conventionally used scintillators were observed [150].

The imaging system is placed outside of the vacuum tube and comprises a CCD!7 Basler
aviator avA2300-25gm camera and a focusing lens. Magnification ratios of 1:1 or 2:1 are
possible. The size of the 2330 x 1750 pixels is Sum x Sum leading to a field of view of
12.815mm x 9.625 mm for a magnification of 1:1 and 25.63 mm x 19.25 mm for a magnification
of 2:1, respectively [102, 149]. To correct perspective distortion arising from the observation
of the screen under an angle of 45°, the Scheimpflug principle is applied [149, 151]. The CCD
chip is tilted to accommodate the tilt of the screen so that the depth of field is not lost over the
whole screen [102].

The spatial resolution of the whole imaging system was tested to be about
Rcamera = 10um [149].

17Charge Coupled Device
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6.2 Accelerator Optics

As shown in Section 4.3.1, the temporal resolution of measurements using a TDS depends
strongly on the accelerator optics. Therefore, the temporal resolution is optimized by modifying
the accelerator optics downstream of the FLASH?2 undulators within the constraints defined by
the available space and the required optics at the FLASH2 dump.

Different optics are needed for the longitudinal phase space density measurement and the
slice emittance measurement in both transverse planes using the same cavity. This versatility is
a unique feature of the PolariX TDS, as described in Section 6.1.1. The accelerator optics are
presented in the following.

Unless otherwise stated, resolutions are given for electron bunches with a normalized 1o
emittance in both planes of €, = 3 mmmrad and a reference energy of £ = 1.2GeV for standard
operation, &, = I mmmrad and E = 1.2GeV for low charge operation, and TDS parameters of
Vo =34MV and @ =27 - 11.9888 GHz.

6.2.1 Longitudinal Phase Space Density Measurement

For two lattices three sets of optics (see below) are matched, as the final layout of the beam line
and the components in the beam line were subject to change. Initially, the installation of a THz
undulator between the TDSs and the screen station was planned. This, however, would have
resulted in strong boundary conditions on the possible number of magnets for the matching of
the accelerator optics and the beam pipe diameter.

The plan to install a THz undulator at this position was later abandoned due to various
reasons. We still present the optics, as they show that also with more rigorous bounds, the
operation of a TDS at FLASH?2 is possible. Therefore, additional magnets between the TDSs
and the screen station may potentially be installed and for this case, a new set of accelerator
optics is matched.

For each of these two cases, three sets of accelerator optics were matched:

Regular operation: In regular operation all quadrupoles between the last FLASH2 undulator
and the beam dump can be used for matching. The constraints at the entrance to the
FLASH?2 dump have to be fulfilled in order to be able to safely dump up to 800 bunches

in a bunch train. The constraints were specified as: f;, > 1000m and ‘nx7y| <0.1m.

Regular operation with Delta undulator: The installation of a circular undulator directly up-
stream of the TDSs is planned for the future. When the Delta undulator is installed and
in use, the quadrupole upstream of it cannot be used for matching into the TDSs. And of

course in regular operation, the dump constraints have to be fulfilled.

Single bunch operation: When only one single bunch is used for the measurements, the dump
constraints no longer have to be fulfilled, as this single bunch is not transported to the

dump. This operation mode should be used when a very high resolution in the order of
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1 fs is needed, e.g. for short pulse operation using the short pulse injector laser, c.f. Sec-
tion 3.3.

The different optics are presented in the following. The matching was done using MADS
[152] with the extension LMAD [153]. The goal was to minimize the temporal resolution while
maintaining an energy resolution in the order of 10~*. Therefore, according to Eqgs. (4.21)
and (4.28), the vertical phase advance has to be close to AWy, = /2 +n- 7,n € Ny, the vertical
beta function at the TDSs f,(s1) has to be maximized, the horizontal beta function at the screen
Bx(s2) has to be minimized, and the horizontal dispersion at the screen 1y(s2) has to be maxi-
mized. Additionally, the vertical beta function at the screen has to be fBy(s2) > 2m, so that the

camera system is able to resolve the electron bunch.

Accelerator Optics with THz Undulator

The installation of a THz undulator between the TDSs and the measurement screen imposes
limitations on the remodeling of the beam line and the accelerator optics.

The planned installation of a kicker, c.f. Section 6.1.2, is not possible with the THz undula-
tor, as there is no space. However, the longitudinal phase space density measurements should be
done parasitically, i.e. without disturbing the other bunches in the bunch train. Hence, the use
of an off-axis screen is necessary. Instead of using a kicker, the intention was to use the streak
of the TDSs to deflect the beam onto the screen. The displacement of a particle in the streaking
direction can be calculated by Eq. (4.18). If the TDSs are operated at the zero-crossing, i.e. at
drr = 0°, the centroid particle at { = 0fs does not change its transverse position ug(sz) = O mm.
However, when the TDSs are operated a few degrees away from the zero-crossing, the centroid
particle is deflected. This deflection can be used to kick the beam onto the off-axis screen.
For the highest and lowest Shear parameter, S = 110 and S = 64, of the matched optics in Ta-
ble 3, one has to operate the TDSs at ®rp = 1.31° and Prp = 2.25°, respectively, to deflect
the centroid of the beam 1cm in vertical direction. Yet, we can see from Eq. (4.21) that the
longitudinal resolution grows by a factor of 1/cos(®gg). For the previously calculated phases,
this amounts to a diminishing of the longitudinal resolution by a factor of 1.0003 and 1.0008.
This effect is therefore negligible and the TDSs can be used to kick the beam onto the off-axis
screen. Nonetheless, without a kicker the measurements cannot be performed completely para-
sitically. To obtain the longitudinal resolution, one needs to measure the unstreaked beam size
Ou,(52). As the only way to kick the beam onto the off-axis screen is to switch the TDSs on,
the measurement of the unstreaked beam size cannot be performed using the off-axis screen.
For this measurement an on-axis screen has to be used, which prevents the usage of long bunch
trains for a short period of time.

As the dispersion inside the THz undulator should be kept as small as possible, because of
the blow-up of the source point and the divergence of the photon beam, one needs to install a
quadrupole directly between the dipole and the THz undulator. The angle between the photon

beam line of the main undulators and the electron beam line is merely 3.5°. Therefore, a regular
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quadrupole with an appropriate gap would only fit between the electron beam line and the
photon beam line when placed at least 3 m downstream of the dipole. As the THz undulator
should be as long as possible to enable highest output power this was not considered tolerable.
Hence, a regular FLASH quadrupole of type “TQA” is modified by moving the iron yoke further
away from the beam line. This enables the photon beam line to pass through the magnet within

the iron yoke. A drawing of this modified TQA quadrupole is shown in Fig. 6.7.

Figure 6.7: Drawing of modified TQA quadrupole. The photon beam line fits inside the iron
yoke. Courtesy of J. Kuhlmann.

Furthermore, the beam pipe inside the THz undulator is limited to be 25 mm in diameter
perpendicular to the orientation of the undulator to ensure that the deflecting field is strong
enough for the electrons to radiate. An installation of the THz undulator with the gap in the
horizontal plane precludes the previously discussed use of an off-axis screen. As the dispersive
dipole orientation is fixed to the horizontal plane due to global geometrical constraints of the
beam line, the TDSs have to deflect the beam vertically. Since it is planned to use the TDSs to
kick the beam onto the off-axis screen, the displacement has to be in the vertical direction. If the
beam pipe inside the undulator was restricted to 25 mm in diameter, large parts of the streaked
and kicked beam would be scraped off by the beam pipe and be lost inside the undulator before
reaching the screen. As this is not tolerable, the installation of a horizontal THz undulator would
prevent the parasitical use without an on-axis screen of the TDS, which is not the case with a
vertical THz undulator.

With the installation of a THz undulator the optics matching can be done with three quad-
rupoles upstream of the TDSs (two if the Delta undulator is used), three between the TDSs and
the screen and four quadrupoles in between the screen and the dump, c.f. Fig. 6.8.

The design optical functions between the last FLASH2 undulator and the FLASH2 dump
are plotted in Fig. 6.9. The values of the optical functions at the TDSs and at the screen as well
as the resolutions for all three cases are shown in Table 3. For low charge operation a temporal

resolution of 1.5 fs and an energy resolution of 1.7-10~* can be achieved simultaneously when
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Figure 6.8: Layout of the FLASH2 dump beam line with THz undulator installed. The elements
are plotted to scale, the drift spaces are not plotted to scale. The name of each element is indi-
cated below each element. For magnets the name of the magnet type is indicated in parentheses.
The electron beam travels from left to right.

Table 3: Values of Optical Functions and Resolutions for Longitudinal Phase Space Measure-
ment Optics with THz Undulator. The Center of the TDSs is at 51, the Screen is at s».

Optics Regular operation Delta undulator operation | Single bunch operation
Mode | Standard | Low charge | Standard | Low charge | Standard | Low Charge
By(s1) /m 11.6 7.3 39.6
By(s2) /m 19.9 23.7 2.0
AY, /2n 0.25 0.25 0.25
By(s2) /m 2.3 3.2 2.0
MNe(s2) /m 0.200 0.194 0.171
S 107.9 93.5 63.9
R, /fs 4.9 2.8 6.2 3.6 2.7 1.5
Rs /10~* 2.7 1.6 3.3 1.9 3.0 1.7

the single bunch optics are used.

Accelerator Optics without THz Undulator

As, currently, the THz undulator cannot be integrated in the FLASH?2 beam line, the beam line
in this section can be optimized for the PolariX TDSs. The previously modified TQA magnet,
see Fig. 6.7, is kept and one additional quadrupole is inserted into the beam line. With this
the optics matching can be done with two quadrupoles upstream of the TDSs (one if the Delta
undulator is used), five quadrupoles between the TDSs and the screen, and four quadrupoles
in between the screen and the dump, c.f. Fig. 6.10. The quadrupole upstream of the TDSs
which would have been inserted with the THz undulator is no longer needed. In its place, two
steerers will be inserted to control the beam orbit at the TDS entrance and ensure the beam
passes on-axis through the two cavities.

The design optical functions between the last FLASH2 undulator and the FLASH2 dump
are plotted in Fig. 6.11. The values of the optical functions at the TDSs and at the screen as well
as the resolutions for all three cases are shown in Table 4. For low charge operation a temporal
resolution of 1.7 fs and an energy resolution of 1.6- 10~ can be achieved simultaneously when
the single bunch optics are used.

As described in Section 4.1 the TDSs induce an energy spread in the electron bunch. In the
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Figure 6.9: Beta functions in both planes and horizontal dispersion between the last FLASH?2
undulator and the last FLASH2 dipole DIFL2DUMP with THz undulator installed. The center
of the TDSs is at the first vertical black line, the screen at the second. The position of the
quadrupoles is shown as pink boxes.

measurement, this induced energy spread ojgs is added to the initial energy spread o5 when

the TDSs are used. The main contribution of the induced energy spread is calculated using

Eq. (4.11). The total measured slice energy spread is then O eas = \/ 03 + R} + Ofg. for
FLASH2 65~ 5-107%.

Figures 6.12 and 6.13 show the temporal resolution, the energy resolution, and the induced
energy spread against the normalized, vertical emittance of the electron bunch and the total
deflecting voltage of the cavities, respectively. As can be seen in these figures, the measured
slice energy spread is dominated by the induced energy spread. When the TDSs are operated

at the maximum deflecting voltage, the induced energy spread can be two to three times higher
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Figure 6.10: Layout of the FLASH2 dump beam line with no THz undulator installed. The
elements are plotted to scale, the drift spaces are not plotted to scale. The name of each element
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Table 4: Values of Optical Functions and Resolutions for Longitudinal Phase Space Measure-
ment Optics without THz Undulator. The Center of the TDSs is at s, the Screen is at s;.

Optics Regular operation Delta undulator operation | Single bunch operation
Mode | Standard | Low charge | Standard | Low charge | Standard | Low Charge
By(s1) /m 17.5 11.0 31.2
By(s2) /m 10.3 16.2 2.5
AY, /21 0.25 0.25 0.25
Bx(s2) /m 1.0 1.0 1.8
Nx(s2) /m 0.156 0.169 0.180
S 95.6 94.8 62.5
R, /fs 4.0 2.3 5.1 29 3.0 1.7
Rs /1074 2.3 1.3 2.1 1.2 2.7 1.6

than the slice energy spread of the bunches. This is an issue when reconstructing the longi-
tudinal phase space densities of the electron bunches. The deflecting voltages can be lowered
to accurately measure the slice energy spread directly by using the TDSs. As a trade-off, the
longitudinal resolution is lowered, c.f. Fig. 6.13. Nonetheless, for the reconstruction of photon
pulses this is only a minor issue, as both, the lasing-on and lasing-off electron bunches, are
affected by the induced energy spread in the same way, c.f. Section 6.3.2.

The streaked beam size on the screen should be large enough to be resolved easily by the

imaging system with a spatial resolution of Rcamera = 10um [149], c.f. Section 6.1.3. The mea-

sured beam size by the imaging system can be approximated by Opeasured = \/ Gg(sz) +RZ, eras
where oy(s;) is the actual beam size at the screen.

Figure 6.14 shows the rms vertical beam size plotted against the deflecting voltage of the
cavity for long and short bunches and for the three different optics. Bunches with a length of
100 fs rms streaked at the highest deflecting voltage are in the order of 1 mm rms when hitting
the screen. These can be easily resolved. However, the screen size of 2 cm imposes a limit for
longer bunches. When a 500 fs rms bunch is streaked using the highest deflecting voltage, the
vertical beam size at the screen is more than 1.4 cm rms, and therefore the beam does not fit on

the screen completely. As a result, these bunches have to be streaked using a lower deflecting
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center of the TDSs is at the first vertical black line, the screen at the second. The position of the

(c) Single bunch operation.

quadrupoles is shown as pink boxes.

voltage, which results in a lower temporal resolution. In contrast, short electron bunches with a
length of 5 fs rms and a vertical rms beam size of 91 um on the screen. Using the above given
relation for the measured beam size, Opeasured = 91.6um. The deviation between actual and

measured beam size is less than 0.7 %. In general, the optical resolution of the imaging system

does not impose any limits on the measurements.
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Figure 6.12: Temporal resolution, energy resolution and induced energy spread versus the nor-
malized emittance of the electron bunch for the three different optics. The TDSs are operated

at the maximum deflecting voltage of 34 MV.

6.2.2 Slice Emittance Measurement

The PolariX TDS comprises a variable polarization feature, as described in Section 6.1.1. This
enables the possibility to perform slice emittance measurements in both planes using the same
TDS. This is a unique feature of the PolariX TDS. To fully avail of this feature some design
limitations of the beam line have to be considered. As only one screen station is available for
the slice emittance measurement, a quadrupole scan has to be performed. Furthermore, the
screen station is placed in a horizontally dispersive section of the beam line. In order to have
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Figure 6.13: Temporal resolution, energy resolution and induced energy spread versus the de-
flecting voltage of the TDSs for the three different optics. The normalized emittance of the
electron bunch is &, = 3mmmrad.

a vanishing M¢ and therefore be able to use Eq. (4.42) instead of Eq. (4.41), the horizontal
dispersion at the screen at s, has to vanish: 1n,(s2) = 0.

For the optics matching, all quadrupoles between the last FLASH2 SASE undulator
(FL2SASEL13, c.f. Fig. 6.10) and the screen station are used. The emittance reconstruction
point is directly upstream of the first quadrupole at s¢. To increase the accuracy of the measure-
ment, seven different optics covering a total phase advance in the slice emittance measurement
plane v between the screen s, and the reconstruction point sg of AW, (ora1 = %71: are matched.

In the streak direction u a high longitudinal resolution is required. This is again accomplished
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by maximizing the beta function at the TDSs f3,(s) and setting the phase advance between the
screen s and the TDSs s in the streaking direction close to AW, = /2 +n-m,n € Ny.

Tables 5 and 6 list the most important parameters for the slice emittance measurement in the
horizontal and the vertical plane, respectively. In the vertical plane, the longitudinal resolution
is comparable for all of the optics and is in the order of 4fs. In the horizontal plane, the
longitudinal resolutions differ slightly. They are in the range of 3.8 fs to 4.9 fs. The resolution
of the emittance is given by the measurement error of the beam size at the screen. Simulations

showing the slice emittance reconstruction are presented in Section 6.3.3.

Table 5: Values of Optical Functions and Resolutions for Slice Emittance Measurement in the
Horizontal Plane. The Screen is at s,.

AY, /21 Bi(s2) /m n(s2) /m R, /fs S
0.60 50.0 1.9-10°7 49 134
0.65 50.0 54.100% 44 134
0.70 50.0 231078 42 140
0.75 50.0 1.5-1078 4.1 147
0.80 50.0 1.1-1078 40 158
0.85 50.0 8.7-107° 39 174
0.90 10.3 2.1-107'2 38 101

6.3 Tracking Simulation for FLASH2 PolariX TDSs

In the following, tracking simulations for the PolariX TDSs at FLASH2 are presented. The
tracking simulations are carried out in elegant [154] and use a 1D CSR model but do not include

space charge.
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Table 6: Values of Optical Functions and Resolutions for Slice Emittance Measurement in the
Vertical Plane. The Screen is at s5.

AY, /2r  By(s2) /m  Mu(s2) /m R /fs S
0.45 15.3 -87-1007 40 -94
0.50 12.1 —12:-100¢ 41  -92
0.55 9.6 —22-1007 40 -93
0.60 10.5 —8.6-1077 41  -93
0.65 9.9 -32-1072 4.1  -93
0.70 11.8 —94-10710 42 -145
0.75 38.5 —4.6-1071Y 42 -177

The lattices used for the tracking simulations are the ones described in the previous sec-
tion without THz undulator. The start point is the end of the last FLASH2 SASE undulator
(FL2SASEI13, c.f. Fig. 6.10). Tracking simulations of longitudinal phase space density mea-
surements, the reconstruction of photon pulses and slice emittance measurements using the
PolariX TDSs at FLASH?2 are presented in the following.

6.3.1 Longitudinal Phase Space Density Measurement

For the longitudinal phase space density reconstruction, different input distributions at the un-
dulator exit are used. These are tracked through the TDSs and the following beam line up to the
screen used for the measurements.

The vertical coordinate y, which is the streaking plane, at the screen at s; is converted to the
arrival time Ar by applying Eq. (4.24). The horizontal coordinate x(s,) at the screen is converted
to energy deviation AE by using AE = Ax(s) - Poc/Nx(s2), c.f. Eq. (4.29). The Shear parameter
S is obtained by a phase scan of the TDSs. The vertical offset of the beam centroid is recorded
against the phase of the TDSs and a linear fit yields the Shear parameter by using Eq. (4.18).
An example for a phase scan is shown in Fig. 6.15(a). The dispersion at the screen M,(s3) is
obtained by a scan of the dipole current, i.e. by varying the dipole current / by small amounts
of &, and recording the horizontal offset of the beam centroid. The dispersion at the screen can
then be obtained by a linear fit of Eq. (4.35). An example of a dipole current scan is shown
in Fig. 6.15(b). The obtained values of S = 95.6 and 1, (s2) = 0.156m are very close to the
theoretical values found in Table 4.

In the following, tracking simulations of longitudinal phase space density measurements
are presented. The input distributions used for Figs. 6.16 to 6.18 are the ones presented in
Section 5.2. These were selected, as the 70 pC and the 38 pC cases show real bunches in the
machine. The 20 pC case is one of the shortest bunches in the machine, and therefore used
to show the limitations of the TDSs. As the emittance and the energy spread for this bunch
were not optimized, another 20 pC bunch [155] is tracked, to demonstrate the possibilities of
the TDSs when a low emittance bunch is reconstructed. Since FLASH is capable not only of

producing short electron bunches with low charge but also long electron bunches with charges
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Figure 6.15: TDS phase scan and dipole current scan for the calibration of longitudinal phase
space measurements.

of up to 1 nC, one example for a long 1 nC bunch is also shown.

The result of tracking simulations for the 70 pC bunch described in Section 5.2.2 is shown
in Fig. 6.16. The initial slice energy spread of this electron bunch is in the order of 2.4 - 1074
As discussed before, c.f. Fig. 6.13 the energy measurement especially at high deflecting volt-
ages is mainly dominated by the induced energy spread of the TDS. This effect can be seen in
Fig. 6.16(b) which shows longitudinal phase space density at the TDS exit using the maximum
deflecting voltage of 34 MV. Clearly, this also limits the reconstruction of the longitudinal
phase space density at the screen. The reconstruction in Fig. 6.16(c) perfectly resembles the
longitudinal phase space density at the TDS exit, but also here, the influence of the induced
energy spread is visible. By reducing the deflecting voltage, this influence of the induced en-
ergy spread can be reduced at the cost of a lower resolution, c.f. Fig. 6.13. Figures 6.16(d)
and 6.16(e) show the longitudinal phase space density at the TDS exit and the reconstruction at
the screen using a deflecting voltage of 10 MV, respectively. Although still visible, the influ-
ence of the induced energy spread is reduced and the longitudinal phase space density can be
measured more accurately.

The result of tracking simulations for the 38 pC bunch described in Section 5.2.2 are shown
in Fig. 6.17. The longitudinal phase space density at the undulator exit is plotted in Fig. 6.17(a).
This electron bunch has a stronger energy chirp compared to the 70 pC bunch shown before,
although the slice energy spread for most parts of the bunch is still in the order of 5.2- 1074,
Using high deflecting voltages, see Figs. 6.17(b) and 6.17(c), the measurement is still largely
dominated by the induced energy spread, although the energy chirp can be reconstructed. By
reducing the deflecting voltage to 20MV this effect can again be reduced. By doing so, the
two horns in the region of 0fs to 40fs become slightly visible, even though the influence of
the induced energy spread is still clearly notable, c.f. Figs. 6.17(d) and 6.17(e). Additionally,
the lower temporal resolution of 2.9 fs is not negligible for this bunch anymore. In the region

from —40 fs to O fs the blurring leads to a widening of the reconstructed beam at the screen, the
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Figure 6.16: Longitudinal phase space density reconstruction using the 70 pC bunch described
in Section 5.2.2 as input:

The longitudinal phase space density at the undulator exit is shown in (a). The longitudinal
phase space density at the exit of the TDSs, i.e. including the induced energy spread, is shown
in (b) and (d) for deflecting voltages of Vi = 34 MV and V) = 10MV, respectively. The re-
constructed longitudinal phase space density at the screen is shown in (c) and (e) for deflecting
voltages of Vo = 34MYV and V) = 10MV, respectively.

longitudinal phase space density at the exit of the TDSs and the reconstruction at the screen
look slightly different in this region.

Figures 6.18 and 6.19 show the result of tracking simulations for bunches with a charge of
20 pC. The first bunch is described in Section 5.3, the second one has a bunch length of 13.8 fs

rms, the mean energy is 1 GeV, and its longitudinal phase space density at the undulator exit can

76



—_

6,
4r 08 4
5
2| g
> ol 06 @
E o
= 3
2-2— 04 €
-4t g
2
6 0.2%
o

_8,

-80 -60 -40 20 0 20 40
At /fs
(a) At undulator exit.

6 6f
4 2 4 2
2 g af s
> % > %3
g o0 g0 :
= 5= 5
a® €57 €
6 g o E

8r ‘ ‘ ‘ ‘ ‘ ‘ o 8 ‘ ‘ ‘ ‘ ‘ ‘

80 -60 -40 20 0 20 40 80 -60 -40 20 0 20 40

At /fs At /s
(b) At TDS exit, V) = 34MV. (c) Reconstructed, Vp = 34MV, single bunch
operation. R, = 1.3fs, R =2.3-107*.

6f 6f ‘ ‘ ‘ ‘ ‘ ‘
4t L4 ;
2| g 8
3 8
30} °3 0 2
= 5= 5
< 5 < 5
a® = E
4 o 4 ®
2 2
6| 3 -6 3
v o

8t ‘ ‘ ‘ ‘ ‘ ‘ 0 8t ‘ ‘ ‘ ‘ ‘ ‘

80 60 -40 -20 0 20 40 80 -60 -40 20 0 20 40

At /fs At /fs

(d) At TDS exit, V) = 20MV. (e) Reconstructed, Vy = 20MV, regular opera-

tion. R, = 2.9fs, R = 1.9-107*.

Figure 6.17: Longitudinal phase space density reconstruction using the 38 pC bunch described
in Section 5.2.2 as input:

The longitudinal phase space density at the undulator exit is shown in (a). The longitudinal
phase space density at the exit of the TDSs, i.e. including the induced energy spread, is shown
in (b) and (d) for deflecting voltages of Vo = 34 MV and V) = 20MV, respectively. The re-
constructed longitudinal phase space density at the screen is shown in (c) and (e) for deflecting
voltages of Vo = 34 MV and Vy = 20MYV, respectively.

be seen in Fig. 6.19(a). As these bunches are very short, the temporal resolution plays a crucial
role. When using a deflecting voltage of 34 MV the energy measurement is again dominated
by the induced energy spread, although less severe than for the bunches before due to the low
emittance of the bunches. The longitudinal phase space densities at the TDS exit are shown in
Figs. 6.18(b) and 6.19(b). Again, the induced energy spread at the TDS exit is clearly visible in
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(d) At TDS exit, Vo = 20MV. (e) Reconstructed, Vy = 20MV, regular opera-

tion. R, = 3.6fs, Rg = 1.7-107*.

Figure 6.18: Longitudinal phase space density reconstruction using the 20 pC bunch described
in Section 5.3 as input:

The longitudinal phase space density at the undulator exit is shown in (a). The longitudinal
phase space density at the exit of the TDSs, i.e. including the induced energy spread, is shown
in (b) and (d) for deflecting voltages of Vy = 34 MV and V) = 20MV, respectively. The re-
constructed longitudinal phase space density at the screen is shown in (c) and (e) for deflecting
voltages of Vo = 34MV and Vy = 20MV, respectively. This is bunch “A” in Tables 7 and 8.

comparison to the undulator exit. Additionally, even for resolutions of 1.6 fs and 0.8 fs differ-
ences between the longitudinal phase space density at the TDS exit and the reconstructions at the
screen are visible, c.f. Figs. 6.18(c) and 6.19(c), respectively. In the core part of both bunches,
i.e. between —20fs and Ofs for the first bunch and —10fs and 10fs for the second bunch, the

longitudinal resolution limits the resolving capacity of the measurement. The measurement is
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Figure 6.19: Longitudinal phase space density reconstruction using a 20 pC bunch [155] as
input:

The longitudinal phase space density at the undulator exit is shown in (a). The longitudinal
phase space density at the exit of the TDSs, i.e. including the induced energy spread, is shown
in (b) and (d) for deflecting voltages of Vo = 34 MV and V) = 20MV, respectively. The re-
constructed longitudinal phase space density at the screen is shown in (c) and (e) for deflecting
voltages of Vo = 34 MV and Vy = 20MV, respectively. This is bunch “B” in Tables 7 and 8.

blurred when compared to the longitudinal phase space density at the TDS exit. Lowering the
streaking voltage to 20 MV does not ameliorate the blurring of the energy distribution at the
screen, since the bunches are short and the temporal resolutions is lowered to 3.6 fs and 1.9 fs.
As we will also see in Table 8, the measured mean energy spread of the reconstruction is the

same for the bunch reconstructions in Figs. 6.19(c) and 6.19(e), although the induced energy
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Figure 6.20: Longitudinal phase space density reconstruction using a 1 nC bunch [155] as input:
The longitudinal phase space density at the undulator exit is shown in (a). The longitudinal
phase space density at the exit of the TDSs, i.e. including the induced energy spread, is shown
in (b) and (d) for deflecting voltages of Vo = 20MV and V; = 10MV, respectively. The re-
constructed longitudinal phase space density at the screen is shown in (c) and (e) for deflecting
voltages of Vp = 20MYV and V) = 10MV, respectively.

spread is reduced, which can be seen when comparing Figs. 6.19(b) and 6.19(d). Due to the
limited longitudinal resolution of the measurement, electrons move to adjacent slices in the re-
construction. Since the energy depends strongly on the longitudinal position for this particular
bunch, this leads to an increase of the measured energy spread at the screen, regardless of the
lower induced energy spread by the TDS. Such short electron bunches should be measured at

the highest deflecting voltage, yielding the highest temporal resolution, at the cost of worsening
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the energy resolution.

Figure 6.20 shows the result of tracking simulations for a bunch with a charge of 1 nC. The
mean energy of the electron bunch is 1 GeV, the bunch length is 135.2 fs, and the longitudinal
phase space density can be found in Fig. 6.20(a). As this bunch is rather long, one does not
need to have the highest achievable resolution, also as the beam might be too large to fit on the
screen, c.f. Fig. 6.14. At a deflecting voltage of 20 MV the resolution is 4.2 fs and the influence
of the induced energy spread is not negligible, c.f. Figs. 6.20(b) and 6.20(c). By lowering
the voltage to 10 MV, the resolution decreases to 8.5 fs, which is still sufficient to resolve the
basic structures of this rather long electron bunch. However, the slice energy spread is only
increased by a factor of about 2, the longitudinal phase space density for such long bunch can
be accurately reconstructed, c.f. Figs. 6.20(d) and 6.20(e).

To summarize, the bunch length and the mean energy spread at the undulator exit and recon-
structed using the TDSs are compared in Tables 7 and 8. The deviations of the reconstructed
bunch lengths are minute. However, the mean energy spread reconstructed at the screen in-
creases up to a factor of 13 when using a deflecting voltage of 34 MV due to the induced energy
spread by the TDS. As previously discussed, this can be reduced by lowering the deflecting
voltage.

Table 7: Comparison of the Bunch Length at the Undulator End and the Reconstructed One
Using the TDSs.

o;/fs o;/fs o;/fs
o;/fs
at undulator reconstructed, reconstructed, reconstructed,
V =34MV V =20MV V =10MV

70pC 54.2 54.2 54.6
38 pC 19.2 19.2 19.3
20pC A 12.1 12.2 16.6
20pCB 13.8 13.8 13.8

1nC 135.3 1354 135.6

Table 8: Comparison of the Energy Spread at the Undulator End and the Reconstructed One

Using the TDSs.
(og) /keV (Ok) /keV (og) /keV (o) /keV
at u€1 dulator reconstructed, reconstructed, reconstructed,
V =34MV V =20MV V = 10MV
70pC 82 1038 760
38pC 328 1247 746
20pC A 212 1495 1039
20pC B 181 790 790
InC 359 819 636

The previously shown tracking simulations demonstrate the feasibility of longitudinal phase
space density measurements at FLASH2. Although the induced energy spread at high deflect-

ing voltages is clearly visible, most of the main features of the electron bunches can be recon-
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structed. The high resolution of the TDSs permits to accurately measure the longitudinal phase

space density even of ultra-short electron bunches.

6.3.2 Reconstruction of Photon Pulses

The FEL process is simulated using Genesis 1.3 [132]. The particle distribution at the end of
the exponential regime is then extracted and used to perform the photon pulse reconstruction.
Additional to each lasing bunch, one bunch is tracked through the opened undulators to obtain
the lasing-off particle distribution at the end of the undulator section. This lasing-off electron
bunch serves then as comparison for both, the energy loss and energy spread method, c.f. Sec-
tion 4.3.3.

The goal of the photon pulse reconstruction is to retrieve the temporal photon pulse distri-
bution given by Genesis 1.3. In the following figures, this is plotted using a black line.

Firstly, the photon pulses are reconstructed directly at the end of the undulators. The energy
loss and the energy spread increase of the bunches are calculated from the actual phase space
density. The temporal power profiles are then calculated by means of Egs. (4.38) and (4.39).
In the following figures, these are plotted using a red solid line. This is the limit of what the
reconstruction using the TDSs (see below) could achieve with a perfect temporal and energy
resolution, as no additional information about the X-ray power profile can be extracted from
the longitudinal phase space density. It is possible, that this distribution does not perfectly
resemble the photon pulse from the Genesis 1.3 simulation. This can happen due to slippage
effects, meaning that the position where the energy of the electron bunch is transferred to the
light wave does not match with the position in the final photon pulse, as the photon pulse slips
ahead of the electron bunch. Additionally, the energy lost by the particles may be too small so
that it cannot be distinguished from energy differences which occur due to jitter.

Secondly, for the actual photon pulse reconstruction using the TDS, the electron bunches
are tracked using elegant [154] through the TDSs and the transverse distribution at the screen
is analyzed. Both transverse coordinates are transformed to the arrival time Ar and the energy
deviation AE as described in the previous section. These reconstructed longitudinal phase space
densities are then used as input for the energy spread and energy loss method, c.f. Section 4.3.3.
The respective photon pulse reconstructions at the screen are plotted using solid blue lines. With
a perfect longitudinal and energy resolution, the reconstruction at the screen would perfectly
resemble the reconstruction at the undulator exit. As this is not the case and also the induced
energy spread and collective effects such as CSR deteriorate the reconstruction, differences will
be observed.

To give comparable examples for long and short pulses, Gaussian bunches with a length of
100 fs and 23 fs at beam energies of 1200 MeV and 700 MeV are tracked. The corresponding
wavelengths are 6.6 nm and 19.4 nm, respectively. Additionally, the photon pulses described in
Section 5.2 are reconstructed to show possible limitations of the reconstruction. One example

for all settings is shown in the following using the highest deflecting voltage and the short pulse
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optics to obtain the highest resolution possible.

The results of photon pulse reconstructions for bunches of 100 fs rms are shown in Figs. 6.21
and 6.22 for electron beam energies of 1200 MeV and 700 MeV, respectively.

The reconstruction at the end of the undulator section with a perfect resolution for 1200 MeV,
c.f. Fig. 6.21(a), closely resembles the actual photon pulse. For the reconstruction at the screen
using the TDSs the influence of the limited temporal resolution is visible, although the effect
is rather small. Most of the SASE spikes are still visible in the reconstruction, only the sep-
aration of spikes that are very close to one another is blurred. If the energy spread method is
used, already the reconstruction at the undulator exit differs from the actual photon pulse, c.f.
Fig. 6.21(b), as the energy spread increase due to the SASE process is larger than what one
would expect from the model. As mentioned in [119], this is due to the fact that the wave-
length in this case is higher than for the derivations leading to Eq. (4.39) given therein. This
is especially evident at the outer edges of the photon pulse, where the photon pulse power is
small, but the energy spread is increased largely. Nonetheless, the reconstruction at the screen is
able to retrieve the reconstruction at the undulator exit, although of course again with a limited
resolution.

The same is true for the reconstruction of the photon pulse for the electron bunch with an
energy of 700 MeV and using the energy spread method. The energy spread at the outer edges
of the photon pulses increases more than it is expected from the model [119], c.f. Fig. 6.22(b).
Additionally, for this photon pulse the reconstruction using the energy loss method is also more
difficult than for the 1200 MeV bunch, as can be seen in Fig. 6.22(a). As the spikes are very
close to one another and slippage effects take place, already the reconstruction at the undulator
exit is unable to retrieve the individual spikes. Of course, this is then also true for the recon-
struction at the screen. The retrieved rms pulse duration is slightly higher for the energy spread
method due to these effects. The actual rms pulse duration is 46.4 fs, the reconstructed ones at

the undulator exit and the screen are 53.6 fs and 57.5 fs, respectively.
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Figure 6.21: Photon pulse reconstruction of a Gaussian bunch with a bunch length of 100 fs
rms at an energy of 1200 MeV using the regular optics without Delta undulator and a deflecting
voltage of 20 MV. The wavelength is 6.6 nm.
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Figure 6.22: Photon pulse reconstruction of a Gaussian bunch with a bunch length of 100 fs
rms at an energy of 700 MeV using the regular optics without Delta undulator and a deflecting
voltage of 20 MV. The wavelength is 19.4 nm.

The reconstruction of two shorter pulses of 23 fs rms at electron energies of 1200 MeV and
700 MeV are shown in Figs. 6.23 and 6.24, respectively. If the energy loss method is used,
the reconstruction at the undulator exit nearly perfectly resembles the actual photon pulse dis-
tribution, c.f. Fig. 6.23(a). The reconstruction at the screen also closely resembles the one at
the undulator exit, but of course the limited resolution of 1.7 fs is again visible. If the energy
spread method is used, the reconstruction overestimates the power of smaller, as again, the en-
ergy spread growth in this region is larger than expected from the model [119], c.f. Fig. 6.23(b).
Also the reconstruction at the screen shows this behavior. The photon pulse for the electron
bunch with an energy of 700 MeV shows a large single SASE spike with smaller side peaks,
see Fig. 6.24. Using the energy spread method, the photon pulse shape at the undulator exit is
a little different to the actual photon pulse, c.f. Fig. 6.24(a). The power of the main spike is
also drawn from electrons which are now a little behind the main spike due to slippage effects.
Therefore, the main spike is reconstructed with less power and the trailing spike with a little
more power at the undulator exit. Nonetheless, the reconstruction at the screen perfectly resem-
bles the reconstruction at the undulator due to the very high resolution of 1.3 fs. Also when the
energy spread method is used, the main spike is reconstructed with less power, due to the same
slippage effects, c.f. Fig. 6.24(b), and the aforementioned higher increase of the energy spread
than it is expected by the model [119]. Yet, the reconstruction at the screen again perfectly
resembles the reconstruction at the undulator exit due to the high resolution.

The reconstruction results for one of the ten statistical seed for the 70 pC bunch are shown
in Fig. 6.25. For both methods, it can be observed that the reconstructed photon pulse is shifted
slightly to the left, as the photon pulse slips ahead of the position where it withdrew energy
from the electron bunch. Using the energy loss method the reconstruction is able to retrieve
the photon pulse very accurately, c.f. Fig. 6.25(a). The right spike between —25 fs and 0fs
resembles the reconstructed one closely. For the large left spike and the smaller adjacent one

between —60 fs and —25 fs the reconstruction looks slightly different. For the small adjacent
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Figure 6.23: Photon pulse reconstruction of a Gaussian bunch with a bunch length of 23 fs rms
at an energy of 1200 MeV using the short pulse optics and a deflecting voltage of 34 MV. The
wavelength is 6.6 nm.
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Figure 6.24: Photon pulse reconstruction of a Gaussian bunch with a bunch length of 23 fs rms
at an energy of 700 MeV using the short pulse optics and a deflecting voltage of 34 MV. The
wavelength is 19.4 nm.

spike more power is reconstructed than there actually is in the photon pulse and less power is
reconstructed for the large spike. This happens, because the large spike starts to grow early
and slips ahead in the electron bunch. Therefore, the power in this part of the photon pulse is
withdrawn at the position where the second smaller spike arises, but this reconstruction method
is unable to retrieve this difference as explained before. Nonetheless, due to the high resolution
of 1.4fs the reconstruction at the screen is the same as the one at the undulator exit. The
reconstruction using the energy spread method is more blurred, c.f. Fig. 6.25(b). This is again
due to slippage effects and the high wavelength leading to a higher induced energy spread by
the FEL process in regions, where the radiation process is started.

The reconstruction results for one of the ten statistical seed for the 38 pC bunch are shown
in Fig. 6.26. The peak power of this photon pulse is roughly three times lower than for the
70 pC bunch, therefore the reconstruction is harder as less energy is lost by the electrons. Slight

energy deviations for the electrons not induced by the lasing process but for example just due to
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Figure 6.25: Photon pulse reconstruction of the 70 pC electron bunch described in Section 5.2.2
using the short pulse optics and a deflecting voltage of 34 MV. This is Seed -11 from Fig. 5.10.

jitter might play a role and also the energy resolution affects the measurement. As can be seen
in Fig. 6.26, these effects are still only minor for the 38 pC bunch. The reconstruction using
the energy loss method resembles the photon pulse closely, c.f. Fig. 6.26(a), although again due
to slippage, the photon pulse is reconstructed at another position within the bunch. The large
main spike is retrieved by the reconstruction at the screen, the smaller side peak is reconstructed
closer to the main spike due to the limited energy resolution of the measurement. For the recon-
struction using energy spread method, c.f. Fig. 6.26(b), the same slippage effects as described
before impact the reconstruction. The retrieved power of the smaller side peak is higher than
the actual power in the photon pulse. Also here, differences between the reconstruction at the

screen and at the undulator exit can be observed due to the limited energy resolution.
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Figure 6.26: Photon pulse reconstruction of the 38 pC electron bunch described in Section 5.2.2
using the short pulse optics and a deflecting voltage of 34 MV. This is Seed -21 from Fig. 5.15.

The reconstructions for one of the ten statistical seeds of the 20 pC bunch at wavelengths of
35.64nm and 16.95 nm can be seen in Figs. 6.27 and 6.28, respectively. The aforementioned
effects are even more severe for these bunches, as the energy lost by the electrons is even

below the energy resolution of the measurement. Also, as both methods scale the energy loss
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and the induced energy spread due to the FEL process by the current of the electron bunch,
c.f. Egs. (4.38) and (4.39), the large main spike with a peak current of more than 2 kA, that
does not contribute to the lasing process, c.f. Section 5.3, deteriorates the reconstruction. Slight
changes in the energy and the energy spread in the region of the spike due to jitter lead to large
spikes in the reconstruction. For the photon pulse with a wavelength of 35.64 nm this effect is
strongly visible for both, the reconstruction at the undulator exit and at the screen using both
methods, c.f. Fig. 6.27. For the photon pulse with a wavelength of 16.95 nm the reconstruction
at the screen is able to retrieve the single spike using both, the energy loss and the energy spread
method, c.f. Fig. 6.28, as the peak power is higher than for the 35.64 nm case and therefore also
the lost energy by the electrons and the induced energy spread in the electron bunch are higher.
Unfortunately, the reconstruction at the screen is still not possible. Although the spike can be
retrieved using the energy loss method, c.f. Fig. 6.28(a), energy differences in the region of the
current peak are retrieved as a large photon pulse peak which is nonexistent in the actual photon
pulse. The reconstruction using the energy spread method at the screen does not work, as the

induced energy spread by the TDSs is too high and renders the reconstruction impossible.
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Figure 6.27: Photon pulse reconstruction of the 20 pC electron bunch at a wavelength of
35.64 nm described in Section 5.3 using the short pulse optics and a deflecting voltage of 34 MV.
This is Seed -11 from Fig. 5.20.

To conclude, the tracking results indicate that using the PolariX TDSs at FLASH2 it is
possible to reconstruct the temporal profile of photon pulses. An overview of the rms bunch
lengths of the photon pulses from the Genesis 1.3 simulation and the reconstruction using the
energy loss and the energy spread method at the undulator exit and at the screen, respectively,
is shown in Table 9. Different cases for different wavelengths and bunch lengths were studied.
In most of the studied cases, the energy loss method proves to be superior to the energy spread
method, accurately reconstructing the temporal profile of the photon pulse and also the photon
pulse duration. The energy spread method overestimates the power at the edges of the photon
pulse leading to an increase of the reconstructed photon pulse duration. This effect can be
observed at both, the reconstruction at the undulator exit and the reconstruction at the screen, as
the derivations given in [119] leading to Eq. (4.39) for the higher wavelengths at FLASH do not
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Figure 6.28: Photon pulse reconstruction of the 20 pC electron bunch at a wavelength of

16.95 nm described in Section 5.3 using the short pulse optics and a deflecting voltage of 34 MV.
This is Seed -11 from Fig. 5.25.

Table 9: Comparison of rms Photon Pulse Duration Given by Genesis 1.3 and the Reconstruc-
tion at the Undulator Exit and the Screen.

cft,ph/fs Gt,ph/fs cyz,ph/fs Gt,ph/fs CTl,ph/fs
actual recons. recons. recons. recons.
Genesis undu-exit A(E) screen A(E) undu-exit AGs screen ACg
1200 MeV,
100 fs 37.6 37.3 38.6 52.2 56.5
700 MeV,

100 fs 46.4 45.8 46.5 53.8 57.5
1200 MeV, 23 fs 7.8 8.1 7.7 12.1 13.4
700 MeV, 23 fs 9.0 9.0 8.8 12.0 13.0

70 pC, 30nm 17.9 17.9 21.8 29.2 48.7
38 pC, 30nm 10.0 9.8 9.7 14.8 15.0
20pC, 35 nm 7.0
20pC, 17nm 34

model the energy spread increase accurately. For future, actual measurements at FLASH?2, only
the energy loss method should therefore be considered. The reconstruction of the photon pulse
is not possible, if the energy loss is in the order of the energy resolution and if large current
spikes do not contribute to the lasing process. Therefore, for the two 20 pC bunches no bunch

length is indicated in Table 9, since a meaningful reconstruction could not be achieved due to
the low energy loss of the electrons.

6.3.3 Slice Emittance Measurement

The slice emittance measurement at FLASH? is performed using a quadrupole scan as explained

in Section 6.2.2, where also the optics used for this measurement are discussed. For the tracking
simulations elegant [154] is used.

The input distributions are tracked from the emittance reconstruction point directly upstream
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Figure 6.29: Horizontal slice emittance measurement of a 1 nC [155] bunch for three different
slice widths. The longitudinal resolution is 4.5 fs, the TDS voltage is 34 MV.

of the first quadrupole used for the slice emittance measurement to the screen using all of the
seven different optics for each transverse plane. The deflecting plane of the TDSs is set to the
plane perpendicular to the plane in which the slice emittance is reconstructed. The screen image
of each individual measurement is then sliced into slices with a fixed width depending on the
longitudinal resolution R; of 4R;, 2R;, and R;, respectively. The central slice is defined as the
slice comprising the mean of the distribution at its center [102]. For each individual slice the
“rms beam size” is calculated as the square root of the variance of the beam profile [102]. Only
slices containing more than 100 particles are considered as with fewer particles no reasonable
calculation of the rms beam size can be achieved. The slices of the tracked bunches are then
aligned and for each slice the emittance is calculated according to Eq. (4.43) [126, 127].

In the following figures, the current of the bunch is plotted using a blue dashed line for
reference. The original slice emittance is plotted using a solid red line, the reconstruction at the

screen is plotted using a dashed-dotted red line. For the simulations, the bunches with a charge
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Figure 6.30: Vertical slice emittance measurement of a 1 nC [155] bunch for three different slice
widths. The longitudinal resolution is 4.3 fs, the TDS voltage is 34 MV.

of 70 pC and 20 pC from Section 5.2 are tracked, as well as the bunch with a charge of 1 nC and
20 pC that were also used for the longitudinal phase space density reconstruction, c.f. Figs. 6.19
and 6.20. These examples were selected to show long and short bunches at FLASH, as well as
optimized and not optimized cases.

Figures 6.29 and 6.30 show the reconstruction for a 1 nC bunch with a length of 135.2 s
rms in the horizontal and the vertical plane, respectively. For the largest slice width of 4R;
the original slice emittance and the reconstruction match perfectly in most parts of the bunch,
c.f. Figs. 6.29(a) and 6.30(a). Only in the region of the head (At = 200fs) there are slight
discrepancies, as in this region there are fewer particles for the calculation of the beam size and
therefore outliers have a bigger influence. If the smallest slice width of just R; is used for this
rather long particle bunch, the reconstruction becomes very sensitive to outliers, as again fewer
particles are found in each slice, c.f. Figs. 6.29(c) and 6.30(c). For long bunches it is therefore

recommended to use larger slice widths to ensure a correct calculation of the slice beam size.
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Figure 6.31: Horizontal slice emittance measurement of the 70 pC bunch described in Sec-

tion 5.2.2 for three different slice widths. The longitudinal resolution is 1.8 fs, the TDS voltage
is 34 MV.

The slice emittance reconstruction for the 70 pC bunch described in Section 5.2.2 are shown
in Figs. 6.31 and 6.32 for the horizontal and the vertical plane, respectively. For a slice width
of 4R, the original and the reconstructed slice emittance match along the bunch in both planes,
c.f. Figs. 6.31(a) and 6.32(a), as it was the case with the 1 nC bunch. For a slice width of 2R;,
the reconstruction and the original slice emittance look again very similar, although already
the original slice emittance shows a noisy behavior. Nonetheless, also this spiky behavior is
retrieved by the reconstruction, c.f. Figs. 6.31(b) and 6.32(b). The same is true when applying
the smallest slice width of R;, c.f. Figs. 6.31(c) and 6.32(c).

Figures 6.33 and 6.34 show the slice emittance reconstruction for the 20 pC bunch described
in Section 5.3 in both planes, respectively. Using a slice width of 4R; for this particular elec-
tron bunch is not very reasonable, as adjacent particles with very different properties are mixed
and minute features of the electron bunch are lost. This is already evident when looking at the

current profiles in Figs. 6.33(a) and 6.34(a): The main current spike is blurred and looks very
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Figure 6.32: Vertical slice emittance measurement of the 70 pC bunch described in Section 5.2.2
for three different slice widths. The longitudinal resolution is 1.9 fs, the TDS voltage is 34 MV.

different to the one in Fig. 5.17. Nonetheless, comparing the slice emittances in the region of
At > 0fs shows, that they match very well, c.f. Fig. 6.33(a). In the region of At < —20fs dis-
crepancies can be observed in both planes as Fig. 5.17(b) reveals that the slices in this region
are not matched very well to the design Twiss parameters of the beam line. The same observa-
tions can be also made when applying a slice width of R;, c.f. Figs. 6.33(c) and 6.34(c). The
original and the reconstructed slice emittance in the region of Ar > Ofs match very well and
in the region of Ar < —10fs differences due to the unmatched slices are evident. In the region
of the current spike between —10fs > Ar > Ofs, the limited resolution of this measurement is
observable. As the slice emittance in this region changes rapidly, the measurement is unable to
retrieve the exact value as the slices are mixed due to the limited resolution.

The slice emittance reconstruction for another short bunch with a charge of 20 pC is shown
in Figs. 6.35 and 6.36. Also for this bunch, a slice width of R; should be applied, as otherwise

too much information is lost. Figures 6.35(c) and 6.36(c) reveal, that for the regions of Ar <
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Figure 6.33: Horizontal slice emittance measurement of the 20 pC bunch described in Sec-
tion 5.3 for three different slice widths. The longitudinal resolution is 1.7 fs, the TDS voltage is
34 MV.

—10fs and Ar > 10fs the reconstructed slice emittances in both planes match very nicely to
the original one. Yet, in the region of the current spike, i.e. for —10fs < Ar < 10fs again the
influence of the limited resolution of this measurement is visible. Particles from adjacent slices
mix in the reconstruction and the reconstructed value for the slice emittance is higher than the
original one.

To summarize, the tracking results have shown that a meaningful slice emittance reconstruc-
tion in both planes using the same TDS are feasible using the PolariX TDSs at FLASH2. The
dispersion created by the dipole between the TDSs and the screen station is compensated by op-
tics matching as described in Section 6.2.2. The longitudinal resolution of the measurement is
sufficient for most of the use cases. Even for very short electron bunches the slice emittance can
be reconstructed in most parts of the bunch. Only when the slice emittance changes drastically
on a scale close to the longitudinal resolution, the reconstruction shows some limitations as

electrons leave their initial slices. In reality, the slice emittance reconstruction will of course be
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Figure 6.34: Vertical slice emittance measurement of the 20 pC bunch described in Section 5.3
for three different slice widths. The longitudinal resolution is 1.9 fs, the TDS voltage is 34 MV.

influenced by measurement errors, such as the imaging resolution. Also, a possible mismatch
of the Twiss parameters is for now not considered for the tracking simulations, which is often

the case in a real machine.
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slice widths. The longitudinal resolution is 2.0 fs, the TDS voltage is 34 MV.
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7 Temporal X-Ray Reconstruction Using Temporal and

Spectral Measurements

As discussed in Sections 4 and 6, the limited resolution of a measurement using a TDS im-
poses an upper limit on the resolution of the temporal reconstruction of photon pulses. As the
resolution of an X-band TDS used at an X-ray FEL is typically limited to around 1fs rms,
single SASE spikes, typically in the range of 0.1 fs to 3 fs, within one photon pulse can often
not be resolved. However, the exact knowledge of the temporal structure of SASE radiation is
interesting for applications such as “ghost imaging” [12, 13].

By combining the power spectrum from a high resolution photon spectrometer [156] and
the temporal structure from the TDS, the overall resolution can be enhanced, thus allowing the
observation of temporal, single SASE spikes in the X-ray range. The combined data from the
spectrometer and the TDS is analyzed using an iterative algorithm to obtain an estimate of the
actual intensity profile. This iterative reconstruction algorithm is published in [157, 158]'8.

In this section both, the reconstruction algorithm as well as analyzed data obtained from
simulations of LCLS, are presented and prove the reliability of this method. Additionally, real

data taken at the LCLS which is analyzed using the reconstruction algorithm is shown.

7.1 Iterative Reconstruction Algorithm

The iterative reconstruction algorithm uses the blurred temporal profile P(z) measured by a
TDS and the blurred power spectrum & (w) measured by a spectrometer as starting points. The
mechanism by which the finite TDS resolution blurs the actual temporal intensity profile P(t)

is modeled by a convolution with a Gaussian G(¢) of fixed standard deviation R,
(P+G)(t) = P(1). (7.1)

As the resolution of the spectrometer can be orders of magnitude lower than the width of single,
spectral SASE spikes [156], in Section 7.2.1 we restrict ourselves to the testing of the algorithm
with a perfect spectral resolution. The measured, blurred power spectrum is then the same as

the actual power spectrum

Z(w) =2 (w). (7.2)

However, if the spectrometer is not set up to the highest achievable resolution, the power spec-

trum can also be blurred through a convolution with a Gaussian G() of fixed width R
(Z%G)(0) = P(0). (7.3)

Simulated data for this case is tested in Section 7.2.2.

18The following sections contain excerpts from [157, 158].
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7.1.1 Base Functions

The electric field is modeled as a sum of in principle arbitrary base functions B;(¢) in time with

varying complex coefficients a; ,,, where m is the iteration step, c.f. Section 7.1.2,
n
Fu(t) =Y ajmB;(t) (7.4)
j=1
as is the field in the frequency domain
Tm(0) =Y ajmPBj(®). (7.5)
j=1

The complex coefficients a ( are initialized randomly. It has proven advantageous for LCLS
bunches to reduce the amplitude of every a; 2, o coefficient with p =0,1,2,... by 8 and every
ai45p,0 coefficient by 16. This results in starting temporal intensity profiles and power spectra
consisting of a few wider spikes instead of frequent narrower spikes, thereby resembling the
nature of SASE more closely. The choice of this reduction is arbitrary but generally yields good
results. Nonetheless, the method also works without this reduction. To match the integral of the
blurred intensity profile, the coefficients are normalized so that [ P(t)dr = [|Fy,(r)|*dt. These
normalized coefficients are then used to create the initial guess F(z) and .%y(®).

In the following, two different choices for the base functions are presented.

Gaussian Base Functions

The first choice of base functions are Gaussians of fixed width o; centered at times ¢;

7 *(’*’j)z

1 2 1)

Bj(r) = <m6> e Y e, (7.6)
J

The @; can be initially calculated based on the energy profile of the electron phase space. For
a linearly chirped electron bunch, we can for example set ®; = @y + 2%(00 [159], where @y
is the main radiation frequency created by electrons with an energy of ¥ and 7; is the mean
energy of the electrons around 7;. Otherwise, they are initialized as ®; = @y. The o are chosen
to be smaller than the expected width of the single SASE spikes. The ¢; are chosen such that
single SASE spikes can be modeled. Nonetheless, both ¢; and 7; have to be selected in a way
that the matrix T 4 F in Eq. (7.18) is not degenerate.
The B; are chosen such that

- ) - 1 _(”’1'2)2
Bi(r)|"dr = / e % dt
[ lBo) =270, ¢ (1.7)

=1.
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By applying a Fourier transform, we obtain the base functions in the frequency domain

o % . 762(607(0]')2
#j(0) = (7’%) ¢ 1(O=0) g (7.8)

Linearly Chirped Base Functions

The Gaussian base functions described in the previous section are not chirped in time as sug-
gested by [44, 50, 52]. To accommodate this we introduce an arbitrary linear chirp factor 3; to
the base functions

2

1 : _(Z;;é) it i(tft')zﬁ-

Bj(t) = N e Ui M) R (7.9)
J

These base functions are again chosen in a way that

oo ) i 1 7(”’1’2)2
B; t dt = . 20% dt
/_w‘ i) /_m Vaza, ¢ (7.10)

=1.

By setting C; = # —ifj, Eq. (7.9) becomes
j
1

2
Bj(t) = (\/%G> g (7.11)
J

and we obtain the base functions in frequency domain

o) ( | ) 3 L (w_wj)(_:écj,j+w+w,)
V27o; 2C;
Following [44, 50] we set 3 = —W for all base functions.
j

7.1.2 Iteration Process and Minimizing

Starting from the initial guesses for Fy(z) and .%y(w), we apply the alternate projection method
described in [160]. This is an iterative method, recalculating the complex coefficients a; , at
each iteration step m € [0, M]. The maximum number of iterations M can be chosen arbitrarily.
Since in general ‘Fm(t)‘z # P(t), at each iteration step m the previously calculated field
F,,(t) is projected on the blurred intensity profile P(z).
This is done by introducing the projected field

(7.13)
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in each iteration step m which keeps the complex phases of F,,(¢) and satisfies |Um (1) ‘2 = P(t).
Additionally, we calculate the projected spectrum
V(@) = Fm(®) (7.14)

Since Uy, () and V,,(®) can in general not be written in the form of Egs. (7.4) and (7.5), we
try to find a new field F;,1 () and its transform .%,,; | (@), that minimize the distance from the

projections

d = || Ft = Ul + | F st = Vil

" 2 n 2 (7.15)
Y ajmr1Bj—Un Y ajmi1Bj =V
Jj=1 2 j= 2
Using the .2 scalar product [161]
@b = [ awp'@ar, (a.aq)=al: (716)

we can rewrite Eq. (7.15)

ai m+1aj m+1 <BHB]>+ HU HL2

~
—

W
-
M= TM=

1m+l<Bl7Um> Za]m-l—l <Um7B]>
=1 (7.17)

Ahn16] i1 (B Br) + | VinlI 72

n

Aem1{B: Vi) = Y @ i1 (Vin, B
=1

N
I
—_

4
(B
(B

x~
I
R
—
I
—_

|
M =

~
I
—_

d is minimized by finding a; 11, so that the derivative of d with respect to all a; ,, 1 is equal
to zero. After some simplifications and the application of the scalar product in Eq. (7.16), we

obtain k = 1,...,n equations
[onBi0)d+ [ V()2 Z @t (T4 i) (7.18)

where Tj, = <Bj,Bk> and Fj, = <@j»«%’k>- For the Gaussian base functions in Egs. (7.6)
and (7.8) this yields

(tj—1)2 2@~ )t a,§+zkaz>+azo,§( —ap)?
2oj0p, ~ 2(03+0p)
Tiw=,————="e¢ k (7.19)
Jjk 2 2
o; +0;
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and Fj;, = Tj; due to the properties of the Fourier transform.

For the linearly chirped base functions in Egs. (7.11) and (7.12) this yields

3iq%a%(w‘jfwk)2+(37i\/§) c]z.zk(wj—wk)+(3+iﬂ) o-,%tj(w_j—wk)+ir‘%—2irjtk+ir]%

\/ge_ (V3+3i)02~(V3-3i)7

\/(3—1\5)0,- n (3+iv3)ax

Oy O

(7.20)

Fij =Ty =

In each iteration step new coefficients a;,, 1 are calculated according to Eq. (7.18). Us-
ing those coefficients, the temporal and spectral fields are calculated according to Egs. (7.6)

and (7.8) and are fed back into the iteration algorithm.

7.2 Applying the Iterative Reconstruction Algorithm to SASE Simula-

tions

To understand the capabilities and limitations of the iterative reconstruction algorithm, it is
tested using simulations of the SASE process in the LCLS undulators at 1.5nm. They are
conducted using the leap-frog algorithm developed by Z. Huang [44]. To start, we simulate FEL
pulses of bunches of 20 pC, 40 pC, and 150 pC charge, resulting in photon pulses of different
lengths. These simulations are done using only one single random SASE seed per charge,
resulting in only one intensity profile per charge. Further testing on the code is done using the
intensity profiles of 50 different simulated SASE shots right before saturation (using the same
input bunch but different initial conditions for the light wave due to the statistical nature of
SASE) for a charge of 40 pC.

The temporal intensity profile and the power spectrum are taken at the end of the expo-
nential regime, c.f. Section 4.3.3. The Gaussian blurrings used are in the range of 1.2fs to
0.5 fs. Resolutions of up to ~ 1.0fs are already demonstrated at LCLS, c.f. Section 7.3, higher
resolutions will be possible with future upgrades of XTCAV. For each shot 50 reconstructions
using different initial base functions are carried out. To obtain the final reconstruction, these 50
reconstructions are then averaged.

In order to assess the performance of the algorithm reconstructing the actual intensity profile
the 1 — R? value known from statistics [162, 163] is used

AN2

Yo vi—9)
2

r L i—Y)

1-R*= (7.21)

The sum Y7 | (vi— )7)2, where the y; are the observed data with their mean value y, is called
the total sum of squares and can be described as the total variation of the actual y; values about
their mean y [163]. The sum Y! | (v — )75)2, where the §; are the predicted data, is called the
residual sum of squares, since it is the residual or unexplained variation of the y; values about
the predicted values ¥; [163]. A 1 — R? value of zero means a perfect agreement. In our case y
is the actual intensity profile P(¢) and j is the obtained reconstructed intensity profile F (7).
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7.2.1 Blurred Temporal Measurement and Perfect Spectral Measurement

In this section, we assume only the temporal intensity profile to be blurred with Gaussian
blurrings from 1.2fs to 0.5fs. The power spectrum is assumed to be perfect, and therefore
P(0) = P ().

Figures 7.1 to 7.3 show the reconstructed temporal intensity for the three different bunch
charges mentioned in the previous section. The blue solid line is the actual intensity profile from
the simulation P(t), the red solid line is the blurred intensity profile P(¢) using a resolution of
R;. The black solid line is the mean of the 50 reconstructions surrounded by a light gray shaded
area that is one standard deviation. The 1 — R? value for the reconstruction is indicated at the
top of the figures.

Figure 7.1 shows the actual photon pulse simulated for a bunch with 20 pC charge and the
reconstructions for resolutions from 1.2 fs to 0.5 fs. The main intensity spike between 10 fs and
12 fs can be retrieved using all of the resolutions. The left spike between 6 fs and 8 fs as a whole
is also reconstructed at any resolution, although the minute features within the spike cannot be
resolved. The double spike in the region of 8 fs to 10 fs is difficult to retrieve, as both spikes are
very close to one another and they are washed out too strongly by the resolution of the TDS.
With a resolution of R, = 0.5 fs the existence of a double spike in the center becomes visible in
the reconstruction. All the reconstructions for this photon pulse show an 1 — R? value of below
0.1 meaning the algorithm is able to retrieve the photon pulse accurately.

The reconstructions for the 40 pC case are shown in Fig. 7.2. The two main spikes at 13 fs
and 15 fs of this particular photon pulse can be retrieved using all resolutions. The smaller
adjacent spikes are challenging to reconstruct, as they are obscured by the TDS resolution. This
can also be seen in the 1 — R? values which are between 0.22 and 0.14 for resolutions in the
range of 1.2 fs to 0.75 fs. However, using a resolution of R, = 0.5fs decreases the 1 — R” value
to 0.04 and it can be seen in the bottom right image of Fig. 7.2 that most of the side peaks can
be reconstructed by the algorithm.

The reconstructions for the 150 pC case displayed in Fig. 7.3 show a similar behavior. Small
adjacent spikes are hard to retrieve for low resolutions. What can also be seen is that the ability
of the algorithm to reconstruct the photon pulse does not depend on the charge but rather on
how “complex” the photon pulse is as the 1 — R? values for this reconstruction are all well below
those for the 40 pC reconstruction.

Further investigation of the algorithm robustness is performed by reconstructing the above
mentioned 50 shots using different initial light wave conditions for a bunch charge of 40 pC.
The 1 — R? values of the reconstruction for all of the 50 different photon pulses can be found in
Fig. 7.4. For the best resolution of R, = 0.5fs the 1 — R? values are in the order of 0.1 for all
shots. Assuming a TDS resolution of R, = 0.75fs most of the 1 — R? values are in the region
of 0.1 to 0.2, while some of them are in the order of 0.3. For resolutions of R, = 1.0fs and
R, = 1.2fs the algorithm reconstructs most of the shots with 1 — R? values between 0.1 and

0.3. A small number of shots show a 1 — R? value of 0.3 to 0.4 after the reconstruction for a
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resolution of R; = 1.21s.

To examine the capabilities of the algorithm further, we now take a look at two shots from
Fig. 7.4. Shot 11 which shows a low 1 — R? value among all TDS resolutions can be found
including the respective reconstructions in Figure 7.5. This photon pulse consists of only three
separated main spikes and can therefore be retrieved easily by the algorithm. Figure 7.6 show-
cases Shot 48 from Fig. 7.4. This photon pulse distribution is harder to reconstruct for the
algorithm as there are many spikes of similar height close to one another. Since the algorithm
matches for the blurred intensity profile (c.f. Eq. (7.13)) the spikes are washed out too strongly
and the iterations from the 50 different starting points arrive at very diverse endpoints.

This section has argued that the reconstruction algorithm is able to retrieve the photon pulse
very robustly for a blurred temporal and a perfect power spectrum. Better TDS temporal resolu-
tions lead to better reconstruction results and photon pulses with sparse spikes can be retrieved

more fittingly.
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Figure 7.1: Four reconstructions for 20 pC. The TDS resolution is indicated below each figure.
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Figure 7.2: Four reconstructions for 40 pC. The TDS resolution is indicated below each figure.

This shot is not included in Fig. 7.4.
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Figure 7.3: Four reconstructions for 150 pC. The TDS resolution is indicated below each figure.
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Figure 7.5: Four reconstructions for 40 pC. The TDS resolution is indicated below each figure.
This is Shot 11 from Fig. 7.4.
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Figure 7.6: Four reconstructions for 40 pC. The TDS resolution is indicated below each figure.
This is Shot 48 from Fig. 7.4.
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7.2.2 Blurred Temporal Measurement and Blurred Spectral Measurement

In this section, the robustness of the reconstruction algorithm is tested if, contrarily to the section
before, both the temporal intensity profile and the power spectrum are blurred. This is done as
in principle spectrometers can have a nearly perfect resolution [156] yielding cases as described
in the section before. However, during the measurements that were conducted at LCLS which
are shown in Section 7.3 the spectrometer resolution was not perfect but rather in the order of
0.2eV rms. Therefore, the same tests as in the section before are conducted and showcased in
the following using a blurred power spectrum, (2 * G) (®) = Z(®) with Ry = 0.2eV.

To start with, again the temporal profiles for charges of 20 pC, 40 pC, and 150 pC are re-
constructed. The reconstructed temporal profiles are shown in Figures 7.7 to 7.9. As can be
observed, the reconstruction algorithm is still able to retrieve the actual intensity profile very
similar to the cases without spectral blurring. The 1 — R? values are all in the same region as
in Section 7.2.1 and also the capabilities and limitations of the algorithm remain the same as
before. The algorithm excels at reconstructing single, isolated spikes and struggles to resolve
multiple, adjacent spikes individually.

Figure 7.10 shows the 1 — R? values for the 50 different shots with a charge of 40 pC. Com-
paring to Fig. 7.4 it can be seen, that for every shot the 1 — R? value is in the same order for the
perfect and the blurred spectrum, respectively. It can therefore be concluded, that the algorithm
performs equally well for both spectral measurements.

Another test was conducted to see, if there is an upper limit on the spectral resolution at
which the algorithm stops to work. In order to do so, we assumed that there is no spectral
information at all, so the second term in Eq. (7.15) is neglected. The results are shown in
Fig. 7.11. It can be seen, that although no spectral information is used, the initial temporal
distribution can be retrieved for certain pulses. For most pulses, the 1 — R? value is in the order
of 0.3 or below. Nonetheless, most of the 1 — R? values are higher than the ones with a perfect
spectral resolution, c.f. Fig. 7.4, or a small spectral blurring of Ry = 0.2eV, c.f. Fig. 7.10.
Therefore, adding the spectral information is highly recommended, as the reliability and the

accurateness of the reconstruction are greatly improved.

7.2.3 Capabilities and Limitations of the Reconstruction Algorithm

In summary, these results show that the algorithm excels at reconstructing single, isolated spikes
and struggles to resolve multiple, adjacent spikes individually. The existence of adjoining spikes
of similar height is retrieved, although the peak power cannot always be correctly determined,
especially at lower resolutions. For high TDS resolutions in the order of 0.5 fs the algorithm
reconstructs nearly all of the temporal power profiles accurately.

A small blurring of the spectral measurement has a negligible influence on the reconstruc-
tion ability of the algorithm. The algorithm even performs satisfyingly for most pulses, when
no spectral information is used by simply trying to deconvolve the temporal blurring. Nonethe-

less, adding spectral information greatly improves the reliability and the accurateness of the
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reconstruction and is therefore highly recommended.

As for measured data we cannot calculate a 1 — R? value, we use a different approach to see if
the algorithm reconstructs the photon pulse correctly in the following sections. Both, the power
profile obtained from the energy spread and the energy loss method, c.f. Section 4.3.3 are used
as target power profiles for the reconstruction algorithm. By then comparing the reconstructed
temporal power profiles one can observe the similarities and differences to check if even though
the inputs might be slightly different the algorithm ends up with the same temporal power
profile.
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Figure 7.7: Four reconstructions for 20 pC. The TDS resolution is indicated below each figure.
The power spectrum is blurred using a Gaussian blurring of R, = 0.2¢eV.
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Figure 7.8: Four reconstructions for 40 pC. The TDS resolution is indicated below each figure.
The power spectrum is blurred using a Gaussian blurring of Ry, = 0.2eV. This shot is not
included in Fig. 7.10.
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Figure 7.9: Four reconstructions for 150 pC. The TDS resolution is indicated below each figure.
The power spectrum is blurred using a Gaussian blurring of R, = 0.2¢eV.
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Figure 7.10: Results of the reconstruction of 50 different SASE shots for 40 pC bunches for
different TDS resolutions shown in the legend. The 1 — R? value is plotted against the shot
number. The power spectrum is blurred using a Gaussian blurring of R, = 0.2eV.
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Figure 7.11: Results of the reconstruction of 50 different SASE shots for 40 pC bunches for
different TDS resolutions shown in the legend. The 1 — R? value is plotted against the shot
number. No spectral information is used.
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7.3 Iterative Reconstruction Algorithm Applied to Measurement Data
Taken at LCLS

In a dedicated measurement shift data was taken at LCLS (c.f. Section 3.4) to be analyzed using
the iterative reconstruction algorithm.

The measurements were taken at a beam energy of 4 GeV resulting in a wavelength of
~ 1.7nm or a photon energy of ~ 730eV. The initial charge at the cathode was 40 pC. Using
energy collimators in the first bunch compressors, electrons with high energy deviations from
the reference energy were truncated. An overview of the parameters for the measurements

shown in the following can be found in Table 10.

Table 10: Parameter Overview of Measurements for Iterative Reconstruction Algorithm at
LCLS

Charge at undulator 30pC  20pC
Bunch length o; 12fs 5fs
Peak current /, 22kA 2.2KkA
TDS deflecting voltage V | 8SOMV 80 MV
Temporal resolution R; 1.2fs  1.0fs
Spectral resolution R 0.2eV  0.2eV

As the reconstruction has to be performed using bunches that are not yet saturated, c.f. Sec-
tion 4.3.3, a gain curve was recorded, see Fig. 7.12. For this reason the beam was kicked behind
the 20™ undulator (at z = 67m) to suppress lasing in the downstream undulators. This config-
uration provided sufficient signal for the spectrometer to work and fulfilled the requirement of
pre-saturation. The orbit downstream of the undulator section was restored stable by using a
closed three bump [19, 22, 164]. This offset the orbit in the remaining undulators to cancel the

overlap between the light wave and the electron bunch.
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Figure 7.12: Gain curve measured at LCLS in the course of recording data for the reconstruction
algorithm showing the gas detector signal over the distance traveled in the undulators. The beam
was kicked behind the 20" undulator (at z = 67m) to sustain the unsaturated condition of the
bunches, but still provided sufficient signal for the spectrometer.
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To obtain the photon pulse power, the data taken is analyzed using both the energy loss and
the energy spread method [117], c.f. Section 4.3.3. Only shots which have an agreement of
more than 92 % between both methods are considered for further evaluation using the iterative
reconstruction algorithm. This allows for having a sufficient number of shots for reconstruction
while maintaining a good agreement between the two methods. Each shot is reconstructed twice
using the photon pulse power obtained by both, the energy loss and the energy spread method
as target power profile.

In the following, the photon pulses obtained from the reconstruction using only the XTCAV
and the according reconstruction methods are displayed as dashed-dotted lines. The recon-
structions using the energy loss method are plotted in black and those using the energy spread
method are plotted in blue. Identical to the reconstruction of the simulations, 50 different initial
guesses serve as starting points for the reconstruction algorithm. These 50 reconstructions are
averaged to obtain the final reconstructed photon pulses (solid lines). The mean reconstruction
is surrounded by a dark gray and a light gray shaded area which is one standard deviation for

the energy loss and the energy spread method, respectively.

7.3.1 Reconstruction of Photon Pulses from Bunches with 30 pC Charge

Firstly, bunches with a charge of 30 pC at the undulator entrance are used for the reconstruction.
The parameter overview can be found in the left column of Table 10. Example images of the
longitudinal phase space density measured using the XTCAV downstream of the undulators for

lasing off and lasing on can be found in Fig. 7.13.
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(a) Lasing off. (b) Lasing on.

Figure 7.13: Longitudinal phase space density of two bunches with a charge of 30 pC, one for
lasing off and one for lasing on. The energy deviation of the electrons from the central energy
is plotted against their longitudinal position within the bunch.

The longitudinal phase space density is measured using the XTCAV and the resulting im-
ages are analyzed according to Section 4.3.3. Both, the energy loss and the energy spread
method [117], are used to obtain the temporal profile of the photon pulse.

As discussed in the previous section, the photon pulse is then reconstructed using the itera-

tive reconstruction algorithm described in Section 7.1.
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Examples of reconstructed photon pulses can be found in Figs. 7.14 to 7.16, demonstrating
the capabilities and the limitations of the algorithm when applied to measured data. As can
be seen in these figures, the photon pulse obtained from the energy loss and the energy spread
method differ lightly at a deviation of less than 8 %.

For the power profiles in Fig. 7.14 the position of most of the larger SASE spikes is the
same for both reconstructions. The maximum power of the highest spike is ~ 1.36 times higher
if the energy spread method is used as the target profile. This is because the power obtained
from the XTCAV reconstruction at the position of the spike is ~ 1.30 times higher if the energy
spread method is used. The smaller SASE spikes agree very well in position and also in height.
The reconstruction works well, as the main SASE spikes are separated, which according to

Section 7.2 facilitates the reconstruction for the algorithm.
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Figure 7.14: Reconstruction of a photon pulse measured at LCLS obtained using the iterative
reconstruction algorithm, Shot 1. The total bunch charge at the undulator is 30 pC, the XTCAV
resolution is 1.2 fs.

The position and height of most of the main SASE spikes is also very similar for both tar-
get profiles shown in Fig. 7.15. The maximum power of the main spike differs by less than
7 %. There is a slight difference in the reconstruction on the left side of the main spike. Here,
multiple spikes are very close to one another and the reconstruction algorithm reaches its lim-
itations providing slightly different results for the two target profiles. It can be observed that
the power profile contains two spikes between 2 fs and 4.5 fs and three between 4.5 fs and 8 fs.
The position can be reconstructed, yet the exact maximum power for each single spike remains
unknown. The isolated spikes in the region of 10 fs and 20 fs can be retrieved efficiently by the
algorithm.

Figure 7.16 shows a reconstruction where the algorithm reaches the limitations for recon-
structing the main features of the photon pulse. These limitations were noted in Section 7.2.
In the central part of the photon pulse (between 6 fs and 10 fs) the SASE spikes are too close
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Figure 7.15: Reconstruction of a photon pulse measured at LCLS obtained using the iterative
reconstruction algorithm, Shot 2. The total bunch charge at the undulator is 30 pC, the XTCAV
resolution is 1.2 fs.
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Figure 7.16: Reconstruction of a photon pulse measured at LCLS obtained using the iterative
reconstruction algorithm, Shot 3. The total bunch charge at the undulator is 30 pC, the XTCAV
resolution is 1.2 fs.

to one another to be retrieved by the algorithm. A similar situation can be seen in Fig. 7.6.
Nonetheless, the smaller, isolated side peaks to the left and right of the central part are retrieved
adequately by the algorithm.

7.3.2 Reconstruction of Photon Pulses from Bunches with 20 pC Charge

Secondly, bunches with a charge of 20 pC at the undulator entrance are used for the reconstruc-

tion. The settings are the same as in Section 7.3.1, but the bunches are truncated even further
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using energy collimators in the first bunch compressor. The resulting parameters can be found
in the right column of Table 10. Example images of the longitudinal phase space density mea-
sured using the XTCAV downstream of the undulators for lasing off and lasing on can be found
in Fig. 7.17.
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Figure 7.17: Longitudinal phase space density of two bunches with a charge of 20 pC, one for
lasing off and one for lasing on. The energy deviation of the electrons from the central energy
is plotted against their longitudinal position within the bunch.

For this setting the longitudinal phase space density is also measured using the XTCAV
and the images are analyzed according to Section 4.3.3. Both, the energy loss and the energy
spread method [117], are used to obtain the temporal profile of the photon pulse and finally it is
reconstructed using the iterative reconstruction algorithm described in Section 7.1.

Figures 7.18 to 7.20 show examples of reconstructed photon pulses for these settings demon-
strating the capabilities and the limitations of the algorithm when applied to measured data. As
in the previous section, the deviation between the photon pulse reconstructions using the energy
difference and the energy spread method is less than 8 %.

The reconstruction found in Fig. 7.18 shows a dominant spike at the beginning of the photon
pulse. Both methods reconstruct the spike at 2 fs but with a different maximum power. With the
energy difference method the power is ~ 1.35 times higher, in good agreement with the blurred
power, which is ~ 1.34 times higher. The rest of the photon pulse consists of smaller, adjacent
spikes which can only partly be retrieved by the algorithm. In the region between 8 fs and 10 fs
the photon pulse power reconstructed using the energy difference method is close to zero. As a
result the algorithm does not reconstruct any power in that region. On the contrary, the energy
spread method yields power in this region which results in the reconstruction algorithm showing
spikes here. Hence, the difference in the reconstruction is not caused by the algorithm but rather
by the differing outputs of the two different methods.

The second example for this setting can be found in Fig. 7.19. The main spikes between 6 fs
and 8 fs and 4 fs and 6 fs of the photon pulse are retrieved using both methods as starting points.
The small spike between 2 fs and 3 fs of the photon pulse is higher if the energy spread method
is used, as the photon pulse power reconstructed using this method is also higher. Several ad-

jacent spikes in the region of 8 fs to 10 fs, cannot be clearly distinguished by the reconstruction
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Figure 7.18: Reconstruction of a photon pulse measured at LCLS obtained using the iterative
reconstruction algorithm, Shot 1. The total bunch charge at the undulator is 20 pC, the XTCAV
resolution is 1.0fs.

algorithm. Additionally, the power obtained by the energy difference method is higher in this

region, leading to a higher power retrieved by the algorithm.
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Figure 7.19: Reconstruction of a photon pulse measured at LCLS obtained using the iterative
reconstruction algorithm, Shot 2. The total bunch charge at the undulator is 20 pC, the XTCAV
resolution is 1.0 fs.

An example where the iterative algorithm did not reconstruct successfully can be found in
Fig. 7.20. Here, the central part of the photon pulse comprises many adjacent SASE spikes that
cannot be distinguished by the algorithm, c.f. Figs. 7.6 and 7.16. This is expected since the
initial reconstruction using the two methods differs in the region of 7 fs to 11 fs both in height

and shape and thus, the algorithm ends up with different solutions in this region.
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Figure 7.20: Reconstruction of a photon pulse measured at LCLS obtained using the iterative
reconstruction algorithm, Shot 3. The total bunch charge at the undulator is 20 pC, the XTCAV
resolution is 1.0fs.
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8 Summary

In this thesis, we have investigated the generation of ultra-short electron bunches and FEL pulses
at FLASH2. At a wavelength of 40.5nm 1.1 £0.2 modes could be demonstrated using statis-
tics measurements corresponding to a minimum photon pulse duration of (14.7+2.8)fs. An
even shorter photon pulse duration was achieved at a wavelength of 15 nm with (13.0£1.5) fs
corresponding to 2.0 +0.2 modes in this case. Tracking simulations of two measurement shifts
were conducted and presented to show the underlying processes of the generation of ultra-short
electron bunches. The possibility to produce single-spike radiation at wavelengths of 35.64 nm
and 16.95 nm was demonstrated using simulations.

Furthermore, the integration of two PolariX TDSs downstream of the FLASH?2 undulators
was investigated in this thesis. The beam optics and beam line layout were redesigned yielding
resolutions of down to 2.7 fs for standard operation and 1.5 fs for low charge operation with
an energy resolution of 3.0-10~% and 1.7 - 104, respectively. With these PolariX TDSs in
the FLASH2 beam line it will be possible to measure the longitudinal phase space density,
reconstruct the photon pulse profile, and perform slice emittance measurements in both planes,
as was shown using tracking simulations.

Finally, an iterative reconstruction algorithm to enhance the temporal resolution of photon
pulse reconstructions was developed and presented in this thesis. This reconstruction algorithm
retrieves the square of the absolute value of the electric field of the light wave by combining
spectral and temporal measurements. It was tested using simulation data and showed excellent
reconstruction abilities among multiple beam settings. Furthermore, it was successfully applied

to measurement data taken at LCLS.
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A Momentum Compaction in Straight Beam Line Elements

The coordinates in MADS [165] for the fifth and sixth coordinate are given by

t = —cAt (A.1)
AE

pr=—, (A.2)
DsC

where ¢ is the longitudinal coordinate, c is the speed of light, Az is the actual time difference
between the particle and the synchronous particle, p; is the momentum in ¢ direction, E is the
total energy, and p; is the synchronous momentum. In a drift space, the momentum p; changes
the coordinate ¢ according to Eq. (5.3) in [165] to

L AE
I=—cAt=_5>5—, (A.3)
Bsvs psc
where B =v/c, v is the velocity, y= , / 1,—113»2’ and the index s refers to the synchronous particle.
The coordinates given in Eq. (2.38) for the fifth and sixth coordinate are
T,

Ps
_T-1,

o ,
Ts

(A.S)

where T = E — m,c? is the kinetic energy an m, is the electron mass. In a drift space, the energy

deviation & changes the coordinate T according to Eq. (2.55) to

At L _ L T-L
Ps B (% + 1)2 T

(A.6)

= —cAt L T-%

—cAt = - psC.
(n+1)> T2
In the following, we will apply some useful formulas from special relativity:
T =E —myc* = (y—1)mec? (A7)
E=T —Fmec2 = )/mec2 (A.8)
p = Bymec (A.9)
1
= A.10
r=1o B (A.10)
1

Br=1-— 7 (A.11)
B2y =9 —1. (A.12)

We will now show that Egs. (A.3) and (A.6) are in fact equal. Starting from Eq. (A.6), we
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See:
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