Investigation of Slice Emittance
Using an Energy-chirped Electron
Beam in a Dispersive Section for

Photo Injector Characterization at
PITZ

Dissertation
zur Erlangung des Doktorgrades
des Departments Physik
der Universitat Hamburg

vorgelegt von
Yevgeniy Ivanisenko
aus Charkiw

Hamburg
2012



Gutachter der Dissertation:

Gutachter der Disputation:

Datum der Disputation:

Vorsitzende/Vorsitzender
des Priifungsausschusses:

Vorsitzender
des Promotionsausschusses:

Leiterin des Departments Physik:

Dekan der Fakultit fii Mathematik,

Informatik und Naturwissenschaften:

Prof. Dr. Jorg Ro3bach
Dr. Frank Stephan

Prof. Dr. Jorg Ro3bach
Dr. Jens Osterhoff
22.05.2012

Prof. Dr. Alexander Lichtenstein

Prof. Dr. Peter Hauschildt

Prof. Dr. Daniela Pfannkuche

Prof. Dr. Heinrich Graener



Zusammenfassung

In dieser Arbeit wird eine Diagnostik fiir die transversale Slice Emittanz
mit einer effektiven zeitlichen Auflésung von bis zu 2 ps beschrieben, wie sie
Photoinjektor Teststand in Zeuthen (PITZ) implementiert wird. Die Mes-
sungen wurden fiir verschiedene Elektronenpaketladungen, erzeugt durch
einen Laserpuls mit zeitlichem Flat-Top-Profil mit 21-22 ps Halbwertsbreite,
durchgefiihrt. Die Diagnostik erlaubt es, die Kompensation der projizierten
Emittanz durch ein Solenoid-Magnetfeld experimentell zu untersuchen und
tréagt somit zur Strahlenemittanzoptimierung fiir die Anforderungen linac-
basierten FELs im kurzen Wellenldngenbereich bei.

Die Diagnostik nutzt die Korrelation zwischen der longitudinalen Positi-
on eines Teilchens im Paket und seinem Impuls aus. Dadurch ist es moglich,
mit Hilfe eines Dipolmagneten, die longitudinale Verteilung des Pakets in ei-
ne transversale Verteilung zu iiberfithren. Ein schmaler Schlitz am Ausgang
des Dipolmagneten schneidet einen kleinen Teil des Teilchenensembles, eine
Scheibe (englisch: Slice), deren Emittanz auf einem Schirm mittels Slit-Scan-
oder Quadrupol-Scan- Technik analysiert wird.

In den Experimenten wurde beobachtet, dass die Werte der Slice Emit-
tanz um 5-10 % niedriger sind als die Werte der projizierten Emittanz. Dies
deutet eine hohe Effektivitdt der Solenoidkompensation hin. Aufgrund ei-
nes Strahlhalos zeigen Quadrupol-Scan-Technik und Slit-Scan-Technik un-
terschiedliche Messwerte fiir die Emittanz. Der beobachtete Halo umfasst
nur 10 % der Elektronenpaketladung, triagt aber bis zu 40 % der Emittanz
bei.






Abstract

This work describes a transverse slice emittance diagnostics with an RMS
temporal resolution down to 2 ps that was implemented at the Photo Injec-
tor Test facility in Zeuten (PITZ). The measurements were performed for
several bunch charges generated by a laser pulse that has a flat-top tempo-
ral profile of 21-22 ps FWHM duration. This diagnostics allows to study the
beam projected emittance compensation with a solenoid magnetic field ex-
perimentally and therefore contributes to the beam emittance optimization
for the needs of short wavelength linac-based FELSs in particular.

The diagnostics is based upon the usage of electron bunches which have
a correlation between the longitudinal position and the momentum of the
bunch particles. This property allows to convert the bunch longitudinal
distribution into a transverse one in a dipole magnet. A slit with a nar-
row opening at the dipole exit selects a fraction of the particle ensemble, a
slice, which emittance is analyzed at a screen downstream. Slit scan and
quadrupole scan techniques can be used to measure the emittance of the
slices.

In the experiments it was found that the slice emittance values are 5-10%
lower than the projected emittance values, indicating a good effectivity of
the solenoid compensation. The emittance obtained using quadrupole scan
technique has shown different results when compared to slit scan technique
due to a beam halo. The observed beam halo in phase space contributes up
to 40% of the emittance value while having only 10% of the bunch charge.
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Chapter 1

Introduction

Nowadays particle accelerators are essential tools in a wide variety of re-
search areas. Among numerous applications of charged particle beams, pro-
duction of synchrotron radiation has become a rapidly developing branch of
the accelerator technology. At the current stage the radiation generated by
a free electron laser (FEL) combines highest peak intensity with almost full
coherence. The FEL sources can produce femtosecond short pulses, hence
giving a possibility for high time resolution experiments. The FEL radia-
tion wavelength is tunable via the electron beam energy. All these valuable
properties make electron accelerators a unique tool in the world of coher-
ent radiation sources. Unlike conventional lasers FELs already can provide
high-brightness coherent EUV [1] and X-ray radiation down to 0.15 nm [2].

The FEL operation in short wavelength regimes requires a high bright-
ness driving electron beam. The high brightness is achieved by producing
high peak current beams with low transverse emittance. One of the best
candidates for the high-brightness electron beam generation is a photo in-
jector.

Transverse emittance is an important beam property that characterizes
the size and the divergence of the beam. The electron beam transverse
emittance originates in the injector and only degrades during the beam
transportation in a linear accelerator. One can not improve the transverse
emittance downstream of the cathode, but the emittance degradation can be
minimized. Therefore, the beam transverse emittance at the injector output
is a key value for the FEL performance.

Checking and controlling the beam parameters in the FEL user facilities
is an important and challenging task. Most of the beam parameters are



the direct consequence of the electron gun quality. To maximize the experi-
mental up-time at user facilities worldwide all the possible beam studies are
done in specially devoted injector test setups [3, 4, 5, 6, 7, 8]. The injectors
of the Free electron LASer in Hamburg (FLASH), DESY, are conditioned,
optimized and characterized at the Photo Injector Test facility in Zeuthen
(PITZ) before they are delivered and installed to the main FEL linac. Also
the electron source development for the European XFEL is done at PITZ.

Usually the transverse emittance of an electron bunch is characterized in
terms of a projected emittance value. The electron bunch can have a complex
longitudinal structure and therefore the transverse phase space distribution
of the particles can change along the bunch. A transverse emittance diagnos-
tics that has a sub-bunch temporal resolution is applied to study the bunch
transverse slice emittance, which is defined as the emittance of the particles
within a time window shorter than the bunch. The diagnostics allows to
investigate e.g. the effect of the emittance compensation using a solenoid
field. Several groups have already reported earlier about slice emittance
measured at the photo injector output [9, 10]. Still the bunch charge used
in the experiments does not exceed 300 pC and the emittance measurements
were done using the quadrupole scan technique.

The bunch projected emittance is a standard optimization parameter at
PITZ [11]. The mode of the injector operation assumes a significant contri-
bution of the transverse-longitudinal coupling. The space charge contribu-
tion is minimized by applying solenoid compensation. Although the solenoid
compensation is a sufficient technique to achieve the emittance required by
the European XFEL [12] one can obtain more beam dynamics details from
slice emittance studies for further setup developments and improvements.

This work describes a transverse slice emittance diagnostics based on
the usage of an energy-chirped! electron beam in a dispersive section at
PITZ and the first results for various bunch charges. The measurements at
PITZ, which are presented in this thesis, were done with bunch charges up
to 1 nC. The 1 nC measurements were performed using the quadrupole scan
technique and the slit scan technique so that a comparison is possible.

The structure of this thesis is as follows.

The particle beam emittance definition is introduced and discussed in
detail in Chapter 2. The beam dynamics that impacts the emittance is
presented e.g. the beam emittance solenoid compensation. A linear trans-
verse force acting on the bunch is considered an important case, when the

IThe position of a particle within the bunch is correlated to its longitudinal momentum



transverse emittance is conserved. The emittance measurement techniques
relevant to this thesis are presented.

A PITZ facility overview is given in Chapter 3. A short description of
existing and planned diagnostics is presented, typical beam parameters from
the setup simulations are shown.

Chapter 4 is devoted to the slice emittance diagnostics implementation
at PITZ: the description of the components, the temporal resolution of the
setup. The optics read-out system upgrade is given in details in this chap-
ter. The data collection and processing procedures of the slice emittance
diagnostics are presented as an important part of the emittance analysis.

In Chapter 5 the slice emittance measurement results are presented. The
numerical simulation results of the setup are given as a reference for the
experimental studies.

The thesis outcomes are summarized in Chapter 6. Future plans and
experimental capabilities of the setup are reviewed and a list of proposed
measurements is presented.



Chapter 2

Particle beam emittance and
measurement techniques

Emittance is a basic particle beam property that plays an important role
for accelerators. The chapter starts with an introduction of emittance and
different definitions of emittance. Some text is devoted to definitions of
thermal, projected and slice emittance. Beam emittance evolution along
the beamline is another topic of this chapter. The final part of the chapter
contains an overview of emittance measurement techniques that are involved
in the slice emittance diagnostics.

2.1 Beam emittance

One can find original information about emittance in textbooks, e.g. [13, 14].
Let us only summarize the points which are important to follow the study
line of this thesis.

Particle distribution in phase space. An electron bunch distribution
volume in 6D phase space [z,y, 2, Py, Dy, P+| is called emittance. In practice
we are dealing with a bunch of particles and the center of mass of the bunch
is accelerated. The z axis is then chosen to coincide with the direction
of movement in the laboratory coordinate system. One can split 6D phase
space into a 2D longitudinal part [z, p,] and a 4D transverse part [x, y, Dz, Dy)-
In the transverse part x and y planes can be separated if no coupling between
the planes is present.
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Figure 2.1: Divergence of an individual particle.

A phase space type that is applied in experimental studies of emittance
is using divergences x’ and y’ rather than transverse momentum components
p, and p,. In order to distinguish it from the [z,y, p,, p,] phase space it is
called trace space, for more details see e.g. [15].

The relation between 2’ and p, is illustrated by Fig. 2.1 and is explained
below. The longitudinal momentum spectrum spread dp of a bunch is as-
sumed to be small compared to the mean momentum value p. Also the par-
ticles’ longitudinal momentum is typically much larger than the transverse
momentum components. These two considerations result in a transverse
momentum expression via the particle divergence x’ and the beam average
longitudinal momentum p:

pr =2 -p, =2 P (2.1)

The transverse phase space distributions from different z locations along
the bunch can be combined together by integrating over the longitudinal
distribution of the particles. The emittance value that corresponds to the
obtained distribution is called transverse projected emittance. One usually
controls the beam quality in terms of projected emittance.

From now on the term “transverse emittance” will appear in the text as
the word ’emittance’ only, unless it is directly specified differently.

It is convenient to use a statistical (RMS) emittance definition [16] in
experiments. In this case emittance is the area of the particle distribution
RMS equivalent ellipse (Fig. 2.2) in the trace space. The elliptic shape is
coming from circular machines, where any shape of a transverse phase space
distribution evolves into an ellipse while circulating [17]. Usually photo
injector cathodes are homogeneous and a uniform cathode laser spot is a
standard shape. In this case a bunch phase space distribution at the cath-
ode has no correlation and can be characterized with two parameters only:
the spot size and the transverse momentum spread of the emitted particles.
Along the drift a distribution correlation develops. It is highly desired and
all efforts are aimed to keep the correlation linear. The distribution char-
acterization requires then one parameter more. If non-linearities can not
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Figure 2.2: A phase space distribution in {y,y’} and the corresponding
RMS equivalent ellipse.

be neglected an RMS emittance value does not describe the phase space
distribution uniquely.

With three parameters one defines a unique RMS equivalent ellipse. The
ellipse is defined by the following equation:

o2x® — 2{za\w - o' + 022 = &% (2.2)

where 0,/, (x2'), o, are the statistical second order moments of the particle
distribution in trace space.
An ellipse area S in trace space is expressed via the statistical parameters

[17]:
S =my/o20? — (xa')? = me, (2.3)

where ¢ is now emittance.

Eq. 2.3 contains divergence terms dependent on the longitudinal momen-
tum, in such a way that beam emittance is reduced during an acceleration
process. Invariant emittance is obtained via an energy normalization that
results in the definition of RMS normalized emittance [17]:

e = [y o202 — (za')?, (2.4)

where = v/e, 7y is the Lorentz factor. The normalized emittance definition
expressed via Eq. 2.4 is used from now on in this work.



2.2 Beam emittance origin and evolution in
an injector

Initial, also known as thermal, electron bunch emittance originates from the
emission process at the cathode. The cathode is considered to have homoge-
neous emission properties over its complete surface. In this case the bunch
phase space distribution has no {x, x’} correlation. It means only two distri-
bution parameters are required for the emittance evaluation: the transverse
emission area RMS size and the transverse momentum RMS spread of the
emitted particles. Once the cathode material, the cathode surface prop-
erties, and the cathode laser wavelength are defined, there are only minor
effects, which can influence the transverse momentum distribution and its
RMS spread. Therefore emittance can be minimized directly in the accel-
erator by reducing the laser spot size at the cathode. The minimum size is
limited by the bunch space charge for a constant laser pulse length. Once the
limit is reached the longitudinal profile becomes modulated by the reduced
emission capability in the presence of the electric field of previously emitted
particles. This effect is known as a virtual cathode formation. The first
emitted portion of the bunch charge creates a field that can get even higher
than the charge extracting RF gradient at the cathode and the particles can
not escape the cathode surface or they are reflected back to the cathode.
The space charge field decreases while the charge moves away and it allows
to emit another charge portion and the process repeats. As it is mentioned
below the final emittance consists of several contributions and, though the
thermal emittance is reduced, the space charge can induce a dominating
transverse emittance growth. Therefore there must be an optimum of the
laser spot size to obtain the minimal transverse emittance at the gun output,
which is a compromise between the thermal emittance and the space charge
contribution to the transverse emittance value.

The laser pulse duration is optimized to achieve the maximum electron
beam brightness [18]. And therefore not only the bunch charge maximiza-
tion is important, but also one needs to keep the transverse emittance low
simultaneously. A shorter pulse duration means a larger optimum spot size
at the cathode for a constant bunch charge. It results in a higher ther-
mal emittance contribution. A longer pulse duration means a lower thermal
emittance can be reached, but because the difference in the RF field along
the bunch starts to contribute to the resulting projected transverse emit-
tance of the bunch at the gun output, the peak current achievable after

7



bunch compression is limited.
As an intermediate conclusion one states that there are three main con-
tributors to the projected transverse emittance of the bunch:

1. emission process,
2. bunch space charge,

3. RF field.

Thermal emittance originates from the emission process at the cathode.

If the cathode is homogeneous over the emission area the generated beam

distribution in trace space does not have a correlation. The emittance value

is then obtained from 2.4 considering that monoenergetic particles are emit-
ted:

By = —— (2.5)

moc’

[ 2
oy = V<a?>= <(ﬁ> _— (2.6)
p p

From this one derives the thermal emittance expression

1
Eth = m_oco-catho-pty (27)
where 0.4, is the RMS size of a round emission spot on the cathode (laser
spot size for a photo injector), o, is the RMS particle transverse momentum
value in one plane. By substituting the RMS transverse momentum with the
emission energy Ey;, in Eq. 2.7 the thermal emittance can be parameterized
in the frame of an emission model by

E in
oy = 1/ 2mo a’“ (2.8)

with a,, being the model factor between the mean and RMS values of a
particles” momentum distribution. If for example monoenergetic particles
(Ekin) are emitted isotropically in a semisphere then a, = 3 [19]. The

emittance results in
| 2E};
€th = Ocath —m2 (2.9)
QA MOC

8




From Eq.2.9 one sees that to minimize thermal emittance one has to
reduce the emission spot size and the “transverse“ emission energy of the
particles. The emission energy is defined by the cathode material, the sur-
face properties and the laser wavelength of a photo injector. The spot size
reduction leads to a growing role of space charge effects in the resulting beam
emittance. The minimization of the resulting emittance via the laser spot
size is a compromise between the thermal emittance and the contribution of
the space charge.

Space charge and RF fields contribute in a similar way to bunch emit-
tance. In the first approximation the fields are considered linear with the
radial coordinate. The interest in this approximation arises from the fact
that transverse RMS emittance is conserved. Still the projected emittance
can be changing because these linear forces may vary along the bunch.

When linear forces are considered:

Pe = Fp(x) = q(2)x. (2.10)

An assumption is made that particles are monoenergetic and the energy
stays constant. Switching from time derivatives to z coordinate derivatives,
Eq.2.10 can be rewritten

Pz, q(2)

= =
2 2z 2
dz viymy

x. (2.11)

This is a second order non-linear differential equation

2(2) T Q(2)x(2) =0 (2.12)

with Q(2) = —q(z)/v*ymg. This equation is known as the Hill equation.
The initial conditions include the particle coordinate x, and divergence xj,
at z=0m:

z(0) = o, (2.13)
Z'(0) = xp, (2.14)

taking into account 2.13, the function x(z) and its derivative can be repre-
sented as a sum of two components dependent on z

v = 20g(z) +ahh(2), (215)
¥ = x0¢'(2) +xy B (2), (2.16)

9



where functions g(z) and h(z) meet the initial values of
9(0) = 1, ¢/(0) =0, h(0) =0, H'(0) = 1. (2.17)

The coordinate and divergence functions are linearly dependent on the
initial values and these transport equations can be represented by a parti-
cle transport matrix (more about linear beam optics and transport matrix
formalism can be found in [20]):

(;f,) = M, <$,>0, (2.18)

_(9(z) h(z)
M, = <g’(2) h’(z)) . (2.19)

The volume in the space of the new coordinates x,x’ is expressed via the
initial volume times the determinant of the Jacobian matrix J:

dxdx’ = det J dxpdxy = (gh’ — g'h)dxedxg,. (2.20)

where M), is:

Liouville’s theorem results in f(z,2") = f(xo, 2;) The emittance of the trans-
formed phase space distribution can be calculated using formula 2.4, where:

[[ 2® f(x, 2")dxds’

[ f(z,2")dzdx’
oo JS (@0 g(2) + af h(2))* f (wo, ) daoday
B e T S

o2 = (gh' — g'h)

(2.21)
> a1 [[ 22 f(z,2")dxds’
7w = (9l = gh) [ f(z,2")dzdz’
ot — g @00 () WP F o drodsy oo

[ f(xo, x)dwod

[z f(z,2")dxds’

[[ f(z,2")dzdx’
) JJ (o g(z) + x4 h(2)) (0 g'(2) + 7 1 (2)) f (w0, ) dodar
JJ f (o, xp)dzoday .

za’ = (gh' — g'h)

=(gh' —g
(2.23)

10



The expressions above show that the beam parameters RMS size squared,
RMS divergence squared, and position-divergence covariance are linearly
transformed along the beamline in case of linear forces. A beam transport
matrix M, can be evaluated from equations 2.21-2.23:

2 2

Iz Ia

xx' | = My | zz' | (2.24)
2 2

Og Oy 0

where M, is equal to:
g* 2gh h?
M, = (gh' —g'h) | g9 gh+gh hR|. (2.25)
g/2 29lh/ h/2

Therefore a new emittance value from 2.4 equals

et = [y (gh' — g'h)?
((g%02, + 2ghxa’y + h?02) (902, + 29 W xa’y + h%02y)
—(gg'02 + (¢'h + gh)xzz'y + hh a2)?)
= 7 (gh' — g'h) (02607 — T27)
= (gh’' — ¢g'h)*e% (2.26)

if Jacobian (gh’ — ¢’h)? = 1 for any z then transverse emittance is con-
served along the beamline.

The equation of motion for a linear force constant at a certain section
along the particles trajectory turns to a second-order linear differential equa-
tion:

2? (2) + k*x(2) = 0, (2.27)
where k? = —q/viymy.
The particle transport matrix M, in this case equals:
coskz Lainkz
_ 2

M, (—k sinkz coskz ) ' (2.28)

The beam transport matrix M, can be evaluated from 2.25:

cos? kz % coskzsinkz k% sin? kz
M, = | —kcoskzsinkz cos®kz — sin’kz ¢sinkzcoskz |.  (2.29)
k2 sin® kz —2ksinkz coskz cos’kz

11



7 y ‘ X z X z
(@) (b) © (d)

Figure 2.3: (a) and (b): a cylindric beam with a gaussian longitudinal
distribution. (c): three different parts along the bunch that are matched.
(d): the alignment is lost due to the space charge.

The RF fields induce transverse acceleration of the charged particles
as well. In a paraxial approximation these forces depend linearly on the
transverse distance from the axis. In our particular example an RF cavity is
operated with a standing wave. The accelerating electrical field on the axis
is:

E. = Eycoskzsin (wt + ), (2.30)

using the Maxwell’s equations for the electro-magnetic field in free space [21]
one can find that the two components responsible for the field radial force
equal to

k
E, = ?TEO sin kz sin (wt + ), (2.31)
B, = (;—TEO cos kz cos (wt + ). (2.32)
c

Both are linear with r. The final radial momentum obtained from the field
is calculated by integrating the impact of these components along the cavity.

An important qualitative example of a linear force impact on a bunch is
space charge. The space charge transverse force varies along a finite length
bunch and the variation is dependent on the current profile. The most
simple bunch shape to be produced in photo injectors is a cylinder shape.
It is produced by a laser pulse with a homogeneous transverse spot and a
gaussian or a uniform temporal profile: both will result in an electron beam
shape that has the charge density in the longitudinal center higher than at
the beginning and the end of the bunch. In this case the maximum of the
radial space charge force occurs at the middle part of the bunch. Particles of
this part have higher divergence caused by the space charge than those in the
tails. This leads to a mismatch of different longitudinal parts in transverse
phase space and hence the projected emittance grows (Fig2.3). In case of a
uniform laser temporal profile the effect is smaller.

12
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Figure 2.4: Linear and non-linear phase space distribution transfor-
mations of a bunch horizontal cut. Blue solid line - phase space distri-
bution; red dotted ellipse - 6-RMS emittance; grey contours indicate the
initial state before the transformation.

Non-linear transformations of a phase space distribution itself is a com-
plex problem and deserves a separate comprehensive study. Important for
this thesis is that these effects can change the transverse RMS emittance
and therefore have to be mentioned. The effect is considered in two stages.
First, a non-linear transformation of a beam transverse section along X is
presented in Fig. 2.4. The result of the distortion is that the RMS emittance
grows (dashed ellipse), while the geometrical area and the peak charge den-
sity of the phase space distribution stays approximately the same as for the
linear transformation. The complete beam phase space distribution would
look like the 100% case in Fig. 2.5. The figure shows a simulated experiment
where it was possible to associate the low intensity high divergence part of
the phase space distribution with the particles starting in the outer ring of
the transverse profile at the cathode. A short longitudinal part (about a
picosecond) of the bunch was used to exclude longitudinal difference in the
transverse dynamics. Then a circle was placed that fully includes the laser
spot on the cathode. The circle radius was reduced with a certain step and
all the particles outside of it were removed from the phase space distribution
obtained at 5 m downstream. In the result we see that the low intensity part,
which tends to rotate clock-wise when propagating downstream, is reduced,
and when the charge is cut down to 57% only the high charge density part
of the distribution remains, which rotates counter-clock wise. At some point
along the setup these two parts will overlap again and this will be the min-
imum slice emittance. The point of this example is to show that non-linear
transformations change the RMS emittance of a small longitudinal fragment
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Emittance 100% 72% 58% 40% 29% x
Figure 2.5: A progressive cut applied to a transverse phase space

distribution of a beam slice by discriminating the particles, which started
in the outer ring at the cathode.

of the bunch (slice), and the projected emittance is of course affected as well.
Linear forces can change the projected emittance if they change along the
bunch, but the slice local emittance stays constant.

At first glance a flat-top shaped laser with a homogeneous transverse
spot generates a pencil like electron beam that should not experience non-
linear fields in this spatial configuration. But the bunch is distorted by the
space charge in the first millimeters in the cavity in such a way that the
sharp edge is diluted and a finite length charge density transition appears
allowing non-linear space charge to increase emittance.

Let’s switch back to the problem of the slice mismatch due to different
transverse space charge forces applied along the bunch. There is one tech-
nique to compensate the linear space charge contribution to the projected
emittance. It utilizes a solenoid magnet with which an injector is usually
equipped to focus the beam already in the cavity. The experimental tech-
nique was originally proposed in [22]. Describing this effect is not the aim of
this thesis, it is still important to introduce it qualitatively. The schematics
2.6 shows principle stages of the compensation process. Although there is
a strict order of appearance in the figure the processes can not be sepa-

XYy

(a)

Figure 2.6: Projected emittance compensation using a solenoid mag-
net in an injector area.
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rated in time. For a more distinct explanation we have to mention them
as they would happen consequently. The uniform charge distribution from
Fig. 2.3 is drifting from the cathode and the transverse space charge is not
equal along the bunch, which results in a mismatch of the phase spaces as in
Fig.2.6(a). At this point a solenoid focusing is applied. The focussing effect
shows up rotating the distribution clockwise in phase space (Fig.2.6(b)).
The middle bunch part that had a leading divergence now has lower conver-
gence than the edge parts. From this stage the bunch is drifting in a free
space and as mentioned above, we split the pure drift and the space charge
impact into two stages, although they are happening at the same time. An-
other assumption that has to be made is that the particles do not cross the
divergence axis (laminar flow, no cross-over particles). This is true when the
process is highly space charge dominated. Convergent particles of the bunch
in a drift then will lose transverse kinetic energy in the electric field of the
charge, stop and turn to gain transverse momentum in the other direction
Fig.2.6(c). At the same transverse distance from the bunch center they will
get back the same kinetic energy they had just after the solenoid focusing.
This transformation corresponds to mirroring the phase space distribution
across the x axis and does include the first crossing of the phase space dis-
tributions. If the periods of the process for different parts of the bunch are
close to equal a situation occurs where the edge parts have higher divergence
then the middle. At the same time the middle part is accelerated by the
space charge stronger and at some point it can get matched with distribu-
tions of the edge parts again, the second time, see Fig.2.6(d). A projected
emittance compensation example from ASTRA simulations is shown in Ap-
pendix A.1. A double emittance minima structure forms along the z axis
and the corresponding slice orientations in phase space are presented.

The dynamics description above has shown that the projected phase
space distribution might have higher emittance than individual longitudinal
part transverse distributions. In case of full matching with the solenoid
one can expect that the projected emittance is just an average transverse
emittance weighted value along the bunch. A criterium that could show
how well the distributions are overlapped in phase space (the quality of
compensation) would be a measurement of the transverse emittance of the
charge fraction within a longitudinal gate shorter than the bunch length. It
is the same as slicing the bunch into several longitudinal pieces and analyzing
emittance for each one of them separately. Introducing a slice phase space
diagnostics opens a broad variety of new details to discover about the phase
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Figure 2.7: A simulated (ASTRA) optimized projected phase space
distribution of the bunch and of different parts separately. The full
bunch emittance is 0.63 mm mrad; tail - 0.45 mm mrad; middle (highest
current) - 0.62 mm mrad; head - 0.75 mm mrad.

space distribution of the beam.

Slice emittance diagnostics based on using an energy chirped beam after
a dipole for the high-brightness electron beam injector at PITZ is the main
topic of this thesis. With the setup described in Chapter 4 one is able
to measure the beam slice phase space distributions for the pre-optimized
projected emittance with only small change in the accelerator parameters.
Such a measurement can certainly help to understand if the beam needs
any further optimization to minimize the projected emittance and offers
a possibility to minimize the central part slice emittance, that is mainly
affected by the non-linear effects. Fig. 2.7 shows a well optimized full beam
phase space distribution along with the head, center and tail phase space
distributions of the same bunch.
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2.3 Methods for transverse emittance mea-
surements

The discussion above will be completed in this section with an overview
of the emittance measurement techniques which are applied for the slice
emittance diagnostics at PITZ.

The two techniques described here are quadrupole and slit scans. Both
are based upon the beam size measurements for which a variety of techniques
was developed.

2.3.1 Beam transverse profile measurements

A beam transverse profile is defined as the charge distribution in the plane
perpendicular (XY plane) to the flight direction (Z axis). The distribution
is a projection of all the bunch particles on the transverse plane in contrast
to a transverse profile section where only particles at a particular Z position
are taken into account. The beam intensity is measured as a function of the
two transverse coordinates f(x,y).

A beam profile measurement can be conducted using a direct charge
measurement device (e.g. micro-strip detectors) or converters to light (e.g.
scintillative materials, optical transition radiation OTR and optical diffrac-
tion radiation ODR, synchrotron radiation [23, 24], residual gas ionization
[25]) in combination with photon detectors. From the structural point of
view the detector can be a combination of multiple sensitive elements that
allow a single shot measurement. Alternatively position of a single sensitive
element can be scanned to reconstruct the spatial distribution. Sometimes
the converter position is scanned (e.g. wire scanner, variations of this tech-
nique include a laser wire [26]; beam sizes at tens of nanometers scale can
be measured using Shintake monitor [27]).

When an electron beam is converted into photons proper imaging to the
sensor has to be provided. There are three contributors to the resolution in
this case: the converter, the transport, and the sensor.

Common converter screens are based on scintillating material. A scin-
tillator is an insulating material and they can suffer from break through by
the collected charge. This is usually avoided by using a conductive substrate
(aluminum or silicon). The scintillator thickness is chosen to produce the
maximum number of photons per unit of area with the effect of blurring
due to the scattering of particles still being negligible [28]. The resolu-
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Figure 2.8: The 90 (left) and 45 (right) degrees screen geometry
sketch. For the 45 degrees geometry the camera is placed according to
the Scheimpflug rule (see text, or section 4.4).

tion depends on the thickness, the material type (monocrystal, polycrystal,
powder), and the scintillator type (YAG, BGO, ...). Beam parameters like
energy or density are also influencing the resolution ( electron scattering in
the screen material, saturation [29]). YAG screens can be used in 90 degrees
and in 45 degrees geometry (Fig2.8), although in both cases they destruct
the beam.

In the OTR screen the radiation is created directly on the surface. This
fact allows to minimize the beam disturbance by using the 45 degree ge-
ometry of the screen where the backward radiation is emitted into a cone
perpendicular to the beam axis (Fig.2.9). The OTR method in beam diag-
nostics is described in [30].

forward emitted
OTR cone

OTR
screen

backward emitted e~ beam

OTR cone

Figure 2.9: An OTR screen in 45 degree geometry: the forward emis-
sion cone is coaxial with the beam axis; the backward cone is emitted
perpendicular to the beam axis.
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A single electron crossing the OTR screen causes radiation formation
by the mirror charge distributed over a finite transverse area of the screen.
Additionally there is a diffraction contribution due to the limited aperture
of the read-out system €gper¢. As it is shown in [31] the approach results in
the beam size resolution limit of:

A(\)?
5o 20N

~ 2O 2.33
6 In (’y@apert) ( )

where 7 is the Lorentz factor; A is the OTR wavelength used for the imag-
ing; the aperture size is expressed in radians. Some comparison between
scintillating and OTR screen resolution can be found in [29, 32, 33].

Screen positioning at other angles is possible too and can have advantages
for high energy beams [34]. The 90 degree case has the advantage of the
parallel layout of the elements. The Scheimpflug rule [35] has to be applied
for the 45 degree arrangement to avoid problems with depth of focus, if
required. But it can be sufficient to position the camera parallel to the lens
if one only measures small transverse distributions within the depth of focus
on the axis of the optical system (e.g. quadrupole scan). For more details
refer to section 4.4.

2.3.2 Single quadrupole magnet scan

Applying the quadrupole scan method one can measure the phase space dis-
tribution using the tomographic reconstruction [36]. A simplified approach
discussed below allows to obtain only the second order moments of the distri-
bution required for the emittance value calculation. These three parameters
do not define a unique distribution, but the model is well applicable for lin-
ear phase space distributions. In a photo injector phase space distributions
are linear at the cathode and only linear beam transport optics is used. The
non-linearities are first of all induced by the space charge and then by the
accelerating fields and beam optics imperfections.

If fields of a quadrupole magnet are considered linear then the transport
matrix can be derived from Eq.2.29. A method of emittance measurement
can be based on defining the phase space distribution statistical momenta
from a set of beam size measurements. The beam is transported from the
location where the emittance has to be found (z) downstream to a screen
(z1). The beam size is measured for three known transport matrices. The
beam sizes are expressed using the first line of the beam transport matrices
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and the required beam parameters:
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To find the emittance one has to solve this system of equations.

For the quadrupole scan technique the transport matrix consists of a
quadrupole magnet matrix and a drift space matrix. The full transport
matrix is changed by tuning the current of the quadrupole magnet. To keep
the conventional notations we need to introduce the quadrupole strength via
k from Eq.2.12 K = k*. According to Eq.2.10 K = —q/(v*ymy). From the
definition of the Lorentz force [21] we derive

= evG (2.35)

with e - charge of the electron; v - velocity of the electron; G - gradient of
the quadrupole magnet. And therefore

K==r (2.36)

Then the quadrupole magnet transport matrix M, from Eq. 2.28 is equal to:

1 .
M, cos(ﬁlq) \/—Esm(\/flq) ’ (2.37)
—VKsin(VKl,)  cos(vVKl,)
where [, is the quadrupole magnet effective field length [20].
The measurement arrangement includes a drift after the quadrupole. The
drift space corresponds to k& = 0. In this case the transport matrix turns

mto:
1 Ly
(k) 39

where L, is the drift length. To obtain the beam transport matrix of the
system consisting of the quadrupole magnet and the drift space, first, we
derive the separate beam transport matrices using Eq. 2.29 and then multiply
them.
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Figure 2.10: A paraxial particle is focused by a quadrupole magnet
and crosses the on-axis focal point.

Thin lens model. A thin lens model is used to explain the basic prop-
erties of a quadrupole focusing lens. The assumption of this model is that
VK l, < 1. The quadrupole is at z = 0 position. A paraxial particle is bent
and passes the focal point z = f (Fig.2.10). Then the tangent of the con-
vergence angle x’ after the quadrupole is approximated with the angle itself.
On the other hand the convergence angle after the quadrupole magnet is
defined from its particle transport matrix (Eq.2.37):

% —tana’ ~ &’ = —2oVK sin VKI, + ) cos VK, ~ —xoKl,.  (2.39)
Finally the focal length of the thin quadrupole lens is given by:
f= (2.40)
Kl '

Using the focal length we can express the beam size at a distant screen

(Lq meters downstream from the quadrupole magnet) using a combined
transport matrix of the quadrupole magnet and the drift to the screen:
o2 =(1- %)Qai +2(1 — %)Ld@x’} + L3202, (2.41)
where o, is the beam size at the observation screen, o2, (za'), o2, are
second order moments of the beam trace space distribution in the principal
plane of the quadrupole magnet. The derivative of the right part of Eq.2.41
over the focal length equals zero for the minimum size measured at the
screen in the quadrupole current scan. This relation allows to calculate the
optimum focal length of the quadrupole magnet:

I (zaf) 1

fopt B 0'% Ld.

(2.42)
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Substituting the focal length with the optimum value in Eq. 2.41 one obtains

the minimum size oo

_ La (2.43)
VB0,
where ¢ is the normalized emittance of the beam in the quadrupole magnet
principle plane, § is a relative velocity, v is the beam Lorentz factor (the
energy spread is neglected).
The size at the observation screen is affected by the bunch energy spread
due to the quadrupole magnet chromatic effects. A quadratically added
momentum spread contribution o.,, to the measured size can be obtained

from Eq.2.41 by introducing to it a relative momentum spread dp/p of the

bunch:
2 L
Terr = \/%W/pl <fd> O, (2.44)

where L, is the drift length between the quadrupole magnet and the screen,
fav 1s the quadrupole magnet focal length for the mean momentum value,
0, is the beam size at the quadrupole magnet principal plane.

Several conclusions can be drawn concerning the quadrupole scan from
this model:

min
scr

e higher energy of the beam with the other parameters being constant
results in smaller beam sizes at the screen;

e a smaller minimum beam size value is achieved for shorter distances
between the quadrupole magnet and the screen;

e The size in the quadrupole principal plane can be controlled with the
optics upstream of it, meaning that the minimum beam size is also
proportional to its normalized emittance;

e the quadratically added chromaticity contribution to the beam size is
proportional to the relative momentum spread.

2.3.3 Slit scan

A bunch phase space distribution can be reconstructed with the following
approach. A slit is moved across the bunch. The slit cuts out a portion of
the charge small enough that the space charge contribution to the divergence
is negligible. After the slit the particles drift some distance L; and diverge
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Figure 2.11: Slit scan procedure

to a distribution that is significantly larger than the slit opening. The ob-
tained distribution represents a local divergence profile. By shifting the slit
across the beam one obtains the divergence distributions for all transverse
coordinates. The x — x’ correlation is obtained from the divergence distri-
bution position on the observation screen. The phase space distribution is
reconstructed by stacking all the distributions together in the trace space
(Fig.2.11).

The slit opening is chosen as a compromise between the space charge
induced divergence change and the obtained image intensity. In the perpen-
dicular transverse direction the slit is large enough to let the whole beam
pass. The same pattern rotated by 90 degrees is used for the measurements
of the beam emittance in the orthogonal transverse plane. The trace space
distribution is obtained by scanning the slit position across the bunch. One
can also combine many slits at the same beam mask. In this case it is a single
shot measurement. The disadvantage is that the slit distances are fixed with
the possibility of overlapping of the slit images. Later unfolding of the con-
tribution of different slits requires to fit distributions to the measurement.
This usually underestimates the real divergence. At PITZ a single slit scan
is preferred because the full divergence distribution is directly measured. It
allows to calculate the RMS size of the distribution, and not the size of the
assumed distribution, but assumes pulse to pulse stability.

The following equation shows contributions to the beam size at the obser-
vation screen after a drift space of length L,4, calculated with the transport
matrix represented in Eq.2.29 for k=0 and Az = Ly

02 =02y +2Lg < xoxy > +L302,. (2.45)
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On the observation screen the beam part that has passed through the slit
mask forms a distribution with an RMS size o,. There are three contri-
butions to this value depending on the beamlet properties: 0,9 - RMS size
defined by the slit size, < xoz( > - position divergence correlation at the
mask position, o, - divergence. The slit size is kept small compared to the
final size on the observation screen so one can neglect it. The second term
contains the beamlet correlation that converges to zero at zero slit size. The
last term is the divergence spread multiplied by the drift length squared.
With a properly chosen drift length the third term strongly dominates in
Eq. 2.45 and one can obtain the local divergence spread o,/ from:

2
2 O—

The narrow slit opening on Fig. 2.11 is along the x axis. Ax,.,;/Lg is a
mean local divergence, while o,,,; - the beam local divergence spread. To
reconstruct the trace space distribution one has to put the projections on a
2D histogram at the coordinates x1, Azpro;/La.
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Chapter 3

The Photo injector test facility
in Zeuthen

The Photo Injector Test facility in Zeuthen (PITZ) is the DESY center for
electron source characterization and optimization [8]. Since 2004 two elec-
tron guns from PITZ have been installed at FLASH (Free electron LASer
in Hamburg) [37], DESY’s running facility delivering high brilliance photon
radiation down to 4.45nm wavelength. PITZ is also developing the elec-
tron source for the European XFEL project [38]. The required transverse

projected emittance value for 1 nC bunches in the injector is 0.9 mm mrad
(100% of charge) [39], which was already demonstrated at PITZ [8, 40, 41].

3.1 Photo cathode laser system

PITZ requires a state-of-the-art laser system to be able to generate electron
bunches with the required properties. The unique laser installed at PITZ
[42] produces temporally shaped UV pulses with high repetition rate of 1
MHz. The pulses are organized into bunch trains at 10 Hz repetition rate,
where each period can contain up to 800 laser pulses (Fig3.1).

PITZ is a test facility and therefore the laser system here is also a pro-
totype considered for the European XFEL. The basic part is a Yb:YAG
infrared laser with multiple amplification stages and a pair of frequency dou-
bling crystals to obtain UV output. The distinguishing feature of this laser
is a temporal pulse shaper. Short oscillator pulses are stacked together to
form a temporal flat-top shape with an FWHM duration of up to 22 ps, with
rise and fall times of ~ 2ps (Fig.3.2). At the output the laser system can

25



up to 800 pulses

| <

1 MHz pulse rep. rate 100 ms t

>

Figure 3.1: Time structure of the photo cathode laser pulses

deliver up to 10 uJ per pulse. It is required to illuminate the cathode with
up to 0.5 udJ to produce 1 nC bunch charge considering a cathode quantum
efficiency down to about 1%. The spot size at the cathode is controlled by a
beam shaping aperture (BSA), which is imaged onto the cathode. The laser
transverse intensity field in front of the aperture has a very wide gaussian
shape, therefore allowing the part passing the opening to be rather homoge-
neous over the profile. At the BSA part of the laser energy is cut. The fine
tuning of the laser energy on the cathode is done with an attenuator.
Because the laser is a critical component for the photo injector perfor-
mance, stability of all laser parameters is monitored e.g. the transverse
profile and intensity diagnostics of the laser beam is shown in Fig. 3.3. Some
laser diagnostics is used in a parasitic mode to observe the parameters,
other can be used only with the laser beam dumped in the diagnostics sec-
tion. First of all one has to control the transverse and the longitudinal laser
shape. For the transverse shape monitoring there are UV sensitive cameras
on the laser table and in the gun neighborhood. There is exactly the same
optical path to the cameras near the gun as to the cathode itself to ensure
identical imaging. The laser transverse profile can be observed constantly
using a quartz splitter and a subsidiary optics beamline. One more camera
is situated at the end of another optics line that gets the light from a mir-
ror. The mirror can be remotely moved in and out of the main optics line

Figure 3.2: Typical flat-top temporal laser shape created by stacking
short gaussian pulses.
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Figure 3.3: A scheme of the laser transverse profile and intensity
diagnostics.

to the cathode. This allows to measure the beam profile with the smallest
distortion.

It is a challenge to measure the longitudinal intensity distribution of
picosecond light pulses, especially when they are in the UV range.

At PITZ there are two means of measuring the profile. Typically longi-
tudinal pulse profiles are measured with an optical sampling system (OSS)
which was developed as an integrated component of the laser [42]. This sys-
tem uses a train of e.g. 550 pulses to sample the UV laser pulse longitudinal
shape. It is done by a correlation method in a non-linear crystal where a
shaped UV pulse meets an original short IR pulse of the oscillator and the
difference frequency of both pulses is generated. The relative time between
the pulses is scanned and the resulting intensity of the combined pulse of
green light reconstructs the local UV pulse amplitude. It is assumed that all
probing IR pulses and all sampled UV pulses have the same amplitude. The
temporal resolution is about a picosecond (IR pulse duration). Disadvantage
of the system is that the laser beam is fully utilized for the measurement
and not available at the cathode during the measurement.

A streak camera can be used in parasitic mode for the laser longitudi-
nal profile measurements at PITZ. It delivers a resolution of ~ 3 ps and is
capable to measure the profile of a single pulse.
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A standard CCD camera is not fast enough to record the profile of each
pulse in the laser multipulse train mode. But the intensity and the pointing
stability can still be monitored with 1 MHz. At PITZ a photomultiplier
is used for the intensity measurements parallel to the injector operation.
The same is true for a quadrant diode that is used to monitor the pointing
stability of the laser at the cathode equivalent position. At PITZ the laser
transverse shape drifts over time. For this reason a special measurement
approach was developed to take the laser transverse profile into account for
the quadrant diode measurements [43].

For more details about the laser diagnostics and the influences of the
laser properties on the electron beam see [44].

Wavelength 257 nm
Temporal shape flat-top
FWHM duration 22 ps
rise and fall times 2 ps
Transverse shape flat-top
Transverse laser RMS spot size | 0.0-0.5 mm
Pulse repetition rate 1 MHz
Max number of pulses in a train 800
Pulse energy <10 pd
Train repetition rate 10 Hz

Table 3.1: Main laser system parameters.

3.2 RF gun

Fig. 3.4 shows the 3D model of the gun cavity and the solenoids. The PITZ
RF gun is a normal conducting 1.6 cell L-band RF cavity (1.3 GHz). The
body of the cavity is made of copper and the inner surface is dry ice cleaned.
The dark current is less then 200 uA at the full power that corresponds to
a peak accelerating gradient of 60 MV /m [45]. On the front side a coaxial
coupler is placed to feed the power. The cathode is situated on the back
side of the cavity and can be replaced with a special exchange system.

The solenoids are used for beam focusing and emittance compensation.
The main solenoid creates a focusing field, the bucking compensates the field
on the cathode.
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Figure 3.4: Electron gun cavity at PITZ

The RF system consists of a 10 MW Klystron and two waveguide lines
which later are combined just in front of the coaxial gun cavity coupler.
First the RF regulation was based upon two directional couplers in both
RF waveguides in front of a T-combiner. This system had a poor phase
stability. A unique 10 MW in-vacuum directional coupler together with a
new LLRF system was installed at PITZ in 2010 and showed significantly
higher efficiency of the feedback regulation and therefore better parameter
stability. The new coupler is placed between the T-combiner and the coaxial
coupler of the gun. It allows to measure the forward and reflected power
directly at the gun input.

The gun cavity has a regulated water cooling system that keeps the
cavity in resonance at up to b0kW average power dissipated in the gun
walls. The required temperature stability is < 0.01 C° RMS which is not
yet fully reached. The cavity has experimentally shown operation with a
peak gradient of 60 MV /m at 700 us RF pulse duration.
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Figure 3.5: Beam size and emittance versus position from the cath-
ode for different solenoid currents for the optimized PITZ setup (AS-
TRA simulation: charge 1nC, flat-top laser profile with rise/FWHM /fall
times of 2, 21, 2ps respectively, transverse RMS laser spot size at the
cathode 0.39mm) are shown in the upper plots. Lower plots represent
results for the setup without the booster cavity.

3.3 Booster cavity

The beam energy reaches about 6.7 MeV in the gun. Fig. 3.5 shows the beam
size and emittance development along the beampipe for the setup with and
without the booster module for 1 nC bunch charge. The beam 5o size should
not exceed the beampipe diameter of ~40 mm. The beam size is kept within
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Figure 3.6: 3D model of the TESLA cavity at PITZ

that limit for longer distances at different solenoid currents due to a focusing
effect and reduction of particles divergence by the longitudinal acceleration.
It is important also that the space charge forces decrease as 1/v%. The emit-
tance minima are wider along the z axis, therefore measurement elements
positioning accuracy requirements are more relaxed.

The PITZ setup contains diagnostics along a 20m long beampipe. As
it can be seen from the figure the beam size explodes and the usable setup
length can be rather short if no further acceleration or focusing is applied
after the gun. With presence of a second accelerating module it is also pos-
sible to generate energy-chirped bunches. The last possibility is extensively
used for the slice emittance measurements described in this work.

In the slice emittance measurement process two different booster cavi-
ties were involved. The setup was designed for a cut disk structure (CDS)
booster, but the full commissioning process was performed with a TESLA
type booster. Information about both of the cavities is given below.

3.3.1 TESLA

The FLASH accelerator is based upon TESLA type cavities. These are
1.3 GHz superconducting niobium cavities. The same geometry was taken
as a basis for the first energy boosting cavity that was installed at PITZ [46],
but which was produced out of copper. The cavity has 9 cells, is 1115 mm
long, and can reach a peak gradient of about 14 MeV /m for an RF period of
up to 50 us restricted by the poor water cooling capabilities of this cavity.
The beam energy reached 14.6 MeV after the booster at the RF pulse length.
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Figure 3.7: 3D model of the CDS cavity at PITZ

The cavity has only one RF power input through a slot in the middle cell.
This asymmetry produces a dipole field mode in the cavity.

3.3.2 CDS

The CDS booster [47] is the successor of the TESLA type booster. The
main upgrade is in the cooling system efficiency that allows now to run with
the maximum power over the full RF pulse length of 800 us. The length of
the cavity is about 1.5 m. Among other advantages are a higher accelerating
gradient, integrated field probes, which allow direct measurement of the field
profile, better stability that can be even more improved via regulation based
on the field probes, and symmetric power input ports, which cancel out the
dipole mode of the perturbation field. The maximum beam energy reached
on the output is ~25MeV.

3.4 Diagnostics

A schematic of the PITZ diagnostics is shown in Fig. 3.8. The scheme can
be divided into two main parts: a low energy section before the CDS booster
cavity (beam energy up to 6.7 MeV), and the rest of diagnostics in the high
energy section (beam energy up to 25 MeV).

The low energy section starts with the gun itself and the main and buck-
ing solenoids around it. There is a screen station next to the gun and the
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solenoids that also contains a Faraday cup. Then a spectrometer for the
beam momentum distribution measurements follows. Two further screen
stations are placed between the spectrometer magnet and the booster in-
put. All together there are four screen stations installed in the low energy
section, two of them possess Cherenkov radiators with streak camera read-
outs for the bunch length and the longitudinal phase space measurements.
There are three beam position monitors (BPM), an integral current trans-
former (ICT), and six beam trajectory correcting dipole magnets (steerers).

The high energy section starts with a BPM, two steerers, a quadrupole
doublet, and an ICT. The first emittance measurement system (EMSY1)
is situated next after the ICT. More details are available in the next sec-
tion. A screen station with a streak readout follows EMSY1. There are a
BPM, a pair of quadrupole magnets that forms a quadrupole doublet and a
steerer between the EMSY1 and EMSY2. The second emittance measure-
ment system is similar to the first. Downstream from EMSY2 there is a
180 degrees dipole, that is used as a high energy spectrometer and also for
the slice emittance measurements with an energy chirped beam. Following
the beam orbit downstream the straight section one sees a steerer, a couple
of screens stations with an ICT in between, and a wire scanner. Next to
it one sees a steerer, a quadrupole doublet, many quadrupole magnets and
screens which form a matching section and following it a tomography mod-
ule. At the end of the beam line there are several diagnostics components:
a wire scanner, EMSY3, a spectrometer dipole, a screen station, a BPM,
an ICT and a beam dump. In the high energy dispersive section after the
180 degrees dipole there is a slit cutting the beam in dispersion direction, a
quadrupole magnet, a screen station with the streak readout, another screen
station and a beam dump.
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Figure 3.8: PITZ test beamline used for the slice emittance investi-
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3.4.1 EMSY

The Emittance Measurement SYstem (EMSY) was originally the first hard-
ware dedicated for emittance characterization at PITZ [48]. The device is
based on the slit scan measurement method of projected emittance (see sec-
tion 2.3.3). At the position of EMSY two perpendicular actuators and the
beamline form an orthogonal system (Fig.3.9). Each actuator is carrying
the slit masks with slit widths of 10 um and 50 yum. The small opening of
the slit masks is in the actuator movement direction. The slit that moves
horizontally is used for the horizontal (X) beam emittance measurements
and analogously for the vertical actuator. Additionally each actuator has a
screen (a YAG powder screen or an OTR screen). The EMSY station has
also two rotational stages to optimize the charge transmission through the
slits.

PITZ has three EMSYs along the beam line after the booster. EMSY?2
is involved in the slice emittance measurements and the measurement setup
is shown and discussed in details in section 4.1.

3.4.2 The first high energy dispersive arm (HEDA1)

The first energy dispersive section of the high energy part was designed
as a multi-purpose system. The equipment allows measuring the momen-
tum spectrum with a high resolution, as well as longitudinal phase space
measurements and slice emittance measurements using an energy-chirped
beam. The list of the diagnostics line components consists of a vertical po-
sition filtering slit, a quadrupole and two screen stations with the first of
these having a streak camera read-out. All details about the slice emittance
measurements with the dipole can be found in section 4.1. Here a short
introduction is given only.

3.4.2.1 The dipole

The 180 degrees dipole [49] is used as a dispersive element with a reference
trajectory radius R = 300mm. The dispersion D is 600 mm and is con-
stant along the beamline after the dipole exit. A 2.7 meter long diagnostics
beamline of the dispersive section is compactly situated right under the main
beamline. Another advantage of this geometry is that the integrated mag-
netic field experienced by the particles does not depend on the transverse
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Figure 3.9: A sketch of EMSY1 and similarly built EMSY?2 actuators
in the vacuum vessel: on the horizontal actuator there are a YAG screen
positioned orthogonally with respect to the beam axis and a 45 degree
mirror, and two slits with a small opening in X; on the vertical actuator
there are a 45 degree OTR screen and slits with a small opening in
Y. EMSY3 has multislit masks on both actuators instead of the 50 ym
single slit masks.

entrance point within the input beampipe size. More information is given
in section 4.1.

3.4.2.2 The momentum filtering slit

A momentum filtering slit is used to cut out a small part of the beam which is
spread out laterally by the dipole, thereby selecting a part of the momentum
spectrum. The slit has a 5 mm opening in dispersive direction. The slit width
is a compromise between the setup resolution and the resolution constancy
over a range of solenoid currents. The slit is situated 20 cm downstream
from the exit of the dipole.
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Table 3.2

Parameter H1Q3 | D2Q2
Bore diameter, mm | 40 80
Effective length, mm | 43 226
Max. current, A 12 16.6
Max. gradient, T/m | 8 2

3.4.2.3 Quadrupole magnet

The parameters of the quadrupole magnets, involved in the slice emittance
measurements at PITZ, can be found in Table 3.2. H1Q3 is the quadrupole
in front of the dipole and D2Q1 corresponds to the magnet in the 180 de-
grees dipole dispersive section. The magnets calibration results are given in
Appendix B.1.

3.4.2.4 Screen stations

In the second dispersive section there are two screen stations: Disp2.Scrl
and Disp2.Scr2. Both are equipped with big YAG:Ce powder screens and
OTR screens (an aluminum foil). The YAG screen dimensions are 80 mm
by 60 mm and they are positioned with an angle of 45 degrees relative to the
beam axis. The OTR screens are 60 mm by 60 mm and are also 45 degrees
tilted with respect to the beam direction.

The first screen station possesses a streak camera read-out for longitudi-
nal phase space measurements. It consists of an aerogel Cherenkov radiator
and a light transport system (optics line length of 20-25m) to the streak
camera. For more details see [50].

3.4.3 Longitudinal beam diagnostics

The longitudinal phase space diagnostics is based on aerogel Cherenkov ra-
diators and a streak camera [51]. The longitudinal phase space measurement
can be done in two dispersive sections - in the low energy dispersive section
downstream the gun, and in HEDA1. The streak camera [52] sweeps the
temporal profile perpendicular to the dispersion direction. 2D images from
the camera represent the longitudinal phase space. The topic is described
in detail in [50].
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3.4.4 Tomography module

The transverse phase space tomography module was installed in 2010 and is
successfully in use at PITZ since 2011 [36]. The basic structure includes four
screen stations and the quadrupole magnets in between placed periodically.
The quadrupole magnets are set to get a phase advance of 45 degrees between
the screen stations. The advantage of the tomography is the simultaneous
measurement of the emittance in both planes, and reconstruction of the
phase space distribution.

3.4.5 Future diagnostics upgrade at PITZ

PITZ has recently upgraded to the next stage that includes a deflecting
cavity and a new multi-purpose high energy dispersive arm (HEDA?2).

3.4.5.1 Deflecting cavity

With the help of the deflecting cavity which will be installed upstream of
the tomography module several diagnostics can be applied to perform mea-
surements on a temporal fraction of a bunch. These are emittance and
momentum spread diagnostics that will turn into slice emittance and slice
momentum spread. The cavity itself is a 3 GHz RF cavity with vertical
deflection that will provide time resolution down to 200 fs [53].

3.4.5.2 Second high energy dispersive arm (HEDA?2)

A third spectrometer will be placed at the end of the setup [54]. The main
purposes include the momentum distribution measurements, especially for
sets of pulses chosen out of long pulse trains with a help of a kicker magnet,
and high resolution slice momentum spread measurements together with the
deflecting cavity. The radiation safety requires that the full electron bunch
train can only be stopped in a specially designed and shielded beam dump.
For this reason the main part of the charge has to be returned to the main
beam dump after the dispersive section. HEDA?2 is composed of three dipole
magnets. The first is the spectrometer dipole, the other two bring the beam
back to the straight section in front of the dump (Fig. 3.10).

The beam is deflected with the first dipole from the straight beam line in
the horizontal plane (X plane). This part of the dispersive section contains
an off-axis screen for the momentum measurements. Because of high energy

38



to the beam dump

Dipole #3

Screen station

Quadrupole 4
Screen station

Quadrupole
doublet

Dipole #1 %

Screen station Beam entrance

Figure 3.10: 3D drawing of the second dispersive section setup

deposition and radiation production one can not direct all the pulses from a
full bunch train at up to 800 us length to the screen. Instead there is a kicker
in front of the dipole in the straight section that produces a vertical kick
of bmrad. The kicker is fast enough to separate any single pulse from the
train. The kicked fraction of the pulse train is deflected towards the screen.
The remaining bunches will follow a reference orbit through the second and
the third dipole. After that the beam gets back in the straight section and
enters the beam dump.

Combining the spectrometer with the deflecting cavity will allow slice
momentum spread measurements with a resolution down to 1keV/c [54].
The deflection is going to be applied in vertical direction, therefore the
dispersive section is designed to bend the beam in the horizontal plane. The
detailed longitudinal phase space pictures can be obtained at the first screen
in the dispersive section: the beam spectrum appears along the horizontal
axis, the time along the vertical axis.

In the return path between the second and the third dipoles HEDA2
contains another screen station. With the introduction of a quadrupole
between the second and third dipoles it becomes possible to measure the
vertical transverse slice emittance at the second screen (in HEDA1 the hori-
zontal transverse slice emittance is measured). There is an EMSY in front of
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the first dipole that can be used for comparable transverse emittance mea-
surements using the slit scan technique. The main design parameter was
to have a dispersion of 600 mm at the analysis screen as for HEDA1. The
momentum filtering slit is included in the first screen station.
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Chapter 4

Slice emittance measurements

using an energy-chirped beam
at PITZ

4.1 Slice emittance measurement method us-
ing an energy-chirped beam

High-gain free electron laser output power is proportional to the bunch cur-
rent squared [55] and therefore the bunch compression stage is introduced
to boost up the peak current. For the multi stage High-Gain-Harmonic
Generation (HGHG) scheme of the BESSY FEL one requires longitudinally
flat-top shaped electron bunches passing a sequence of radiation undulators,
meaning that compression is aimed to boost the current up but keeping the
shape generated in the injector (PITZ gun was considered as a source) [56].
The radiating part of the bunch is much shorter than the full length. This
allows every next radiation stage to utilize a different “fresh* longitudinal
part of the bunch. In this scheme the slice emittance after the compression
stays relevant to the situation after the gun.

Fig. 4.1 demonstrates how an initial gaussian electron bunch with FWHM
of about 10 ps (solid line indicates the current profile) is squeezed to a 100 fs
spike and a much longer tail at FLASH [57]. The bunch transverse emit-
tance (dotted line) has a longitudinal structure after the gun as well as
after the bunch compressor. When one investigates the transverse emit-
tance influence on SASE FEL radiation output power only the current spike
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Figure 4.1: Schematics shows the electron bunch longitudinal current
(orange solid line) and emittance (blue dotted line) profiles after the gun
and after the bunch compressor. The upper line of the plots corresponds
to a gaussian temporal profile of the cathode laser in the photo injector
(current setup at FLASH). The bunch profiles after the gun were sim-
ulated using ASTRA, the profiles after the bunch compressor are taken
from [58]. The lower plot after the gun shows simulated profiles for a
flat-top temporal profile of the laser at the cathode.

charge transverse emittance plays a significant role [55]. A slice emittance
diagnostics was integrated into the FLASH setup [58] to study cases under
different accelerator conditions. The situation cardinally changed with the
installation of a third harmonic cavity to linearize the longitudinal phase
space before the bunch compression stage [59]. In this scenario higher peak
currents can be achieved and the longitudinal structure of the bunch with
its properties, like transverse emittance, should be better conserved in the
compression process.

In case of the European XFEL [39] the bunch transverse emittance after
the photo injector is already larger than the contribution of the transport
downstream to the undulator including compression stage, and therefore
the beam studies have to concentrate on the control and minimization of
the transverse emittance directly at the injector.

The PITZ facility has exactly the aim to optimize beam conditions to
obtain the minimum transverse projected emittance. Projected emittance
value is an upper limit of the transverse emittance contribution, because
as one experiences from the setup simulations transverse emittance has a
longitudinal structure (lower left plot in Fig.4.1). Applying a slice emittance
diagnostics already at the injector can help to take a closer look at the
projected emittance compensation process as well as to obtain the transverse
emittance structure along the bunch with a certain resolution.
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Figure 4.2: A sketch explaining the phase relation between a bunch
and the booster cavity accelerating field: on-crest corresponds to the
maximum mean momentum gain; a negative shift of the field phase
results in the bunch head getting higher momentum than the tail; in
case of a positive phase shift the tail gets more energy than the head.

Measuring slice emittance enables to analyse the emittance of the parti-
cles within a well defined temporal window shorter than the bunch length.
It is like cutting the bunch into longitudinal slices (parts) and measuring the
emittance of each slice separately. This work is devoted to an implementa-
tion of the slice emittance measurement technique downstream the RF gun
cavity at PITZ. The method uses an energy chirped beam and a dipole [60].

The slice emittance measurement can be divided into two processes that
can overlap in time or follow one after the other:

e separate a fraction of the bunch (a longitudinal slice),

e measure the emittance.

Splitting a portion of the bunch charge that corresponds to a longitudinal
slice proceeds in the following way. The longitudinal momentum of the
particles is correlated to the longitudinal position within the bunch. This
correlation is introduced via an off-crest acceleration in the booster cavity
(Fig.4.2).

With this correlation the longitudinal distribution of the bunch can be
turned into a transverse one inside a dipole magnet. After the dipole a
momentum range is cut out with a slit that corresponds to a longitudinal
slice of the bunch. After that the slice transverse size or the slice beamlet
(in slit scans) is measured on a screen downstream. The data is used to
obtain the bunch emittance.

Most of the slice emittance diagnostics have this in common: the bunch
longitudinal distribution is converted into a transverse one first. Hence only
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Figure 4.3: Simplified schematic of the PITZ slice measurement setup
using an energy chirped beam after the dipole.

one transverse component of the slice emittance can be studied at the same
time.

At PITZ the slice emittance setup is based upon an offcrest accelera-
tion in the booster cavity, the 180 degrees dipole (HEDA1), which turns the
longitudinal distribution into a transverse one, EMSY2 and two quadrupole
magnets for the emittance measurements (Fig.4.3). The dispersion occurs
in the dipole along the vertical Y axis and the horizontal X emittance com-
ponent is measured.

The measurement starts from setting up the electron injector. The cath-
ode laser temporal and transverse shapes are chosen and fixed. The bunch
momentum versus gun phase needs to be characterized first and the phase
for the measurement adjusted. At this phase the charge is set to a required
value by means of the photo cathode laser intensity. The phase of beam
maximum momentum gain (on-crest phase) of the booster is found. At this
point an off-crest phase is set. There are several considerations one has
to take into account when choosing an off-crest phase value for the slice
emittance measurement. For diagnostics purposes negative (the minimum
momentum spread phase has a positive phase offset) phase offsets are used
in general. In this way the bunch head gets more energy gain than the tail.
An opposite phase offset leads to bunch compression and only then to an
expansion. Anyhow slice emittance measurements are also possible in this
mode. A stronger off-crest mode introduces larger momentum spread with a
lower mean momentum (Fig. 4.4). The off-crest phase is chosen to optimize
the time resolution (see section 4.3). A counterargument for going too much
off-crest is a wider momentum spread that is reducing the individual slice
intensity and introducing broader energy spread within a slice. Running at
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Figure 4.4: The simulated beam longitudinal phase spaces for a set of
booster phases. The evaluation is done for a 1nC bunch, 20 ps FWHM
long laser pulse at the cathode, rise and fall times are 2 ps.

off-crest phases is not the standard regime of operation, still the minimum
slice emittance does not change significantly according to simulations with
the space charge tracking using ASTRA [61] (Fig.4.5). All the simulations
in this thesis assume the solenoid calibration given in Appendix A.1.

The dipole turns the energy-chirped bunch momentum distribution into
a transverse one. A slit at the dipole output separates a portion of the
bunch charge that corresponds to a certain momentum range and therefore
a specific longitudinal slice. The momentum calibration of the slit with
the dipole current is done for a reference trajectory, when a particle enters
the dipole on axis with zero angle with respect to it. If the trajectory is
different one needs to introduce a correction that can be derived using the
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Figure 4.5: Slice emittance solenoid scan with different booster off-
crest phases. (a) Average slice emittance. (b) Emittance of the peak
current slice.
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dipole transfer matrix from [14] (vertical deflection):

x 1 s 0 0 0 x

! 01 0 0 0 7'

y =10 0 cos(3) Rsin(y) R(1—cos(g)) y |, (4.1
Y 0 0 —fsin(3)  cos() sin (%) Yy

% 0 0 0 0 1 ey

where R - the designed trajectory radius, s - the trajectory arc length, the
index ’e’ denotes the entrance parameters of the particle.

The particle momentum is defined by the y position at the slit. There is
a drift L between the dipole exit and the slit. Multiplying the matrices and
applying the 180° rotation angle of HEDA1 dipole s/R = 7 one gets

T 1 s+L O 0 0 z

x’ 0 1 0O 0 0 x

yl=10o o -1 -L 2r|]|Yy (4.2)
' 0 0 0 —-1 0 Yy’

Sp Sp

: 0 0 o0 0o 1)\Z)

The vertical axis does not change its direction after the bend. A particle
with p = py has

Ay = y. + Ly, (4.3)
where now Ay can be used as a correction for the beam position and diver-
gence at the dipole’s entrance. In real life we deal with bunches of particles
and the reference screen cannot always be put into perfect position, and
there is no possibility to set a screen exactly at the dipole entrance. Lets
assume two screens around the dipole in the straight section. There is no
steering applied in between the screens. The dipole entrance is L; away from
the first screen, the screen-to-screen distance is L. L is, as before, the drift
length from the exit of the dipole to the slit. The beam center positions on
the screens then are y;, 2. Assuming straight trajectories of the particles
we obtain:

/ Y2 — W1
= 4.4
ye L2 ) ( )

Ye = (n+y.- L) (4.5)
Now we can obtain the correction from Eq.4.3 in terms of the measured
positions and known distances:
Y2—W
L,

Ay =y, + (L1 + L). (4.6)

46



The beam vertical position after the slit has to be corrected by subtracting
the value from Eq. 4.6 before it is recalibrated into momentum.

The field flatness of the dipole is better than 1/1000 over trajectories
within a range +40 mm around the reference trajectory (R = 300 mm) [62].
Therefore a simple proportion can be used to estimate the transverse distri-
bution size at the dipole exit:

YrMms = PRgs 2R. (4.7)

The momentum RMS spread reaches e.g. 7 percent of the mean momentum
value with -60 degree in the booster. That corresponds to a transverse RMS
size of 42mm at the dipole exit.

There are two approaches available to measure emittance with this setup:
the slit scan technique with the slit mask in front of the dipole, and the
quadrupole scan method using the quadrupole magnet in the dispersive sec-
tion or the quadrupole in front of the dipole. Fig.4.6 shows equivalent
straight distances for each case of the measurement.

Both procedures are repeated for each slice that is chosen by setting a
certain dipole current. The inner scan procedure changes the EMSY slit
position or the quad current and saves the profiles from the screen.

Slit scan with EMSY2. EMSY2 is situated about 1.5m downstream
from EMSY1 (nominal location for projected emittance measurements) right
in front of the dipole. The horizontal slit mask position is scanned along
the X axis. The portion of charge that passes the slit has strongly reduced
transverse space charge interaction along X. Due to a significant difference
in the trajectory length of the particles within the dipole the bunch length
is additionally stretched, and hence the space charge becomes relaxed even
more.

Scanning in a wide range of beam RMS divergences (i.g. wide range of
gun solenoid currents) requires a certain horizontal field of view at the ob-
servation screen. For the optimum operation with 1 nC one needs to expect
X RMS beam sizes at the screen up to 3 mm at the Disp2.Scr2 position for a
solenoid current of 390 A (Fig. 3.5a assuming about 9.7 m equivalent position
of the screen). On the other hand resolution has to be taken into account.
The slit mask projection to the screen at the solenoid current 390 A has an
average RMS horizontal size of down to 100 um. The largest beamlet size is
obtained for the beam size focus on the slit mask. Based on an interplay of
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Figure 4.6: Equivalent straight beamlines representation for emit-
tance measurement using: (a) EMSY in front of the dipole; (b) the
quadrupole in front of the dipole; (c¢) the quadrupole after the dipole
(the 180° dipole is treated as a drift space for X transverse dynamics).

these effects one has to choose a magnification that allows to capture a wide
enough view angle in horizontal plane and still resolves an expected beam
size of about a hundred micrometers.

The slit imaged by the beam onto the observation screen moves with the
mask. The beamlet position shift on the screen Axpeqmier With the slit step
from a position x; with a local average divergence x| to x5 with a divergence
xh is defined as

Axbeamlet =29 — 21+ (.73/2 - x/l) * Ldrift> (48)
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Figure 4.7: A measurement example with a post-processing fit.

where the last term represents the correlated divergence and can be both
positive and negative.

Emittance scan using a quadrupole before the dipole. A quadrupole
doublet is located in the straight section about a meter upstream from the
dipole and one can measure slice emittance using a single quadrupole from
the doublet.

For quadrupole scan measurements emittance value is obtained by fitting
the beam size as a function of the quadrupole strength. The squared beam
size dependence on the quadrupole strength £ is a parabola like function
(Fig.4.7) that is fitted using three RMS beam parameters o2, < zz’ >, o2,
which define an equivalent RMS ellipse. In general the fitting problem is
formulated below using transport matrices of the quadrupole and of the drift
space to the screen and a fitting parameter vector {02, < za’ >q, 02, }:

U%l Al Bl Cl 0_20
0'332 o Ag Bg CQ x,
o2 | |4 Bs Ci = i§,0>0 7 (4.9)

where the matrix elements are according to the description in section 2.3.2:

A = cos? ¢; — 2¢/K;Lgsin ¢; cos ¢; + L2K; sin® ¢, (4.10)
B; = (\/LF — 2L2V/K;) cos ¢ sin ¢; + 2Lg(cos® ¢; — sin® ¢;),  (4.11)
C; = KL sin? ¢; + \Z/LK% cos ¢; sin ¢; + L2 cos? ¢; (4.12)
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with ¢; = VK;lyuad, Ki is the quadrupole strength for the i beam size mea-
surement, ;44 is the quadrupole effective field length , Ly is the drift length
between the quadrupole and the screen. The system of equations is well
determined for the case of three measurements with different quadrupole
currents. More than three measurement results turn the system into a
overdetermined one and allow to estimate the uncertainty of the parame-
ters.

The MINUIT package [63] is used to find a fit for a set of experimental
data using the least squares approach.

A disadvantage of this setup with the quadrupole before the dipole is that
in the meter long drift between the quadrupole and the slice choosing slit
(70 cm before the dipole, 30 cm after) the vertically defocused beam growth
in size and the total vertical size is dependent on the quadrupole current.
Therefore the slice content changes within the scan.

Each slice has a different mean energy value, and therefore a different
energy normalization factor in Eq.2.4. A way to treat the modified diver-
gence is to plot the slice orientation in trace space in terms of normalized
values. Assuming that § ~ 1 and putting Lorentz factor v under the square
root in the emittance formula one obtains:

Enorm = ﬁfy\/ O-;%O-i’ - <II/>2 ~ \/0-320<70-$'>2 - <I<’}/ZL’/>>2 (413)

and all quantities in the equation are describing the particular slice (e.g. =
is an average for the slice because we are neglecting the slice energy spread,
which is of the order of a percent). Distributions of slices are shown in trace
space already with a normalized divergence to exclude the effect of off-crest
acceleration. No coupling is assumed between the vertical and horizontal
plane.

Quadrupole after the dipole. The major part of the procedure is sim-
ilar as described in the previous paragraph. The advantage of this setup
is that the quadrupole is positioned in the dispersive section 40 cm down-
stream the momentum filtering slit, hence the charge content participating
in the measurement is constant during the scan. Though due to the space
restrictions the drift length to the screen is only 1.207m and results in a
smaller waist RMS size (ASTRA simulations: with TESLA booster down to
40 pm, with CDS booster down to 25 um). For the experimental data see
section 5.2.2.1.
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Emittance on-crest and off-crest at different locations. Conditions
of the slice emittance measurement in the scheme discussed above are not
nominal due to the introduced energy chirp in the booster cavity, whereas
the phase on-crest is used for the projected emittance optimization. A set
of simulations using ASTRA with space charge interactions was performed
to get an estimate of the effect on projected and slice emittance. The simu-
lation assumes optimized beam conditions for a 1 nC beam, a homogeneous
laser spot with an RMS size at the cathode of 0.39 mm, and a flat top tempo-
ral profile of 21 ps FWHM. The beam is accelerated on-crest in the gun and
in the booster cavity first on-crest acceleration is chosen as well and then
-30 degrees off-crest phase is used. The results are presented in Fig. 4.8. All
the plots are showing projected or slice emittance as a function of solenoid
current at different locations along the beamline: EMSY1, quad for the slice
emittance before the dipole (H1Q3), at the slit mask for the slice emittance
at EMSY2, and at the quadrupole in the dispersive section (D2Q1). The av-
erage slice emittance values (shown in Fig. 4.8) are obtained by splitting the
beam into 10 slices and computing a weighted average of those. Fig.4.8(a)
indicates the projected emittance of the beam accelerated on-crest in the
gun and the booster cavity. The corresponding results, but with the booster
-30 degree off-crest phase are shown in Fig.4.8(b). The values are slightly
higher than for the previous case. The lower row of plots shows the average
slice emittance of the beam accelerated on-crest in the gun: on-crest in the
booster cavity (Fig.4.8(c)) and with the -30 degrees off-crest booster phase
(Fig4.8(d)). For both the slice and the projected emittance values there is
no significant change due to the off-crest phase. Remarkable though is that
the minimum average slice emittance does not significantly change along
the beamline in the given range. The minimum occurs at the solenoid cur-
rent of 380-382 A. It points to the fact that the growing minimum projected
emittance along the setup is caused by the increased slice mismatch.

The average slice emittance value does not change when changing the
booster phase to -30 degrees off-crest. But if one looks at the slice orientation
in phase space there are certain differences (Fig.4.9). The mismatch factor!
is calculated between the same longitudinal slices in on-crest and in off-
crest acceleration modes. The beam is divided into 6 slices with the same
particle content for both cases of the booster acceleration with the on-crest

!Comparing two phase space distributions in terms of the second order statistical
momenta can be done using the so called mismatch factor [17]. If phase space distributions
are given in terms of RMS size o,, covariance (zz’) and RMS divergence o, one can
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Figure 4.8: Emittance as a function of the solenoid current at different
emittance measurement locations: plot (a) shows projected emittance
of the on-crest accelerated beam in the gun and the booster; (b) shows
projected emittance of the beam accelerated -30 degrees off-crest in the
booster; plot (c) shows average slice emittance of on-crest accelerated
beam in the gun and in the booster; plot (d) shows average slice emit-
tance of the beam accelerated -30 degrees off-crest in the booster.

and off-crest phases. The slice arrangements are depicted in phase space
(Fig.4.9(b)).

Here the conclusion is drawn that the minimum slice emittance value
that is measured with the slice emittance measurement setup in three dif-

calculate the mismatch factor F of any two phase space distributions :

. (0:%:1‘7925’2 + U%zai,l —2(xa’), <l‘$/>2)

25162

(4.14)

with F=1 means the distributions are fully matched. If F > 1 the distributions are mis-
matched. Larger F values correspond to a stronger mismatch.
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Figure 4.9: (a) mismatch factor between the same longitudinal slices
of an on-crest and of an off-crest beam; (b) this difference in phase space.

ferent locations is within the expected measurement error of 10% equal to
the slice emittance values expected in the case of the beam on-crest acceler-
ation in the booster cavity. Still the slices’ phase space distributions might
differ, that is why the phase space obtained from the slice emittance mea-
surements with the beam accelerated at off-crest phases in the booster can
reconstruct and optimize the relative slice orientation only to a certain level
- the best matching of all the beam slices can be found, but the individual
slice properties can differ from the on-crest case.

4.2 The dipole current calibration into time

The outcome of the slice emittance measurement is emittance as a function
of the dipole current. One is interested, however, to obtain the beam slice
emittance as a function of time. The dipole current convertion to time is
done in two stages. First, the dipole current is calibrated into momentum
units. This calibration is derived from the current to field calibration and
the dipole transform matrix (Eq.4.2). The next transformation is between
the momentum and time. The beam longitudinal phase space is a map for
this transformation, as already mentioned. A direct measurement of the
longitudinal phase space in the dispersive section was planned using the
aerogel Cherenkov radiator and a streak camera. Since the system was not
in operation and no calibration could be obtained during the period of the
slice emittance measurements presented in this thesis.

It is also possible to use the beam momentum scan versus the booster
phase for the calibration. In Fig.4.10 the bunch momentum is shown versus
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Figure 4.10: Bunch mean momentum versus the booster cavity phase
for a single particle simulation (blue dotted line), 1 nC bunch simulation
(green solid line), 1 nC measurement results (red circles).

the CDS booster phase. The dotted curve represents a single particle sim-
ulation, the solid line shows a simulation with a bunch that is generated at
the cathode using a laser pulse of 21 ps FWHM duration. The circles show
the measurement results.

A correlated momentum spread introduced to a bunch in the slice emit-
tance measurement is much larger than the momentum spread of the bunch
before the acceleration in the booster cavity. The momentum of the out-
coming particles is determined by the entrance phase in the booster. The
dependence was not measured and needs to be simulated (see Fig.4.10 for
the difference between the phase scans of a single particle and of a bunch).
The measurement is in principle possible using the shortest laser pulse that
can be produced. The dependence is fitted by a second order polynomial
function:

p.(¥) = ap® + by +c, (4.15)

where a, b and c are the fitting parameters. The deviation from the phase
scan curve does not exceed 2% and it can be analytically inverted into the
phase as a function of the longitudinal momentum. The corresponding time
of the cavity entrance is calculated assuming that the zero time corresponds
to the off-crest phase 1,f¢:

(Yldeg] — Porsldeg]) - 10°
360 - f[GH?]

tlps] = (4.16)

with f - the booster driving field frequency. A particle following a reference
trajectory in the dipole with a radius of curvature R in a magnetic field B
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has a longitudinal momentum p,. The magnetic field dependence on the
dipole current is parameterized with a linear function in a proper range
of the hysteresis curve. The transverse components of the momentum are
considered to be negligible in comparison with the longitudinal one. Then
the latter can be expressed as a linear function of the dipole current I,

p.=qB/R= (s lap+q) (4.17)

with calibration constants s and g¢.

One needs to solve of Eq.4.15 to obtain ¢ as a function of p,. The result
is placed to Eq.4.16 and taking into account Eq.4.17 one obtains time as a
function of the dipole current:

. 1012 [—p+ \/b2—4(1,(0—90(5'[dip+q> — Pe) "
T 360 f 2a "

(4.18)

where the coefficient before the square brackets turns the wave phase in
degrees into time in picoseconds; a, b and c are the fit parameters of the
phase scan curve p. (1)) = a)? + bi) + ¢; s and ¢ are coefficients of a linear
calibration of the dipole current [A] into the magnetic field [Gs] B = e- I+ f;
Pe is a momentum shift correction that corresponds to the position offset at
the dipole’s exit slit obtained in Eq.4.8; 1,7 stands for the off-crest phase
used in the experiment, one needs this to introduce the origin shift to match
the time axis zero to a particle entering the cavity accurately at the off-crest
phase.

All the measurement results in Chapter 5 are presented with this type of
calibration. The calibration non-linearity is considerable especially for lower
off-crest phases in the booster. And therefore the slice duration changes
stronger along the bunch for those phases.

4.3 Temporal resolution of the setup

There are several contributions to the slice emittance setup temporal reso-
lution. A contribution that is controlled by the setup design is the width
of the slit at the dipole exit. Other contributions depend on the beam pa-
rameters such as the longitudinal phase space distribution and the vertical
beam size and the divergence at the dipole entrance. The slit contribution
needs to be kept dominating to have similar setup resolution for different
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beam conditions. This section draws up a simple model that allows to esti-
mate the setup temporal resolution in terms of the slit width, and the beam
properties that can be measured.

As seen above slices are cut out from the beam vertical transverse dis-
tribution after the dipole. Let’s imagine a perfect case when the beam has
an infinitely small transverse size at the dipole entrance, the slit at the
dipole exit is infinitely narrow and only the particles with a unique momen-
tum value are picked out. Their longitudinal positions might still be spread
out (Fig.4.11a). Particle scattering or penetration through the slit mask is
not taken into account. If the particles that have passed through the slit
are backtraced to the dipole entrance, their longitudinal distribution does
not need to have hard edges. The smearing originates from a longitudi-
nal position spread for a certain momentum value that is a property of the
longitudinal phase space distribution. Therefore the method encounters a
fundamental limit of the resolution that is dependent on the bunch longitu-
dinal phase space distribution. This contribution is reduced by the stronger
off-crest acceleration. The longitudinal distribution shape may vary and it
is appropriate to use RMS values to characterize the setup resolution. The
longitudinal resolution contribution is then ¢,,.pys (Fig. 4.11(a)).

Another case: the vertical transverse position distribution of the mono-
energetic particles at the dipole input will be treated as a momentum spread
at the dipole output (Fig.4.11(b)). This effect leads to a situation when
particles of neighboring longitudinal slices are passing the slit at the same
time due to a transverse position offset at the dipole entrance. In practice
the resolution is defined by a convolution of the slit acceptance window and
the vertical beam profile at the entrance of the dipole. As a simplification,
that confirms to be in a good agreement with the simulations, one can take
the quadratical sum of the RMS size of the convoluted distributions.

A simple approach to estimate the temporal resolution due to the slit
width and the vertical beam size as the equivalent momentum spread is:

2 _
Wit 2 D lrus
tair = yo2) L. , 419
lt ((2\/5) y) 2R prus (4.19)

where wg;; - is the width of the slit at the exit of the dipole; prys,p are
the momentum spread and the average momentum respectively; tgass is the
RMS bunch duration; R - is the dipole design trajectory radius that equals
to 0.3m. The slice profile across the slit is considered uniform and therefore
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Figure 4.11: The three main contributions to the limited time reso-
lution of the measurement method are shown. The sketch (a) demon-
strates a transversely infinitely small beam that enters a dipole. At the
dipole exit one obtains a pure longitudinal momentum spectrum. An
infinitely narrow slit allows only a monoenergetic beam through. But it
still maps a finite size particle longitudinal distribution. The sketch (b)
shows a monoenergetic beam of certain transverse extension entering
the dipole. At the dipole exit the beam size is interpreted as a mo-
mentum distribution. In a real case with a beam containing different
momentum particles the time resolution is limited by mixing particles
with different momentum values at the same transverse position of the
output slit. The third contribution to the limited resolution is the slit
itself contributing by its finite width.

the factor 1/(2v/3) indicates the relation of the slit width with the profile
RMS size.

The slices are not equal in the momentum spread.

Wstit * Po

A ice —
( p)sl R

(4.20)
with pg is the momentum value of a particle on the reference orbit (R=0.3 m);
changing the dipole current we tune pg, other components stay constant
resulting in a different slice momentum width along the spectrum. Difference
of the slice in the bunch head and in the tail results in:

Wgig
5(Ap)slice = 2_;; : (Ph - pt>7 (421)

where py, p; are momenta of the bunch head and tail, respectively. For the
5mm slit that is 5/600 of the full bunch momentum span or less than a
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percent. One should not forget that the slice widths in terms of time along
the bunch can be significantly different due to non-linearity of the bunch
longitudinal phase space.

The longitudinal RMS resolution of the setup 7 is expressed via com-
bining uncorrelated contributions of local longitudinal phase space position
spread and the one described in Eq.4.19:

2
oc Wgli 2\/§ 2 4 g2
T =tRMS (Zl RMS) + ( lté(RpRM)s) . Iy (4.22)
ZRMS ( T)
or the relative resolution (
— T _ ZlocRM S 2 + (wslit/(Q\/g))Q _'_ 0.5 (4 23)
tRMS ZRMS (2RPR%VIS )2 . .

The value of 1/( defines how many slices can be measured which do not
overlap within their RMS widths.

The first term under the square root is significantly smaller compared
to the rest of the contributions for the off-crest phase shift in the booster
larger than 10 degrees. The rest of the contributions depends only on the slit
width wg;, vertical beam size o, and the ratio of the longitudinal momentum
spread prys and the mean momentum value p. The formula is applied for
the momentum spectrum obtained when the PITZ setup is simulated with
ASTRA and the result is compared to a similar simulation, but where the
particles which pass through the slit are traced back and the resolution is
reconstructed (Fig.4.12a). The values obtained by the formula are in a good
agreement with the resolution expected from the simulated measurement
except the phase on-crest, where almost the whole beam passes the slit and
the consideration about the uniform slice profile at the slit is not any more
applicable.

Fig.4.12(b) shows the relative resolution ¢ as a function of the booster
phase and of the solenoid current. From this plot one can see that for
the phases higher than -20 degrees the resolution is not so sensitive to the
solenoid. The relative beam momentum spread there is still small and the
slit width contribution is higher than the vertical beam size, in opposite to
a phase range between -20 and -60 degree where the beam size with higher
solenoid current is the dominant contribution to the resolution.
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Figure 4.12: Plot (a) shows relative longitudinal resolution as a func-
tion of the booster phase. The solid line is obtained from a measurement
simulation using ASTRA; the points represent values obtained from the
formula 4.23. Plot (b) shows the resolution as a function of the booster
phase and the solenoid current.

In this section an empirical formula for the absolute and relative longi-
tudinal resolutions of the slice emittance measurement setup was proposed.
The relative resolution is well in agreement with the results of the simu-
lated measurement. The example presented here is the case for 1 nC bunch
charge. Lower charges can be focused more tightly and therefore the beam
size contribution is reduced.

4.4 Optical read-out system design consider-
ations

The beam profile on the screen is obtained via a CCD camera. The imag-
ing is produced by a single achromat lens or by an achromat objective.
Originally the camera for slice emittance measurements was chosen to be
JAT RM-2030GE [64] with 1920x1080 pixels and a pixel size of 7.4 um by
7.4 pm. The screens at the slice emittance measurement station have a tilt
of 45 degrees with respect to the beam axis.

Applying the slit scan to a divergent beam requires a wide horizontal
field of view at the beam observation screen. The beam RMS size after the
slit mask is expected to be as small as 100 um, and the depth of focus needs
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Figure 4.13: A scheme of optics arrangement obeying Scheimpflug
rule

to be about five millimeters. In the quad scan measurement the beam is
kept in the center of the screen, and the minimal beam RMS size in the
focal point is &~ 20 ugm. For this type of measurement depth of focus is not a
problem. Higher resolution is more important. The requirements for the two
different measurement methods (slit and quad scans) are not compatible. A
possible way to cover both needs is to use switchable optics.

During the commissioning process a test optical setup was used. It con-
sisted of a Prosilica GC1350 [65] camera with 1360x1024 pixels and an ob-
jective with an adjustable focal length in the range of 50-108 mm. The
objective was manually adjusted for the certain type of the measurement
chosen. This measurement suffers from the depth of focus issue for the wide
view field used in the slit scan.

This commissioning setup was not sufficient, therefore a new read-out
scheme was designed. It includes two remotely switchable lenses. The first
lens has higher demagnification, meaning also a wider field of view. This
property corresponds to the needs of the slit scan. The second lens possesses
a smaller demagnification factor and allows to resolve smaller beam sizes as
required for the quad scan routine.

To overcome the depth of focus problem and to obtain the full surface
of the screen sharp at the camera image, the Scheimpflug rule [35] was used
to design the read-out optics. Fig. 4.13 demonstrates the geometry of the
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Table 4.1: The switchable lens optical properties

Property Slit scan | Quad scan
Focal distance, mm 120 180
Magnification -0.22 -0.5
Camera angle, degrees -13 -30
Vertical field of view, mm 64 28
Horizontal field of view, mm 36 16
Optimized aperture radius, mm 18 12
PSF 80% integral energy radius, um 28 15
20% MTF, pm 40 25

arrangement according to the rule. The rule can be expressed in a simple
formula:

tang = Mtana, (4.24)

where M is the magnification factor on the optical axis. In our case o = /4.

The rule is applied to design a switchable optics system with two zoom
lenses. The camera has two rotational states in the technical design, and
switching can be done remotely. The full distance from the screen to the
camera JAI RM-2030GE is 810 mm. The optimum lens aperture was op-
timized for both lenses using the OSLO EDU package [66]. The resulting
design parameters are summarized in Table4.1.

OTR radiation has a preferred direction of emission. The distribution func-
tion is cylindrically symmetric and depends only on the zenith angle 6. The
angular distribution of the emitted intensity for a relativistic electron inci-
dent on a perfect conducting plane is described by [30]:

(92

=t (4.25)

1(0) ~

Taking the derivative of the expression one finds that the maximum of the
intensity corresponds to the angle § = +1/v. Another property that has a
practical use is the integrated intensity within the solid angle €2 correspond-
ing to the zenith angle 6y. The integration of 4.25 gives the relative integral

61



I

> I [ e
= i I
o | L
c 08 e
(0] | 4
- e
£ | " .| |Double lens
< 06 | | | | read-out aperture
‘6,) | o (possible improvement)
8 . i
c 04+ /i !
) L !
> ; |
= |
®© 0.2 ¢ 7 [Single Tens i %8 Me¥ ________
[0) /] |aperture H e
o 7 (current setup)| | 15 MeV -

2 |

0 & o
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
Optics acceptance, rad

Figure 4.14: OTR screen intensity dependence on the read out optics
acceptance angle.

intensity:
0
= & = 2 arctan vy, — _ %
Jo 1)« v (65 +77?)

An example of the value calculated for three different energies is presented
in Fig.4.14. This property depends on the energy of the particle. Based
on Eq. 4.26 the read out optics aperture can be optimized to get the best
possible intensity with a reasonable resolution. The current PITZ read-out
system at the slice emittance screen was optimized for the resolution at the
YAG. There is a special interest in getting more intensity from the OTR
screen. A possible upgrade would be to implement a double achromat lense
arrangement that increases the aperture and the intensity collected from the
OTR screen (Fig.4.14).

(4.26)

Camera calibration factor. The camera calibration process happens in
situ using a calibrating pattern included in the optical beamline. The pattern
is tilted 45 degree the same way as the screen and it consists of several squares
of a known size (Fig.4.15) and is uniformly back illuminated. Let’s assume
a square side with a size L that is measured from a camera image to be
N, pixels along the axis perpendicular to the tilt axis of the grid. The
calibration factor x| is:
L cos %
Rl = NJ_ ;

(4.27)
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Figure 4.15: Grid pattern image as seen by the camera at the obser-
vation screen location. The pattern is tilted equivalent to the screen

where one has to include the fact that the beam transverse size is cos 7
times smaller than the beam profile appearing at the screen due to the
screen tilt of 7 in respect to the beam axis. It is important to mention that
the calibration factor in the direction parallel to the screen axis of rotation
k) is not affected by the screen and camera rotations and therefore is not
equal to k. The ratio of both is used as an accurate estimate for the camera
tilt 5 (see Fig. 4.13):
K1

cos 3 = /1_” (4.28)

4.5 Image processing

Beam profile images on the screen are captured with a digital 12 bit camera.
The Prosilica GC1350 camera was used for the commissioning of the setup.
In its final version with the switchable lenses another camera was imple-
mented: JAI RM-2030GE. Both are digital CCD cameras without active
cooling for normal room conditions. Some details of the specification can
be found in Table 4.2. The CCD chip pixels that are not exposed to visible
light still collect the signal generated by thermoproduction of electron-hole
pairs, radioactive radiation impact and other sources, e.g. dark current.
Additionally there is no possibility to completely block the light from the
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Table

4.2: Camera properties

Camera type Prosilica GC1350 | RM-2030GE
Max bit depth 12 12
Resolution 1360x1024 1920x1080
Pixel size, um 4.65 7.4
Interface Gigk GigE
Frame rate, fps up to 20 up to 32
Manual black level no yes

infrastructure environment. If the laser does not hit the gun photo cathode
the image contains the dark current signal of the CCD chip, some light from
the environment, and the dark current of the accelerator at the screen. All
together they are considered as the background image and captured with
the laser shutter closed. The background is later subtracted from the image
of the screen containing the signal of photo electrons.

The remaining random noise has to be discriminated from the useful
signal by means of filtering. The filters that are used for the image processing
are based on intensity and space and time domain spectrum discrimination.
The noise mostly contains higher spatial frequency contributions. Several
additional filters are applied to filter the x-ray spikes, reduce camera specific
and time dependent bias patterns. The filters were developed specificly
for the needs of the slice emittance diagnostics. An example of the image
filtering is presented in Fig. 4.16.

Figure 4.16: Image processing algorithm: (a) original image from a
camera; (b) average background is subtracted from the image; (c) the
image after the noise cleaning procedure
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4.5.1 Bias frame and thermal noise

The CCD chip pixels are equivalent in their properties. Still due to the serial
read out scheme of the CCD camera the bias frame can become inhomoge-
neous. The bias frame also depends on the camera settings like gain and
black level. The accumulated radiation dose might also lead to higher dark
current due to damaged pixels or the read-out electronics.

Before the signal is converted into digital format the signal range can
be linearly adjusted to the constant input range of an ADC. There are two
parameters that are controlling the range transformation: the gain corre-
sponds to the stretching of an amplitude range, the black level is the offset
of the range.

The gain allows to increase the captured details of the acquired digital
signal in a certain situation. It has to be considered that the pixel signal is
quasi-analog. The capacity of the pixel potential well is 40k electrons for the
JAT camera. To digitize a low signal of 100 photo electrons it is sufficient to
use 7 bits of the internal ADC. There is no need to adjust the signal to the
higher dynamic range. It can be done though, no additional information is
obtained. The signal spectrum will have gaps, because an electron higher
pixel signal will correspond to ADC output digital code increment larger
than one. Also some smoothing can happen due to the electronics noise,
which is independently added from the amplifier.

The black level is an additive signal transformation. The dark current
changes with temperature and the average dark signal of the pixels is chang-
ing. In this case the absence of light results in a certain signal higher than
zero. Lets neglect the fluctuations first to understand the effect of black
level. In a measurement the light signal is added to the electronic dark cur-
rent signal. The sum must not exceed the upper limit of the ADC range.
Therefore presence of any charge in the pixel which is not photo produced
reduces the dynamic range of the signal. Hence a constant shift depending
on the conditions can be applied to couple the base level of the dark image
to the lower limit of the ADC range. If the dark current signal fluctuates
then the shift has to be smaller. It must not lead to a situation where the in-
coming signal is lower than the ADC lower limit, because these pixel values
are converted to zeros and consequently the fluctuation amplitude is faked.

In stable conditions one needs to adjust the black level only once, when
setting up the system. If changing the gain leads to a shift of the noise
distribution then a look up table has to be established to change the black
level corresponding to the gain level. Most of the cameras have an automatic
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Figure 4.17: Dark current characteristics of the JAT RM-2030GE ob-
tained using an array of 100 black frames at room temperature without
any sources of radiation: on the left the average noise and on the right
the RMS distributions of the pixel values are shown. The two rows
correspond to different black level values with the same gain setup.

black level as an option (Prosilica GC1350 has only automatic black level
control).

In figures 4.17 and 4.18 the dark current distributions of the discussed
cameras are given as an example. 100 black frames were collected from the
camera and each pixel’s average and RMS values were evaluated. The left
column always displays the average dark current signal distribution of the
pixels, and the right one shows the RMS dark current signal distribution of
the pixels. Fig. 4.17 presents the JAI noise distributions for two different
black levels with the same gain. As one can see the change leads to a
pure shifting of the average dark current signal distribution, while the RMS
dark current signal distribution stays nearly constant. The Prosilica camera
characteristics are shown in Fig. 4.18(a). The camera has an automatic black
level control only. The experience shows that the accumulated radiation
damage of the on board electronics of the camera leads to a malfunctioning
of the adjustment. Fig.4.18(b) shows the same noise characteristics for a
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Figure 4.18: Dark current characteristics of the Prosilica GC1350 ob-
tained using an array of 100 black frames at room temperature without
any sources of radiation : on the left the average noise and on the right
the RMS distributions of the pixel values are shown. (a) The noise char-
acteristics of a new camera of this type. (b) The noise characteristics of
a camera of this type that was for 2 months exposed to the radiation in
the tunnel. The radiated camera adjusts the lower threshold of the ADC
range not correctly. As a consequence intensity of most of the pixels is
zero all the time, despite the overall normal photosensitivity

heavily irradiated camera (no estimate of the dose can be done). Two thirds
of the pixels deliver zero average and zero RMS dark current signal. Never-
theless the chip stays photo sensitive, meaning when exposed to intensive
light not a single pixel shows zero values. The drawback of using such a
camera is the low photo signal discrimination.
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4.5.2 Image filter benchmark

In order to proceed with the data analysis one needs to extract a beam
distribution from an image 2D array. The task is not straight forward as we
know that the intrinsic camera noise overlaps with the photo signal all over
the chip. The procedure of useful signal separation is called noise filtering.
As any separation of comparable signals it is destructive and still due to
the statistical nature of the noise does not guarantee that no noise is left in
results. Normally a bunch distribution on the screen has much higher peak
intensity than the noise, and any distribution that completely fits within the
chip has edges where the intensity drops to zero. Especially these regions
are very sensitive to the noise cleaning procedures.

In order to give a description of the image filter the following simulation
is set up. An artificial signal is introduced in the form of a gaussian profile
along the horizontal axis with a uniform distribution along the vertical axis.
The noise is uniformely distributed over the chip, and its amplitude is con-
sidered to have a gaussian distribution with a mean value N and an RMS
o, of the distribution. Applying a filtering procedure one can estimate the
reduction of the signal distribution RMS size as a figure of merit.

In this section we test a set of filters that was used for slice emittance
data analysis. The principle of noise discrimination resembles the one used
n [11]. A signal pattern with the RMS size of 10 pixels was used. The filter
is sensitive to the signal to noise ratio, that is used here as a peak value:

SNR = me, (4.29)

On

where P, is the maximum pixel value of the signal distribution. The
number of frames is another parameter that changes the result significantly.
The test was done for two sets of image and bias frames: 5 and 10 frames.
The number of the signal and the number of background frames is equal.
The results can be seen in Fig.4.19 and tells what is the relative reduction
of the gaussian horizontal profile size after a set of filters is applied. The cut
depends on the amplitude separation between the noise and the signal, and
to show this, the cut is plotted against the signal to noise ratio.

The resulting behavior is important to take into account when processing
the scan data. The peak intensity of the beam distribution decreases towards
the edges of the distribution. For instance the central beam part passing the
EMSY 50 pum slit and being detected at the screen 360 cm downstream has
an SNR =~ 240 (the peak intensity is adjusted to the camera valueas 4000)
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Figure 4.19: The result of the described filter benchmark test

and the periphery part of the full beam has only an SNR = 30. The
corresponding cuts are 1% and 6% at five frames. The preparation for the
quad scan instructs to adjust the beam intensity in the focus on the screen to
the maximum of the camera range. The scan current range is chosen to get
the waist size doubled at the edges. The linear estimation is well justified in
practice and it results in the SNR reducing by half to =~ 120, which means
that the cut in the scan changes from 1% in the center to 2% towards the
edges of the scan.

In conclusion, the image processing approach tested here is used as a basis
for slice emittance measurements. The filter does distinguish between noise
and signal by amplitude discrimination. This results in a cut of measured
distribution tails that is a function of the peak signal to noise ratio in the
proposed model. The cut varies for the slit scan in a range between 1% and
6%. For the quad scan this range lies between 1% and 2%.
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Chapter 5

Results of simulations and
measurements

This chapter presents simulation studies and results obtained using the slice
emittance diagnostics described above. The setup was initially studied using
simulations. Three parameter (laser spot size at the cathode, the solenoid
current, the booster gradient) scans were performed to find the emittance
minima for various bunch charges. The measurement results are divided
into two main parts. The first describes the commissioning of the slice emit-
tance setup. The second part contains the measurements, which were done
to test the feasibility of the slice emittance diagnostics for a set of bunch
charges. The same size of the laser spot on the cathode and a moderate
booster phase off-crest shift were used to compare the measurements with
different bunch charges. Still for 100 pC one had to reduce the laser spot size
and off-crest phase shift to obtain a reasonable signal to noise ratio. Corre-
sponding measured projected emittance values are given as a reference for
every slice emittance measurement. Two measurements with the same setup
were performed using the quadrupole and slit scan measurement techniques.
None of the measurements was tested for reproducibility.

5.1 Slice emittance studies using ASTRA

A high-brightness photo injector has to extract the maximum bunch charge
possible for a given cathode laser pulse duration. A compromise between the
growing bunch charge and growing emittance has to be considered. There-
fore particle dynamics is strongly space charge dominated in the first cen-
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timeters of the cavity before particles reach relativistic velocities. Particu-
larly along this short distance the bunch phase space distribution is distorted
and the emittance is diluted. There is no direct measurement that could
monitor the process as it happens. The first diagnostics can be installed
about a meter downstream from the cathode. At the PITZ setup projected
emittance diagnostics is located almost at six meters downstream. It lets
us measure and optimize the resulting bunch emittance that combines the
degradation of individual slice emittance due to a non-linear space charge
impact and the compensation of the slice phase space distributions mismatch
via a solenoid focusing, but these contributions to the emittance budget can
not be studied separately via projected emittance measurements.

One of the beam dynamics codes that supports particles’ trajectory eval-
uation in external electro-magnetic fields and the bunch space charge field is
ASTRA [61]. Most of the design calculations at PITZ are based upon this
code. This particle-in-cell simulation software solves the differential equa-
tions of motion of super-particle propagation in cylinder symmetric external
electro-magnetic fields with 2D (cylinder symmetry) and 3D (cartesian co-
ordinates) routines for the space charge field calculation.

The PITZ setup in ASTRA is composed of three on-axis fields: the gun
RF filed, the solenoid constant magnetic field, the booster cavity RF field
(Fig.5.1). The fields are defined by the maximum field gradient values and
the initial phases for RF fields. The gun gradient is chosen to be 60 MV /m,
the CDS booster cavity gradient is varied to match the resulting maximum
mean momentum of the bunch at its output and the range is from 15 to
22MV/m. The phases are set separately to get the maximum mean mo-
mentum of the bunch first after the gun and then after the booster. These
phases are taken as reference zero values.

Emittance can be directly calculated using a 6D ({x,y,z, px, Dy, P»}) Par-
ticle distribution generated by ASTRA as a result of tracing the beam to a
specific z coordinate. Another way is to establish a simulated measurement
setup. A simulated measurement requires that every process relevant to the
real emittance measurement should be reconstructed in simulations. For a
simulation of a slice emittance measurement with an energy-chirped bunch
it means tracking the bunch through the booster cavity in an off-crest phase,
turn it in the dipole, use one of the quadrupole magnets or a slit mask, col-
lect beam sizes at a screen as a function of the quadrupole current or the
slit mask position and then obtaining the bunch emittance.

Projected emittance is minimized by varying the solenoid current and the
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Figure 5.1: PITZ setup external electro-magnetic field map for
ASTRA simulations.

laser spot size at the cathode. EMSY1 is the station closest to the position
of the minimum projected emittance along the setup [11] that is why further
optimization is performed at this location.

This section has two subsections devoted to PITZ setups one with the
TESLA booster and the other with the CDS booster. All simulations are
done assuming 0.55eV energy of the electrons escaping from the cathode.

5.1.1 Optimization with TESLA booster

The main optimization is done for 1 nC bunch charge generated with a laser
pulse of 21 ps FWHM duration and 2 ps rise and fall times. Temporal
and transverse laser pulse shapes are flat-top. The gun is simulated with a
peak field gradient of 60 MV /m and accelerates the bunch to a momentum
of 6.6 MeV/c. The booster peak field gradient is fixed to 15 MV/m which
results in a total bunch mean momentum of 14.3MeV/c. The projected
emittance is optimized at the EMSY1 position by varying the laser spot
size at the cathode (RMS values are used unless specified) and the main
solenoid current. Results are presented in Fig.5.2(a). The total emittance
has a smooth minimum along the laser spot size axis formed by the emittance
value increase due to the growing thermal emittance contribution on one side
(larger laser spot sizes) and by the growing space charge contribution on the
other.

The minimum emittance along the solenoid current axis occurs at the
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Figure 5.2: Beam projected emittance optimization for a bunch
charge of 1nC at EMSY1 with the TESLA booster using ASTRA.(a)
The plot shows the projected emittance as a function of the laser spot
size on the cathode and the solenoid current for a booster gradient of 15
MV /m; (b) the same for the average slice emittance.

best compensation of the slice mismatch and of the non-linear space charge
deformation (see section 2.2). In the presented case the minimum emit-
tance value of 0.67 mm mrad occurs with the laser RMS spot size of 0.43 mm
and the solenoid current of 382 A. The corresponding beam size, projected
and central slice emittance evolution along the beam line are shown in
Fig.5.3(a). The bunch emittance and current temporal profiles are displayed
in Fig. 5.3(b).

Fig.5.2(b) presents the average slice emittance scan in the same space
of parameters as for the projected emittance. The average slice emittance
value g, is calculated by splitting the bunch into 9 slices of equal length
and averaging the emittances ¢; of the slices weighted by the corresponding
particle content wy;:

9
Eav = Zwi€i7 (51)
=1

and 30 w; = 1.

The minimum value is 0.63 mm mrad and it is possible to obtain the
value within a 2% deviation for all spot sizes in the presented range. The
optimum solenoid current lies in a range between 378 and 384 A, depending
on the laser spot size.

A bunch average slice emittance must be smaller or equal to the projected
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Figure 5.3: Setup with TESLA cavity: (a) beam size, projected and
central slice emittance values along the setup for the optimum laser spot
size of 0.43mm and the solenoid current 382 A; (b) the slice emittance
and the current along the bunch at EMSY1 location.

emittance because it excludes the phase space distribution mismatch of the
slices. In the best case when the slices are well matched the emittance values
coincide. As seen from the simulation the difference between the optima of
the averaged slice and projected emittance values is about 6% showing that
the minimum projected emittance is close to the full compensation.

The slice emittance minimum is flatter than the projected emittance
minimum. The slice emittance minimum shifts down along the solenoid
current axis for larger spot sizes at the cathode. The dependence of the
optimum solenoid on the spot size indicates that the slice emittance value
is affected by compensation of non-linear effects. The projected emittance
value is additionally affected by the slice mismatch. The two effects are
included in the projected emittance and together they form the minimum
along the solenoid weakly dependent of the laser spot size, pointing out that
non-linear distortion is a minor effect when compared to the slice mismatch.

5.1.2 Optimization with CDS booster

The setup with the CDS booster is optimized based on a criterium of pro-
jected emittance minimization. Following an existing layout of the experi-
mental setup known as PITZ1.8 projected emittance was simulated for lon-
gitudinally ! and transversely flat-top shaped laser pulses.

12 ps rise and fall times, 21 ps FWHM duration.
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Figure 5.4: Projected emittance optimization for 1 nC at EMSY1 with
CDS booster using ASTRA. (a) The plot shows the projected emittance
as a function of the laser spot size on the cathode and the solenoid
current for a booster gradient of 21 MV /m; (b) the same for the average
slice emittance

The optimization parameters include the laser spot size on the cathode
and the solenoid current. The maximum achieved bunch mean momentum
after the booster is 25 Mev/c, which corresponds to a peak booster gradient
of 21.1 MV/m in the simulation setup. The beam projected emittance is
obtained at the EMSY1 location. The results are shown in Fig.5.4 in the
same manner as for the TESLA booster results.

The optimum projected emittance value of 0.65 mm mrad is achieved
at the spot size of 0.41 mm and the solenoid current of 383 A. The value
is slightly lower than for the TESLA case. Fig.5.5 shows the bunch size,
projected and central slice emittance values along the setup (z coordinate)
for this optimized case.

In order to understand the dependence of the minimum projected emit-
tance on the booster cavity gradient another set of simulations was done.
For each value of gradient a scan over the laser spot sizes at the cathode and
the solenoid current was conducted. Only the minimum value of the solenoid
scan is presented in Fig.5.6. Within 2% deviation the minimum projected
emittance value can be achieved for each gradient value in the scan range.

The average slice emittance (as defined by Eq.5.1) minimum of 0.59 mm
mrad is found at the laser spot size of 0.41 mm and the solenoid current 382 A
(Fig.5.4(b)). This value is 8% lower than the projected emittance. There is
about two amperes difference between the projected and the slice minima.

The nominal bunch charge at PITZ is 1nC. Following a recent trend
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Figure 5.5: Setup with CDS cavity: (a) beam size, projected and
central slice emittance values along the setup for the optimum laser spot
size of 0.41 mm and the solenoid current 383 A; (b) the slice emittance
and the current along the bunch at EMSY1 location.

of accelerator driven FELs to operate at lower charge levels [2] additional
simulations were done for 100, 230 and 500 pC. The laser pulse shape and
the hardware setup up to EMSY1 were kept the same. The emittance values
were optimized by varying the laser spot size on the cathode and the solenoid
current. Results of the simulations are presented in Fig5.7.

The minimal projected emittance values obtained in the simulation are
0.20, 0.27 and 0.44 mm mrad for 100, 230 and 500 pC, respectively. Corre-
sponding minimum average slice emittance values are 0.14, 0.20 and 0.37 mm
mrad.

It is interesting that the slice emittance minimum is slightly shifting up

Projected emittance [mm mrad]

0.44

m
I
~
(5}

Laser RMS spot size

16 18 20 22 24
Booster gradient, MV/m

Figure 5.6: Minimum projected emittance of the solenoid scan as a
function of the booster gradient and of the laser spot size at the cathode
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Figure 5.7: Projected and average slice emittance scans over the laser
spot size at the cathode and the solenoid current ranges for the following
charges: first row is 100 pC; second row is 230 pC; the last row is 500 pC

along the solenoid current axis relative to the projected emittance minimum

for lower bunch charges.
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5.1.3 Simulation of a quadrupole scan with the CDS
booster

This simulated measurement is based on ASTRA and a dipole tracing soft-
ware (linear approximation, no space charge). A schematic representation
of the simulation procedure is shown in Appendix C.1. A bunch of particles
is first traced through the setup to the location of the quadrupole in front
of the dipole (see Fig.4.6(b)). The quadrupole current is changed in a loop
and multiple distributions of the particles passing the quadrupole with var-
ious gradients are generated. The particles of every distribution are traced
further with ASTRA cylinder symmetric space charge fields until the dipole
entrance.

In order to take the horizontal space charge impact into account a copy
of each distribution at the dipole’s entrance was created. The copy distri-
butions undergo a tracking through the dipole with different dipole currents
without space charge interaction. This distribution is only used to distribute
the particles among the slices. The horizontal beam dynamics is reproduced
with the original distribution. At the dipole exit a slice distribution is gen-
erated for each dipole current.

The original distribution meanwhile is tracked by ASTRA (3D space
charge routine) along a straight section of a length equivalent to a trajectory
inside of the dipole. In this case one neglects a vertical elongation of the
bunch due to its dispersion. The horizontal space charge impact is thus
stronger than in the dipole leading to an overestimation of the space charge
contribution. At the position equivalent to the dipole exit the distribution is
cut corresponding to the slice splitting, obtained with the copy distribution.

Finally the beam size is obtained as a function of the quadrupole current
for each slice. The emittance is obtained using the standard processing pro-
cedure for slice emittance measurements. The results are shown in Fig. 5.8.
The red line shows the slice emittance reconstructed in the simulated mea-
surement using the quadrupole in front of the dipole. The simulation allows
to split the beam into sharp longitudinal slices at the quad position directly
and to calculate the original slice emittance. These slice emittance values
are drawn with the green dashed line.

The simulated measurement and the directly calculated slice emittance
are in close agreement at -50 degrees off-crest. The longitudinal resolution
of the slice emittance measurements depends on the beam size at the dipole
entrance. The beam size has a minimum at a solenoid current value of 384 A
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in the simulation and the best agreement, as expected, can be observed at
this current.

The emittance reconstruction using a linear quadrupole magnet model
confirmed to be sufficient. The reconstructed slice Twiss parameters were
compared to those at the quadrupole magnet entrance and showed mismatch
factors within 1-1.2.
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Figure 5.8: ASTRA simulation results showing the 1nC bunch av-
erage slice emittance (left column) and the emittance of the maximum
current slice (right column) as a functions of the solenoid at different
off-crest phases. The blue dotted lines show the original slice emittance.
Red solid lines represent results of the emittance reconstruction obtained

in the simulated measurement.

5.1.4 Simulation studies summary

Summing the information obtained in this section one can conclude:
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All the above quoted emittance values contain 100% of the particle
ensemble as defined in Eq.2.4.

The beam projected emittance minimum value was found in 2D pa-
rameter space of the laser spot size and the solenoid current in the
studied range. The gun phase is fixed to 0degree (phase of maximum
mean momentum).

TESLA: for the 1 nC bunch charge the minimum projected emittance
is 0.67mm mrad; the minimum average slice emittance is 0.63 mm
mrad and is 6% lower.

CDS: for the 1 nC bunch charge the minimum projected emittance is
0.65 mm mrad; the minimum average slice emittance is 0.59 mm mrad
and is 8% lower.

CDS: the optimized emittance value for the 1 nC bunch charge varies
within 2% for the booster gradients in a range from 15 to 25 MV /m.

CDS: emittance optimization was performed also for 0.5nC, 0.23nC
and 0.1 nC. The minimum projected emittance values are 0.44, 0.27
and 0.20 mm mrad respectively. The minimum average slice emittance
values are 0.37, 0.20, and 0.14 mm mrad, respectively.

CDS: the slice emittance minima are shifted along the laser spot size
and the solenoid current respectively to the projected emittance min-
ima. This indicates a relation between the linear and non-linear trans-
verse dynamics of the bunch.

CDS: the results of the slice emittance simulated measurement show
a good agreement for the peak current slice emittance value at -30
degrees off-crest in the booster, with -50 degrees off-crest in the booster
both the average and the peak current slice emittances agree at a
solenoid current of 384 A which corresponds to the smallest beam size
at the dipole entrance (best longitudinal resolution).
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Table 5.1: Measurement setup settings
Laser Gun

vy,
o
@)
!
=
[¢]
—

Measurement #

laser RMS spot size, mm
FWHM, ps

Momentum, MeV /¢
Charge, nC

Solenoid current, A
Momentum, MeV /c
Phase off-crest, degrees

rise, ps

11029(24]236]|31] 6.68|1.00 | scan || 14.6 | -50
2 {037 - [ 132 - | 6.58 | 1.00 | scan || 14.2 | -50
3a | 037 122|232 |16 | 6.66 | 1.00 | 388 || 19.1 | -40
3b 1037 (22]232 |16 | 6.66 | 0.50 | 377 || 19.1 | -40
3¢ [ 0372223216 6.66 | 0.23 | 372 || 19.1 | -40
3d | 0.37 | 1.6 | 229 | 1.3 || 6.70 | 0.11 | 360 || 19.3 | -40
4 1018119214 |28 6.68|0.10 | scan || 25.1 | -20
5 (0301921126 6.70 | 0.23 | scan || 24.8 | -30
6 [030]19]21.4 26| 6.68]|0.50 | scan || 24.9 | -30
71030 119]214 26| 6.68 | 1.00 | scan || 24.9 | -30
8 1030]19|219 |18 | 6.68|1.00 | scan || 24.9 | -30

5.2 Measurement results

Eight sets of experimental data are presented in this section (Table5.1).
The first three sets belong to the commissioning stage, the following four
measurements are done using quadrupole scans for 0.1, 0.23, 0.5 and 1nC.
The last measurement set is a slit scan measurement with 1 nC. All results
are represented with several types of plots:

e Slice emittance as a function of time. The plot is usually combined
with the bunch current profile that indicates the charge distribution
along the bunch taking the width of slices into account.

e Reconstructed trace space (only slit scan).
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e Equivalent RMS ellipse phase space distributions of slices (only quad-
rupole scan).

e Emittance versus bunch charge fraction (only slit scan). The plot de-
scribes how the emittance value changes if one discriminates all charge
outside a certain contour of equal charge density of the trace space dis-
tribution.

The laser temporal and transverse shapes which were used in the measure-
ments are collected in Appendix D.1.

Error bars of emittance values include the statistical error of the measure-
ments. Each emittance measurement using the quadrupole scan technique
includes at least 10 different settings of the quadrupole current. For every
measurement point 10 frames are taken within 1 second (10 Hz repetition
rate). The complete quadrupole scan can take up to several minutes. If
the system jitter period is tens of seconds the different scan points deviate
from the correct curve although the spread of the beam sizes measured for
a single quadrupole current is negligible.

Normally the scanning procedure collects more points than is needed
for a fit. Combining the measured points into subsets and fitting them
separately results in a set of emittance numbers. The statistical error in the
measurements below indicates the emittance RMS value.

5.2.1 Slice emittance setup commissioning

The measurements described in this part were done with the TESLA booster
and without the slit at the dipole exit. Instead the bunch slice splitting was
done at the image processing stage by defining a vertical region of interest
on the screen. In this approach the particle content of a slice does not stay
constant during the current scanning of the quadrupole magnet. The first
measurement presented here is done with a flat-top laser temporal profile of
about 24 ps FWHM (see Appendix D.1). The second measurement was done
with a gaussian laser temporal profile with an RMS duration of about 6 ps
(see AppendixD.2). The emittance was measured for a selection of three
solenoid currents around the focus on the EMSY2 screen in front of the
dipole.
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Figure 5.9: Measurement # 1. Slice emittance measurement results
for 1nC and an RMS laser spot size of 0.29 mm, temporal flat-top

5.2.1.1 Measurement # 1. Flat-top laser pulse temporal profile
with 1 nC charge, with an RMS laser spot size of 0.30 mm.
Quadrupole scan

This slice emittance measurement is done following the settings of a recent
projected emittance measurement. The lowest measured projected beam
emittance in the X plane at the EMSY1 location was 1.00£0.03 mm mrad
and in the Y plane was 1.16+0.03 mm mrad (Is, = 384 A, the gun phase is
set -6 degrees off-crest) [67]. The measured laser pulse FWHM duration is
23.65 ps with rise and fall time of 2.4 and 3 ps, respectively . The measure-
ment is done with -50 degrees off-crest phase shift at the booster using the
quadrupole in front of the dipole (H1Q3). 45 pulses per train were used
(maximum possible).

The slice emittance was measured for the three solenoid current values
of 375 A, 380A and 385A. In Fig.5.9 the results of the measurement for
three different solenoid currents are presented. Equivalent RMS phase space
ellipses are shown in Fig.5.10. Several slice emittance values are missing due
to improper measurement results (no minimum in the beam size scan). The
error of most measured emittance values exceeds 20%. One of the reasons
for the large error can be in a poor phase stability (the gun phase jitter RMS

84



5 375A 5 380A 5 385A

X', mrad

i e

/

/|

52535455565758

- N

-10 |
s4s5s7s8 s1s3s4s5s6s7

-10

—15

—15

-15

—151.0-050.0 05 1.0 15 15100500 05 1.0 1.5 15100500 05 1.0 1.5
X, mm

Figure 5.10: # 1. Equivalent RMS ellipse distributions in phase space
for 1nC and an RMS laser spot size of 0.30 mm, temporal flat-top

spread of 2-3degrees) that was observed at PITZ in that run period [45].
On the other hand the commissioning objective was to test the suggested
measurement procedure. That has shown several weaknesses. At this point
one needs to head on a more qualitative measurement to be able comparing
the slice emittance with the projected emittance.

5.2.1.2 Measurement # 2. Gaussian laser pulse temporal profile
with 1 nC, with an RMS laser spot size of 0.37mm. A
quadrupole scan and a slit scan measurement

This slice emittance measurement is also done following the settings of a
recent projected emittance measurement. The beam measured projected X
and Y emittances equal to 1.32 and 1.53 mm mrad, respectively. The values
were obtained for the solenoid current of 374 A.

The RMS temporal duration of the laser is ~6 ps (FWHM 13.2 ps), with
RMS laser spot sizes of 0.37 mm. The gun phase was -6 degrees relative to
the phase of the maximum momentum gain. The beam momentum after
the booster on-crest was 14.3 MeV/c, the measurement was conducted using
-50 degrees off-crest phase in the booster for the three solenoid currents of
368 A, 371 A, 375 A. The solenoid current 371 A corresponds to the minimum
size at the second slit mask after the booster which is close to the dipole
entrance. The beam emittance was measured using the dispersive section
quadrupole magnet (D2Q1). Seven slices were measured for each solenoid

85



—h
o

371A = | |

—_

%‘ 368A ——

.| 375A --ee-
f! \% - ‘% a"" proflle ......................

Il
o
o

Emittance, mm mrad
o o o — — — —
SN o (0] — N SN » (00]
o
»
Current profile, a.u.

} 104
102
0.2 R 0
20 -15 =10 -5 0 5 10 15 20

Time, ps

Figure 5.11: # 2. Slice emittance measurement results for 1 nC and
the laser spot size of 0.37 mm, temporal flat-top

current. The closer quadrupole distance to the screen allows to focus the
bunches tighter and therefore the intensity is higher. The measurement was
done using 5-10 bunches in the train.

In Fig. 5.11 the slice emittance is represented as a function of time. There
are two measurement points missing on the edges of the bunch. It happened
due to slight energy drift which result in the bunch leaving the area of
interest making the quadrupole scan data incomplete.

Similar to the flat-top case the equivalent ellipse phase space distributions
are presented for the set of solenoid currents in Fig.5.12.

Starting with the solenoid current 375 A (1 A higher than that of the
minimum projected emittance) showed that the beam is strongly overfocused
at the position of the quadrupole, meaning that the emittance should be
overcompensated. Further two measurements were done using lower solenoid
currents approaching the beam focus at the quadrupole entrance.

For the focus on EMSY2 (371 A) a slit scan measurement was performed
in similar conditions as the quadrupole current scan. The number of pulses
was increased to its maximum value of 45. The results of the quadrupole
and slit scans are compared in Fig. 5.13. Additionally the top plot demon-
strates an ASTRA simulation of the beam conditions in the experiment.
The simulated slice emittance though is calculated by splitting the beam
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Figure 5.12: # 2. Equivalent RMS ellipse distributions in phase space
for 1 nC and the laser spot size of 0.37 mm, temporal gaussian

into 20 longitudinal slices, two edge slices are left out due to a small number
of particles contained in those.

Easy to notice that the beam in simulations has wider momentum spread,
it means the original bunch is longer. The slice emittance for the case
of a gaussian laser temporal shape has an emittance bump in the middle
and emittance spikes on the edges. The structure is not clearly observed
in the measurement results. One reason for this is that the RMS time
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Figure 5.13: Gaussian laser temporal shape, 1nC. Comparison of the

quad scan results and the slit scan results with a simulation for a similar
setup using ASTRA.
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Figure 5.14: A quadrupole scan data set affected by the measurement
setup resolution or by space charge. If one fits the distorted set using the
full range the obtained emittance value is higher than the original one.
If the fit is done only in the vicinity of the affected points the obtained
emittance is lower than the original value.

resolution was about 1 ps. The simulated emittance spikes appear at the low
intensity edges and, even if the signal is enough to perform a measurement,
the contribution of the edges within the resolution is very small.

The slice emittance measurement has shown improved statistical error.
The only difference in the measurement procedure was that the quadrupole
which is closer to the observation screen was used hence one would expect to
obtain a tighter focusing of the bunch. This improvement can result from the
resolution issue which has shown to be more pronounced as described below
in 5.2.2.1. The measured emittance values are around 1 mm mrad which are
lower than it is expected from the simulation with respect to comparable
projected emittance values. This might point to systematical errors which
are included in the results of both types of measurements, the quadrupole
and slit scans, but the reasons are different.

The quadrupole scan will certainly return inaccurate emittance results
if the beam size in the waist vicinity is measured to be larger than in a
linear model (distortion by the space charge). One can expect both an
underestimation or overestimation (see an example in Fig.5.14). After the
shutdown with the new CDS booster the beam size in the waist got even
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smaller and the problem became more pronounced.

The beam emittance is underestimated in the case of a slit scan measure-
ment as well. The slit scan does not allow to measure the the tails of the
phase space distribution due to a vanishing signal to noise ratio. One has to
take into account that the central beamlet maximum signal to noise did not
exceed a value 10. The systematical underestimation is then caused by a full
discrimination of the outer beamlets as well as the individual beamlet size
underestimation due to the low signal part discrimination of the beamlet
spatial distribution.

Summarizing this measurement one needs to underline some unclear
points in the results:

e the measured slice emittance is smaller than the expected value from
the simulations (projected emittance is the same within the error bars).
Both measurements can include systematical errors due to the screen
saturation for the quadrupole scan measurements and due to the low
intensity for the slit scan measurements;

e the measurement statistical error got lower although the only difference
is that the quadrupole after the dipole was applied.

5.2.1.3 Measurement # 3. The slice emittance setup testing with
the CDS booster. Quadrupole scan

The new run period of 2010 was started with a new gun cavity [41] and
with the CDS booster cavity [47] installed. With installation of the CDS
booster the maximum beam energy increased to ~ 25 MeV. In the booster
conditioning phase one could perform the slice emittance measurements only
with lower booster gradients. The booster was not fully conditioned and did
not allow to make a reliable emittance optimization. The measurements
were done to test the method and corresponding tools and to check the
signal level for lower bunch charges. A 5mm wide slit was installed at the
dipole exit for cutting out a slice (from this moment on the software splitting
of the slices was not applied anymore).

At this period a set of measurements was done for different bunch charges
of 1nC, 500 pC, 230 pC, 110 pC to check that the signal is sufficient for the
slice emittance measurements. The laser RMS spot size was 0.37 mm. The
measured laser pulse profiles are shown in Appendix D.3. The off-crest phase
was settled to -40 degrees. The dispersive section quad was used to maximize
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Figure 5.15: # 3. Slice emittance measurement results for different
bunch charges and an RMS laser spot size of 0.37 mm, temporal flat-top

the signal. As the result only 3-5 pulses were used for 1 nC bunches and 20
pulses for 110 pC bunches. In order to be able to measure all charges within
2 measurement shifts the measurements were done with a single solenoid
setting that focuses the beam on EMSY?2

The overall beam conditions were poor since no standard optimization
of the setup had been done yet. The measured horizontal (X) projected
emittance of 1nC bunch was measured to be ~1.9mmmrad. The slice
emittance measurement results are presented in Fig.5.15

In the quadrupole scans the minimum beam size measured for the charge
of 1nC was 62 um. We have to keep in mind that in comparison with the
previous measurement the particles’ energy is higher, hence the particles
divergence is reduced and the beam waist size in the scan decreases. The
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normalized emittance though is higher and this may increase the beam waist
size. The minimum beam sizes of about 60 um are suspected to occur at the
limit of the screen resolution due to saturation (see below).

This set showed that measurements with a bunch charge down to 110 pC
are possible with the dispersive section quadrupole. The criterium here was
the signal to noise ratio which showed to be about 200 for the waist point
and is fully sufficient. On the other hand the minimum measured RMS
beam size is limited at about 60 pm for 1 nC bunches. The minimum beam
size measured with 110 pC went down to 50 yum which means that the effect
might be dependent on the charge density. A description of the experiment
intended to study this effect follows this section.

Once the slit at the dipole’s exit is installed the time calibration can
be applied. Also the beam current profile can be evaluated and results in
a peak current of 43.5 A for the 1nC bunch, 25.7 A for the 0.5nC bunch,
15.1 A for the 0.23nC bunch, and 7.0 A for the 110 pC bunch.

The slice emittance measurement might contain a systematic error caused
by the limited resolution effect. In order to understand the beam size res-
olution limitation one needs another independent method of the beam size
measurements. The OTR screen at the same position with YAG has shown
to deliver extremely low intensity and no reasonable comparison could be
done.

5.2.2 Slice emittance measurements using quadrupole
scan

At the beginning of 2011 the cathode laser beam line was upgraded, new
read-out optics for slice emittance was installed together with a new camera.
The PITZ setup optimization started from scratch. First all the components
were adjusted according to the standard optimization procedures and then
the measurements of slice emittance were started. At the beginning a prob-
lem was observed that is described below.

5.2.2.1 Quadrupole scan in HEDA1

The quadrupole in the dispersive section compared to the quadrupole in
front of the dipole should deliver similar emittance results within a certain
solenoid current range (see Fig.4.8). The emittance values obtained with
the dispersive section quadrupole are systematically 4-5 times higher. In

91



order to study this effect measurements of emittance were performed using
both quadruple magnets in the same conditions.

First, the measurement was done using 250 pC bunch charge and -20
degrees off-crest in the booster using the quadrupole in front of the dipole
(H1Q3). The main solenoid was first scanned to find the minimum emittance
value of the central slice and then a detailed scan of four slices was performed
at the solenoid current (393 A for this measurement). Then a measurement
for the same conditions was done with the quadrupole in the dispersive
section (D2Q1). In Fig.5.16(a) the measured emittance of different slices is
shown as obtained from the quadrupole scans with two different quadruples.

The main difference is that D2Q1 is located closer to the screen and the
size of the focused beam is smaller than for H1Q3 (see section 2.3.2). To
study the disagreement one can evaluate the beam size at the screen for the
D2Q1 quadrupole scan using the beam parameters obtained from the H1Q3
scan. From the measurement with H1Q3 the beam parameters are obtained
in front of the D2Q1 quadrupole. Then the beam is traced using linear beam
optics and matrix formalism. The space charge was not observed to have
a significant impact in simulations, although it does not exclude the effect
in the experiment. The result shows that the expected beam RMS size in
the waist should go down to about 30 um (Fig.5.16(b)), but the measured
size is 76 um. For comparison the RMS beam size in the waist measured
scanning H1Q3 quadrupole is about 140 um.

The resolution can be limited due to different effects such as YAG screen
saturation that was reported for an electron beam focused on a YAG:Ce
screen [29]. The critical charge density found for a 100 MeV beam was
0.04pC/um?. In case of the experiment at PITZ described above the density
was not exceeding 0.0004 pC/um? and YAG:Ce powder screens of 100 um
thickness are used at PITZ (a crystal of 250 ym thickness in the original
publication [29]).

Another effect was reported in [33]. There was a YAG:Ce powder screen,
50 micrometers thick, and it showed a contribution of 140-180 um to the
RMS size resolution. The energy was 15MeV and bunch charge 250 pC.
The beam was focused with a quadrupole to produce the smallest possible
size in the horizontal plane. The beam size measurements using a YAG
screen are compared to OTR screen (50 pulses are integrated to achieve a
comparable intensity with the YAG screen and a single pulse).

Also the optical read-out system was simulated and the expected optical
resolution is better than 30 ym. The minimum RMS size that was measured
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Figure 5.16: (a) emittance measurement results are shown for the
same conditions with two different quadruples: D2Q1 - in the dispersive
section; H1Q3 - before the dipole. (b) presents the beam size at the
same observation screen as measured during the quadrupole scan with
D2Q1 and as predicted from the H1Q3 measurements.

with the screen is ~ 60 ym. The OTR screen installed at the same position
did not show enough intensity to obtain any reasonable data for comparison.

The bunch momentum spread contributes according to Eq.2.44 about
10 um quadratically to the measured beam size with o, ~1mm, ép/p ~ 1%,
and the ratio of the drift length and the focal length is 1 ((zz)=0).

Further investigation is needed to find the reason of the resolution limita-
tion. As shown in Fig. 4.14 there is still room for improvement of the OTR
intensity by a factor of 2-3 via enlargement of the acceptance aperture.
Availability of the OTR screen gives an advantage of a direct comparison
to a detector that was not observed to have any resolution limiting effect
at this level of beam sizes. Another instrument that does not suffer YAG
screen and optics read-out issues is a wire scanner. The one of the wire
scanners in the PITZ straight section can be involved to exclude some of the
resolution limit reasons mentioned above.

The conclusion is that the quadrupole in the dispersive section is inap-
plicable due to the observed resolution limitations. The limitation can be
relaxed for certain setup conditions when the beam is not so sharply focused
e.g. the solenoid should focus the beam at the quadrupole magnet entrance,
respectively the beam emittance optimization can not be performed in the
full range of the setup parameters.
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Figure 5.17: Slice emittance solenoid scan with 100 pC bunch charge.
For PCSE and ASE see the text.

The results presented in the following section are obtained using the
quadrupole H1Q3 in front of the dipole.

5.2.2.2 Measurement # 4. Flat-top laser pulse temporal pro-
file, 100 pC bunch charge, with an RMS laser spot size of
0.18 mm

This measurement was performed for 0.18 mm laser spot size on the cathode
with 100 pC of the bunch charge. The laser pulse profiles are presented
in Appendix D.4. A projected emittance measurement delivered 0.25 mm
mrad for a similar setup settings with on-crest phase in the booster [41]. The
beam was accelerated -20 degrees off-crest in the booster. The quadrupole
in front of the dipole was used for the emittance quadrupole scan (H1Q3).

In the measurement the image of the focused beam showed peak signal
to noise ratio of ~30 which corresponds to an expected 4% underestimation
of the beam size measurements (see Fig.4.19, 50 pulses integrated within
the exposure time).

In order to find the optimum solenoid current for the measurement a
scan was performed (Fig.5.17). Two quantities were used to study slice
emittance as a function of the solenoid current. The peak current slice emit-
tance (PCSE) corresponds to the emittance of the slice with the maximum
average current (the slices have different duration and using only the slice
charge would not be fully correct). The average slice emittance (ASE) is
obtained by finding a weighted mean of the emittance of all the slices. The
values are behaving the same way in the right part of the solenoid scan.
For the lower solenoid currents the center slices (peak current slice belongs
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Figure 5.18: The measurement result for a bunch charge 100 pC,
laser spot size 0.18 mm, L. = 384 A

to this part) emittance decreases while the emittance of the edge slices in-
creases and pulls the average value up. The scan starting solenoid current is
392 A. Following the decrease of the emittance of the peak current slice the
minimum point was found at 384 A. A detailed quad scan was conducted for
five dipole currents at this solenoid current (Fig.5.18(a)).

The peak current slice emittance was measured to be 0.33 + 0.01 mm
mrad. The same values within the errorbars were measured for the other
two central slices. The outer slices showed higher values at the level of
0.54 £ 0.08 mm mrad for the head slice and 0.40 +0.03 mm mrad for the tail
slice (see Fig.5.18). The slice average emittance equals to 0.37+0.03 mm
mrad.

The higher values of emittance on the edges of the bunch are sensitive to
the rise and fall times of the laser temporal shape in the ASTRA simulations.
In Fig5.19 one can see that a longer rise/fall time causes higher emittance at
the edges. The tail is additionally influenced by a previously emitted charge
and the charge density is not fully defined by the laser pulse shape and
therefore the effect is more complex. The reason for higher emittance is in
the changing charge density along the bunch that leads to a slice mismatch
at a very short scale (much shorter than the setup resolution, meaning that
the measurement delivers a “projected“ value). In Fig.5.19(b) one can see
the slice mismatch within the slice number ten itself. The complete slice
number ten emittance is 0.45 mm mrad. Subslices have emittances in the
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Figure 5.19: (a) slice emittance simulation using ASTRA for three
different rise and fall times of the laser temporal profile. The first slice
corresponds to the bunch tail. (b) slice number ten (head) is split into
10 slices again and the phase space distributions of the six trailing of
them are shown in terms of equivalent ellipses.

range of 0.11-0.19 mm mrad. The shorter the rise and fall time the smaller
the number of particles (weight) that form high emittance edge slices.

One of the reasons of the slice emittance exceeding the projected emit-
tance can be in a different number of pulses in the train used for the mea-
surements. The projected emittance was measured with 10 pulses and the
slice emittance measurement was performed with 40 pulses per train. The
slice emittance measurement collects more short period machine parame-
ter fluctuations [68]. The transverse laser profile is far from a flat-top in
this measurement. The flatness of the profile was better for the projected
emittance measurement.

The projected and slice emittance optima appear at different solenoid
currents. The projected emittance value at the slice emittance optimum
solenoid current of 384 A was 0.38 mm mrad. The slice emittance value at
the projected emittance optimum solenoid current of 390 A was 0.41 mm
mrad (both the average slice emittance and the peak current slice emit-
tance). The simulation showed a difference of 16% with the absolute value
of the projected emittance 0.25 mm mrad versus 0.16 mm mrad of the slice
emittance with an RMS laser spot size of 0.18 mm and the solenoid current
of 382 A.

The minimum projected emittance for 100 pC bunch charge, 0.22 mm
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Figure 5.20: Slice emittance solenoid scan with 230 pC bunch charge.

mrad, was measured with an RMS laser spot size of 0.12mm and a solenoid
current of 390 A. In the simulation the optimized projected emittance of
0.21 mm mrad at the laser spot size of 0.17 mm, 382 A solenoid current.

5.2.2.3 Measurement # 5. Flat-top laser pulse temporal pro-
file, 230 pC bunch charge, with an RMS laser spot size of
0.3 mm

The laser shape is a flat-top profile with 1.87 ps, 21.08 ps, 2.57 ps correspond-
ing to rise, FWHM, fall times. The transverse RMS laser spot size at the
cathode is 0.30 mm. The longitudinal and transverse shapes can be looked
up in Appendix Appendix D.6.

The gun phase is set to a value corresponding to the maximum beam
mean momentum after the gun. With the setup the mean momentum
reaches 6.7 MeV/c and the RMS spread is about 20keV/c. The booster
phase is adjusted first to the maximum mean momentum gain. With this
phase the beam mean momentum equals 24.87 MeV/c and the momen-
tum spread is about 100keV /c. The phase is shifted to -30 degrees. The
quadrupole in front of the dipole (H1Q3) was applied for the emittance
measurement. The intensity is an issue and we used 50 pulses in a train
and the signal to noise ratio was 43, the beam size systematic error for the
case studied in section 4.5.2 would be 2-3%. The solenoid current scan was
performed to find the minimum slice emittance value and the result is shown
in Fig. 5.20. Three slices are measured for each solenoid current. The av-
erage slice emittance has a minimum at 382 A and the peak current slice
emittance is minimal at 384 A. The detailed measurement was done only for
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Figure 5.21: Measurement results for a 230 pC beam, laser spot size
0.30 mm, Ipam = 382 A.

the solenoid current of 382 A.

The best average slice emittance was measured for 382A. A detailed
dipole scan was done with a smaller step resulting in 7 slices. The re-
sulting emittance is presented in Fig.5.21. The left plot shows the emit-
tance as a function of time. The peak current slice emittance equals to
0.524+0.04 mm mrad, while the average slice emittance over all slices is 0.55
+0.05 mm mrad. The right plot represents the slices’” RMS equivalent el-
lipses in phase space. One can see that five slices in the middle are oriented
much in the same way. The edge slices have similar orientation too but rel-
atively to the middle part they are rotated. These slices correspond to the
laser temporal profile rise and fall times and have different charge density,
hence the phase space distribution undergoes different evolution along the
setup.

Earlier projected emittance measurements with this aperture for 250 pC
have obtained the minimum X emittance of 0.52 £+ 0.02 mm mrad with the
solenoid current of 388 A (fast scan of the slice emittance resulted in 0.52 £+
0.03). The solenoid current of the slice emittance minimum, 382 A, deliv-
ered the projected emittance of 0.59 mm mrad. Similar to the measurement
with 100 pC the optimum slice emittance solenoid current is lower than the
one for the projected emittance. As it can be seen in Fig.5.22 the slice
emittance minimum does not correspond to the best matching of the slices
which happens for 390 A according to the measurement result. This might
be an indication of the beam slice emittance reaching its minimum due to
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Figure 5.22: Slice equivalent ellipses in phase space for 230 pC.

non-linear processes at a different solenoid current when compared to the
solenoid current for the best compensation of slice mismatch due to variable
forces applied along the bunch. The projected emittance is affected by both
and therefore will get its lowest value in between these two minima.

The effect was observed in simulations with much smaller difference in
the solenoid current of the projected and slice emittance optima. There the
shift depends on the bunch charge and can change the sign. For example
in the simulation results demonstrated in section 5.1.2 the slice emittance
has minimum at a higher solenoid current for 100 pC bunch charge, and at a
lower solenoid current for 500 pC bunch charge. The larger difference in the
experiment can be explained by the non-uniform laser spot at the cathode
involving more non-linear effects.

The minimum measured slice emittance value is 0.52 £+ 0.04 mm mrad
at a solenoid current of 382 A and it is rather flat within the range 382-
388 A of the solenoid current. The minimum projected emittance is 0.52
4+ 0.02 mm mrad at a solenoid current of 392 A, but gets up to 0.59 mm
mrad at the solenoid current of 382 A. In the simulation the absolute value
of the projected emittance 0.33 mm mrad against 0.25 mm mrad of the slice
emittance.

One needs to mention that the minimum projected emittance, 0.34 mm
mrad, was measured with the RMS laser spot size of 0.18 mm and 379 A
solenoid current. The simulation predicts the optimized projected emit-
tance of 0.28 mm mrad for the laser spot size of 0.22 mm and 382 A solenoid
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current. The slice emittance was not measured for this laser spot size.
Summarazing the variety of emittance numbers we conclude:

e Both the simulations and the projected emittance measurements pre-
dict the minimum slice emittance at smaller laser RMS spot sizes than
0.3 mm.

e The solenoid current value of the projected emittance minimum is
shifted with respect to the slice emittance minimum. As it can be
seen from the slices trace space orientation the projected emittance
minimum is achieved at the best matching of the slices. It means if
one obtains the minimum slice emittance and the best matching at the
same solenoid current the projected emittance will be reduced for this
laser spot size.

e The difference between measured and simulated projected and slice
emittance values is not well understood. The numerical model in-
cludes only a flat-top longitudinal and homogeneous transverse laser
profiles. The effect of profile modulations on the projected emittance
was studied in simulations and has shown significant influence [44].
Simulations consider only a single bunch and that’s why no parame-
ter jitter is included. Another reason for the discripancy could be in
an extremely simplified emission model. The simulations were done
assuming a constant kinetic energy of the emitted particles and an
isotropic emission from the cathode.

5.2.2.4 Measurement # 6. Flat-top laser pulse temporal pro-
file, 500 pC bunch charge, with an RMS laser spot size of
0.3 mm

A flat-top laser temporal shape with 1.94 ps, 21.35ps, 2.64 ps correspond-
ing to rise, FWHM, fall times was generated for this measurement. The
transverse RMS laser spot size at the cathode is 0.30mm in both x and
y directions. The longitudinal and transverse shapes can be looked up in
Appendix D.5.

The gun phase is set to maximum mean momentum of the beam. With
this setup the mean momentum reaches 6.68 MeV/c and the RMS spread
is about 20keV /c. The booster phase is adjusted first to maximum mean
momentum gain. With this phase the beam mean momentum equals 24.82
MeV/c. After that the phase is shifted to -30 degrees.
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Figure 5.23: The measurement result of 500 pC, laser spot size
0.30 mm, Inaim = 390 A.

The measurement is conducted using the quadrupole in front of the dipole
(H1Q3). In the slice emittance solenoid optimization (Fig.5.23(a)) a mini-
mum is found at a solenoid current of 390 A. A detailed scan is performed
with this solenoid current, the result is shown in Fig.5.23(b). The peak
current slice emittance equals to 0.66 £+ 0.04 mm mrad, the average slice
emittance is 0.59 £+ 0.05 mm mrad.

Slice phase space orientations are presented in Fig. 5.24 for several main
solenoid currents. Lets follow the change of the orientation with the solenoid
current. With 386 and 388 A the slices look well aligned but the individ-
ual emittance values (area of the ellipse) are higher than for the next plot
of 390 A. At 390 A one obtains the smallest slice emittance but the slice
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Figure 5.24: The solenoid scan resulting slice orientation 0.5 nC, laser
spot size 0.3 mm.
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orientation is apparently mismatched and gets even worse with 392 A (over-
focusing). A similar behavior was already shown for in the scope of the
beam dynamics simulations 5.1.2. For the measurement in the previous sec-
tion the minimum slice emittance occurred for a lower solenoid current than
the current of the best slice alignment.

Beam projected emittance measurements were not done with this bunch
charge. In simulations the projected emittance minimum equals 0.43 mm
mrad for this laser spot size at the solenoid current of 382 A. The slice emit-
tance equals to 0.37 mm mrad. The slice emittance is significantly higher
than the thermal emittance for this laser spot size (0.25 mm mrad) due to a
growing role of the non-linear transverse space charge interaction. Keeping
the same laser spot size at the cathode (thermal emittance) for different
bunch charges one obtains the characteristics of the space charge contri-
bution to the bunch slice emittance. The measurements are presented in
the order of growing bunch charge. The same laser spot size was used for
230 pC, for 500 pC and for 1 nC (see next section). For 230 pC bunch charge
with this laser spot size thermal emittance is totally dominant and therefore
one needs to reduces the laser spot size to move toward the optimum slice
emittance. 500 pC bunches have already a significant contribution of the
non-linear space charge to the slice emittance and the optimum can occur
for smaller as well as for larger laser spot sizes.

5.2.2.5 Measurement # 7. Flat-top laser pulse temporal profile,
1 nC bunch charge, with an RMS laser spot size of 0.3 mm

First a projected emittance measurement with 1 nC bunch charge was done
at EMSY1, which has shown the smallest value in X plane of 0.94 mm mrad
for the laser RMS spot size of 0.3 mm, and the solenoid current 392 A. The
same conditions were kept to measure slice emittance. The results are pre-
sented on Fig. 5.25. The peak current slice emittance value is 0.88 + 0.05 mm
mrad. The average slice emittance calculation results in 1.04 4+ 0.12mm
mrad.

The simulation of the setup has shown that the maximum possible charge
that can be extracted from the cathode with this small laser spot size is about
800 pC. The minimum RMS laser spot size which still allows to extract the
full charge at 60 MV /m is 0.39 mm (no field induced emission included). In
the projected emittance optimization using simulations for 1 nC beam the
minimum was found to be 0.65 mm mrad with the RMS laser spot size of
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Figure 5.25: The measurement result of 1 nC beam, laser spot size
0.30 mm, I, = 392 A

0.41 mm mrad and the solenoid current of 383 A. The beam slice emittance
minimum was obtained with the same spot size, but at 382 A solenoid cur-
rent, and the value equals to 0.59 mm mrad. This result is about 25% lower
than the measured value and the reasons for that are assumed to be the
same as mentioned in section 5.2.2.3.

From the previous projected emittance measurements with low bunch
charges one learns that the laser spot size corresponding to the minimum
value is systematically lower than the one expected from the simulation. The
reason can be in a difficult to detect low intensity halo of the laser beam. It
would lead to a situation when the 1.2 mm diameter spot is saturated and
does not emit more charge with more laser power, but in the halo region the
extracted charge is growing. In this way the halo gets amplified in respect to
the charge content of the main spot. It would make the effective laser spot
size larger than measured with the virtual cathode. This assumption could
explain the low intensity halo that is observed in the electron beam (see next
section). The study of this subject is out of the scope of this thesis, but it
is definitely of great importance for the beam characterization purposes.
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5.2.3 Slice emittance measurement using slit scan

5.2.3.1 Measurement # 8. Flat-top laser pulse temporal profile,
1 nC bunch charge, with an RMS laser spot size of 0.3 mm

The following measurement was performed for 1 nC bunches in the same con-
ditions as the projected emittance measurement at EMSY1 and as the quad
scan presented in the previous section (L. = 392A). The peak current slice
emittance measured to be 1.49mm mrad. The phase space distributions of
slices (for example see Fig.5.27(c)) were strongly divergent, the beamlet
RMS sizes were about 100 um, there was an intensity core observed in the
phase space distribution that concentrates about 90% of the integral signal,
although its transverse coordinate span is only half of the full beam. That
means the contributions of the pixel RMS equivalent resolution (18 ym),
optics resolution (40 um), and the potential screen resolution (60 um) are
significant. These components are independent and have to be accounted
quadratically to the electron beam size contribution.

The situation can be improved if the electron beam contribution is in-
creased. This is realized by focusing the beam at the slit mask using a
quadrupole right after the booster (H1Q1). The measured beam emittance
changed significantly with the applied quadrupole focusing. Then the deci-
sion was made to measure the slice emittance as a function of the quadrupole
current.

For each quadrupole current the emittance values of the same four slices
were measured. The minimum emittance value appeared between 2.1 A (cor-
responds to the X beam size focus at the slit mask location) and 2.5 A of
the quadrupole current. The scan curve in Fig.5.26(a) shows the average
slice emittance as a function of the quadrupole current. On Fig.5.26(b)
the emittance values of individual slices are shown for different quadrupole
currents together with the beam current profile.

We see that the slice emittance measurement 70 cm downstream from
the place, for which the emittance was reconstructed in the previous section,
delivers twice higher results. First, we need to understand what is the reason
for the emittance decrease caused by the quadrupole focusing. The role
of the quadrupole focusing in this case is to induce a higher space charge
interaction. The space charge performs a non linear transformation of the
phase space distribution that reduces the RMS emittance at the position of
EMSY2.

Fig.5.27(a) and Fig.5.27(b) show the beam transverse profiles on the
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Figure 5.26: A quadrupole magnet focusing in front of the slit mask
to minimize nonlinear correlated divergence contribution.

slit mask. When there is no quadrupole magnet applied the beam has a
symmetric wing like pattern in X direction. The wings have considerably
lower intensity. Now if one looks at the phase space distribution of the
beam (Fig5.27(c)) there is a linear distribution with a more intensive core
and the periphery parts which correspond to the wings. Now one focuses
the beam in x direction on the slit mask (/¢ = 2.1 A). In the transverse
profile there is still some halo but the wings are not so distinct. On the
other hand in the phase space distribution (Fig5.27(d)) these wings have the
same X coordinate as the core part, but they are stronger divergent. In this
configuration the phase space distribution forms an ”s* like shape that has
a smaller RMS emittance value. The most outer particles of the transverse
profile cross the x=0 axis with the smallest impact from the transverse space
charge. The core part particles do not cross the divergence axis. They
are stopped and accelerated backwards by the space charge repulsion. The
space charge impact grows from the outer particles toward the core, and
particles loose their transverse momentum dependence on the transverse
position. The phase space folds into a more compact distribution that has
a lower RMS emittance. This situation can be observed in simulations and
a simulated distribution similar to the measured one is shown in Fig. 2.5.
The assumption that the phase space distortion leads to the emittance
reduction suggests that the original emittance is correct with no additional
quadrupole applied. The phase space distribution has a ’banana‘ like shape
and the RMS emittance value is not supposed to be applied in case of non-
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Figure 5.27: (a) and (b): transverse profiles of the beam for the H1Q1
quadrupole current of 0 A and 2.1 A correspondingly. (c) and (d): phase
space distributions of the peak current slice for the quadrupole current
of 0 A and 2.1 A correspondingly.

linear distributions. After the distribution from Fig5.27(c) is linearized by
shearing along the divergence axis the RMS emittance reduces from 1.83 mm
mrad to 1.71 mm mrad, meaning that the non-linearity contribution does not
dominate the result.

On the other hand the emittance value with the quadrupole current of
2.1 A approaches the results of the quadrupole scan presented in the previous
section. In the emittance quadrupole scan one focuses the beam on the ob-
servation screen and measures the beam sizes. But the focused distribution
might undergo the similar non-linear transformation, the size scan delivers
only the information about the distorted phase space. The quadrupole scan
with 1nC illustrates exactly this case, although the simulation described in
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Figure 5.28: Detailed slice emittance measurement with 1 nC using
the slit scan technique. (a) Slice emittance versus time within the bunch.
(b) Equivalent ellipse phase space distributions of the slices

section 5.1.3 has not shown any effect of the space charge. The idea was
confirmed by comparing the Twiss parameters obtained in the quadrupole
scan (previous section) and those of the slit scan. The best matching of the
parameters is achieved when the beam has a focus at EMSY2 for the slit
scan.

A detailed slice scan was then performed with the quadrupole current
2.5 A, which had shown slightly higher emittance but better signal to noise
ratio. The results are shown on Fig. 5.28. The left plot represents emittance
as a function of time. The peak current slice has an emittance value of
0.9740.04 mm mrad. The right plot is a qualitative schematics of the slices
orientation in phase space.

The low intensity halo observed in Fig. 5.29(a) contains only about 10% of
the bunch charge. But we are interested in its contribution to the emittance.
The emittance can be represented as a function of the charge cut, which is
described below. Every pixel in phase space that has a value lower than a
certain threshold is set to zero, what corresponds to skipping the charge out
of an equal charge density contour. The bunch emittance as a function of the
fraction of the discriminated bunch charge for the peak current slice distribu-
tion is shown on Fig. 5.29 together with the 100% charge phase space distri-
bution. The emittance values 0.97 mm mrad, 0.79 mm mrad, 0.65 mm mrad
are corresponding to 100%, 95% and 90% of the charge considered in the
reconstructed phase space distribution. Here one concludes that the halo
containing 10% of the charge is responsible for about 30% of emittance.
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Figure 5.29: The phase space of the peak current slice and the cor-
responding charge cut curve.

The slit scan technique suffers from low intensity beamlets on the beam
edge, where the charge passing the slit is already tiny and then it is spread
over a certain area on the observation screen, and the distribution appears
to be fully below the sensitivity threshold of the system. The level of the
distribution tails discrimination can be figured out by comparing the RMS
beam size on the screen at EMSY2 of 0.28 mm and the size of the profile
(Fig5.30(a)) reconstructed from the integrated intensity of distribution? on
the observation screen in HEDA1 that equals to 0.22mm. Now a charge
cut is applied to the beam transverse profile at the EMSY2 screen similar
to the phase space distribution cut described above. The aim is to estimate
the fraction of the initial beam charge that is included in the reconstructed
phase space distribution. Fig. 5.30(b) shows the cut and one gets equal sizes
when 5% of the charge are discriminated.

5.2.3.2 Beam projected emittance measurement using slit masks
of different widths

The above described slice emittance measurement is performed using a 50 pm
slit. The projected emittance the section referres to is measured with 10um
slit. In order to compare the results an additional experiment was done.
The projected horizontal emittance was measured using EMSY?2 with both
slit masks of 10 and 50 um. Highl.Scr5 positioned 1.8 m downstream was
used as the observation screen. The camera settings were adjusted to have

2integrated along horizontal divergence spread and over all slices.
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Figure 5.30: Estimation of the tails loss for the slit scan technique. (a)
The beam X transverse projection at the EMSY?2 position reconstructed
from the slit scan. (b) The original X transverse profile size at EMSY2
screen as a function of the charge remaining after the charge density
below a certain level is discriminated.

the maximum peak intensity in both cases for about the same number of
pulses. For the 10 ym case 15 pulses were used, 2x2 binned mode of the
camera, the camera gain 20. For the 50 um case 20 pulses were used, full
frame mode of the camera, the camera gain 10. The resulting phase space
distributions are presented in Fig. 5.31.

The emittance measured with the 10 um slit mask equals 0.7 mm mrad
and the reconstructed beam size in the phase space is 40% smaller than
the size resulting from a direct measurement at the EMSY2 screen; with
the 50 um slit mask the measured emittance equals 1.71 mm mrad and the
phase space beam size is 7% smaller than the measured size at EMSY2.

The first visual difference found is a significant low intensity halo, mea-
sured with the 50 um slit mask. Integrally the halo charge is about 30% of
the full bunch charge, but it contributes the difference between the 10um
and the 50 pm slits in emittance value ( almost 2.5 times). Another fact
that supports the halo existence is the factor between the reconstructed and
the directly measured beam sizes at EMSY2, which is smaller for the 10 um
slit mask case due to the halo discrimination.

The final beamlet RMS size is between 100 ym and 200 ym for the 10 um
slit mask, and between 100 gm and 300 pm for the 50 um slit mask. The
initial slit size contribution is about 1% for the wider slit and is negligible
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Figure 5.31: Phase space distribution resulting form the slit scan
measurements with (a) 10 pum slit and (b) 50 pm slit.

for the narrower slit.

A disadvantage of the wider slit is of course more space charge influencing
the finally measured divergence distribution. In the simulations one obtains
for similar beamlets that the difference caused by space charge between the
beamlet sizes after the slit masks at the observation screen is about 1%.
Even if the wider divergence spread in the central part is caused by the
space charge, it cannot explain the charge appearing at the edges of the slit
position scan range for the 50 um slit mask.

There is still an argument that the measurements were done with quite
different camera settings. Higher gain can lead to low signal discrimination if
the camera is damaged by the radiation (see section 4.5.1). But this was not
the case. The effect that switching from the binned mode to the full frame
was observed to reduce the measured beam size due to the lower signal, is
again not an explanation because lower sensitivity is compensated by higher
intensity from the screen.

With this experiment it was found that the 50 pm slit mask is more sen-
sitive to the low intensity halo unlike the projected emittance measurements
that were done using the 10 ym slit mask at EMSY1. The halo phase space
distribution is non-linear and therefore RMS emittance does not deliver a
comparable value. Shearing of the distribution results in an RMS emittance
value of 1.45 mm mrad.
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5.2.4 Summary: different charge with RMS laser spot
size at the cathode of 0.3 mm

Three measurements with 230, 500 and 1000 pC were conducted with the
same laser spot size at the cathode (0.3 mm) and using the same quadrupole
scan approach. The thermal emittance is assumed to be the same, the
emittance changes only due to a difference in the space charge impact. This
study should give an idea on how the electron beam brightness changes with
the bunch charge.

Fig.5.32 shows the peak current slice emittance as a function of its cur-
rent. The experimental points from left to right correspond to 230 pC,
500pC, and 1nC. The data is fitted using the square root function. The
electron beam brightness is constant along the curve, if the slice emittance
is assumed to be equal in both transverse planes. The space charge induced
emittance growth with the slice current in such a way that the brightness
stays constant. One can still increase the beam brightness for 230 and 500 pC
by reducing the laser spot size on the cathode. The presented data and the
fit curve cover a certain range where the edge effects could not be observed.
From the lower current side the emittance should go down only to the level
of the thermal emittance. From the higher current side the emittance will
start growing rapidly due to virtual cathode formation near the cathode
surface. Even further it will not be possible to increase the current by in-
creasing the laser pulse energy. For completeness of the study one needs
more measurements especially for these both edges of the range.

Emittance of the peak current slice
versus its current

T -
E e e 1000pC
€ 06 e
g 00 1 e
g |.- ‘I’ 500pC
£ 04 [ 230pC
€
[}
§ 02 r measured emittance °
. fit with a*1*°, a=0.147
10 20 30 40

Slice current I, A

Figure 5.32: Summary of slice emittance measurements with different
charge for an RMS laser spot size of 0.3 mm.
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Figure 5.33: Summary of projected emittance results with different
charge and peak current slice emittance results.

5.2.5 Summary: slice versus projected emittance

A set of projected emittance measurements [41] was done with similar to slice
emittance conditions (gun on-crest). Fig.5.33 summarizes the results of both
types. The main difference is that the full projected emittance optimization
is done and that the slice emittance was measured with one laser spot size
per bunch charge only. For 110 pC the slice emittance result is higher than
the projected values. Systematical errors are caused by strong laser trans-
verse profile modulations in case of the slice emittance measurement with
0.1nC (emittance increase), and by the usage of the 10 um slit scan in case
of projected emittance that has proved to be insensitive to low intensity
halo (emittance decrease). Another systematical difference is that for the
slice emittance measurements with 1 nC and 0.23nC a new iris diaphragm
aperture was used that allows to have any diameter within its range, but
the shape is not strictly round. It is formed by 14 overlapping blades, which
create a circle like transverse profile with 14 corners connected by almost
straight lines. On the other hand no evidence of an effect on emittance was
found in simulations.

5.2.6 Summary: the quadrupole and slit scans, 1 nC
bunch charge

Measurements # 7 and # 8 were conducted using 1 nC bunches at the same
phase off-crest, but with two different approaches. In this summary the
results are compared and discussed.
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Figure 5.34: Comparison of quadrupole scan and slit scan results for
1nC.

Fig.5.34 presents the data at the same plots. One can see that one
point of the quadrupole scan is equal to the slit scan measurement within
the statistical error, two quadrupole scan points lie 15% lower, and the
edge points are higher than it is measured with the slit scan. The slit
scan results represent the emittance of 95% of the bunch initial charge,
as it was estimated above. There is no decent estimation for such an effect
during the quadrupole scan. A general consideration is that the bunch charge
is focused and low intensity of the beam distribution tails will exceed the
system sensitivity threshold, keeping the intensity ratio between the tails
and the core. If there is an effect it must be much smaller compared to the
slit scan.

One of the systematical impacts that influences both methods is the space
charge. It is contributing differently to both approaches though. In the
slit scan data the measured divergence is overestimated by 3-6% (results of
ASTRA simulations) due to the residual transverse space charge interactions
in the drift between the slit mask and the screen. In case of the quadrupole
scan the space charge modifies the beam size versus the quadrupole magnet
current dependence. The plot in Fig. 5.14 explains the cases when emittance
can be underestimated or overestimated. The beam size error due to the
space charge observed in the simulations was up to 3%.

Another systematical error is caused by the limited temporal resolution
of the setup. In the simulation section 5.1.3 an estimation of this effect for
the quadrupole scan was done. It was shown that the peak current slice
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emittance error depends on the solenoid current and is in the range from
2 to 20% for the off-crest phase of -30 degrees, where the minimum error
corresponds to the minimum measured slice emittance in the solenoid scan.

During the slit scan studies it was found that emittance was changing
with the focusing applied in front of the slit mask. Due to the introduced
focusing the beam undergoes a non-linear transformation in the drift from
the quadrupole to the slit mask. The space charge makes the phase space
distribution more compact in the sense of RMS emittance. But this mini-
mum has nothing to do with the projected emittance measured at EMSY1.
In case of the quadrupole scan measurement the phase space distortion can
not be avoided. This can be proven by measuring the emittance with the
quadrupole (H1Q3) scan for several currents of the pre-focusing quadrupole
(H1Q1) used in the case of the slit scan. If the assumption is correct there
must be no difference in the emittance numbers, only the minimum of the
size will be shifted along the quadrupole current.

The slit scan approach is a direct measurement and it allows to recon-
struct the phase space distribution without modifying it. The disadvantages
are: low intensity, mechanically comprehensive measurement setup. In the
quadrupole scan the beam is always focused and generates enough signal
even for low bunch charges down to 100 pC. In general the quadrupole scan
can be extended to perform a tomographic reconstruction of the phase space
distribution. The implementation requires a detailed study of the space
charge influence on the reconstruction. Due to space charge the parameters
can vary within the quadrupole scan itself causing an emittance uncertainty
and faking the phase space distribution.

The results of both measurements differ 10-15% for 1 nC case, what is
beyond the statistical error bars and might indicate some systematical error
that is unknown yet.
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Chapter 6

Summary and outlook

6.1 Summary of slice emittance studies

The possibility to measure slice emittance using an energy-chirped beam
in a dispersive section was studied and the slice emittance diagnostics was
implemented and successfully commissioned at PITZ. The setup allows to
measure horizontal emittance only. The new recently installed dispersive
section (HEDA2) will allow the measurements of the vertical transverse slice
emittance in future.

The studies have shown that in the nominal operation mode with a
beam duration of about 20 ps for a 1nC bunch the setup RMS resolution
can reach down to 1.5ps (-50 degrees off-crest phase in the booster). The
simulations of the setup predict that the minimum measured slice emittance
should only slightly depend on the booster phase and on the measurement
position along the setup in a certain range. This means one can compare
the measurements done using the slit masks at EMSY1 and EMSY?2 with
the measurements done using the quadrupole magnets in front and after the
dipole. One might still encounter different systematical errors at different
measurement locations.

During the commissioning phase the depth of focus problem did not allow
to make a reliable measurement using the slit scan technique. Therefore a
new optical read-out was designed based upon the Scheimpflug rule to avoid
the depth of focus issue.

The beam size were expected to be down to 20 um in the quadrupole scan
process, but the minimum beam size obtained experimentally was about
60 pm. A space charge influence was not observed in simulations, which
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does not exclude that it is present in the experiment. Still several labora-
tories have reported an unexpected resolution limitations of YAG screens.
Therefore it was decided to use a more distant quadrupole, the one in front
of the 180°dipole. In this case the minimum size is about 100pm. In order
to study the YAG resolution problem one can use the OTR screen, but the
intensity was 10-20 times lower compared to the YAG screen. A wire scanner
needs to be considered as an appropriate candidate for these studies.

The emittance optimization was first done using ASTRA simulations.
They showed that the slice emittance optimum is usually close to the pro-
jected emittance optimum in the parameter space of the solenoid current and
the laser spot size. The simulations were conducted for the PITZ setup with
the CDS booster and showed very week dependence of the lowest emittance
on the booster gradient in the range from 15 to 25 MV/m. From simula-
tions with 1 nC bunches the average slice emittance is expected to be only
6% lower than the corresponding projected emittance in the optimum case.

A set of measurements was done using the quadrupole scan for different
bunch charges. It showed that that the slice mismatch minimum along the
solenoid current is shifted with respect to the solenoid current of smallest
individual slice emittance. In case both effects occur at the same solenoid
current the resulting projected emittance will be lower.

The set of measurements with constant laser RMS spot size of 0.3 mm
for different bunch charges led to the conclusion that the slice emittance
versus peak current follows a constant brightness curvel. The slice emittance
optimum for the bunch charges of 500 and 230 pC is expected to be at lower
laser spot sizes, meaning that the optimum beam brightness increases from
1nC towards 230 pC bunch charge.

The systematical differences between the slice and the projected emit-
tance setups were studied. Among them is the different width of the slit
for the scans: 10 um for the projected emittance and 50 um for the slice
emittance. It was observed that the 50 pum slit was more sensitive to the low
intensity beam halo, which was strongly suppressed when the 10 pum slit was
used. Although the halo contains about 30% of the integral signal in the
phase space, the emittance of the distribution obtained with the 50 ym slit
is about 2.5 times higher.

The quadrupole scan data shows lower emittance for 1 nC bunch charge
than the slit scan without any additional focusing applied. The slit scan
was also conducted with an assisting quadrupole. A strong dependence of

lwith the assumption that the emittance is equal in both transverse planes.
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the emittance on the quadrupole current was observed. The Twiss param-
eters obtained in the slit scan and the quadrupole scan coincide when the
beam is focused with the additional quadrupole on the slit mask. From
this result it was concluded that the beam experience a non-linear defor-
mation by the space charge in the quadrupole scan measurement and a set
of modified Twiss parameters in front of the quadrupole is obtained. The
resulting emittance is by chance comparable with the projected emittance
values measured without the halo.

In the scope of the halo studies we encountered strong phase space non-
linearities which increase the RMS emittance. As a consequence the average
phase space charge density is considered as reduced, although the peak phase
space charge density stays the same. Regarding this issue one can apply a
phase space shearing procedure to exclude non-linearities. Still this solution
is not applicable for strongly non-linear (containing loops) distributions.
One can also discriminate the low intensity non-linear part of the phase
space distribution. In this manner the RMS emittance value is acceptable
for the average phase space charge density calculation of the beam core.

The halo needs further investigations as well as dedicated instrumenta-
tion. There were several possibilities studied in other labs, e.g. [69].

The results obtained at PITZ can be compared to the similar experiments
of SPARC [10] and SLAC [9] groups. The SPARC team has obtained a
slice emittance of 1.3 mm mrad applying a deflecting cavity and quadrupole
scan technique for the bunch charge of 300 pC at the beam energy of about
150 MeV. At SLAC the measurement was performed using energy-chirped
bunches in a dispersive section. The bunch emittance was measured using
quadrupole scan technique and the result for 300 pC bunch charge was in a
range of 1-3mm mrad. At the PITZ measurement setup the slice emittance
values in a range of 0.8-2 mm mrad were obtained for the 1nC bunches.

6.2 Future of slice emittance diagnostics at
PITZ

Beam slice emittance at the gun output is of essential interest for FELs
with a linear bunch compression, especially for HGHG scheme. The gun
contribution to the beam emittance at the undulators is the major one.
Therefore characterization of the slice emittance allows to obtain the lower
limit of the emittance contribution and to distinguish between the emittance
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optimization goals: the best slice matching and the lowest individual slice
emittance.

It’s worth to mention that this simple diagnostics should provide a pos-
sibility to measure thermal emittance with long bunches. Normally, it is
done using the slit scan in the straight section with a short Gaussian bunch
to minimize the RF field contribution, and with very low charge to exclude
space charge as much as possible [70].

For slice emittance measurements with higher longitudinal resolution one
can apply a transverse deflecting cavity that among other diagnostics based
on it allows high temporal resolution slice emittance measurements of the
electron beam without a need to introduce additional energy spread. A de-
flecting cavity system is under installation at PITZ right now. A comparison
of both methods will be an important option, as the comparison of the cur-
rent setup up to now is only done with respect to simulation results which
show significant differences.
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Appendix A

A.1 Solenoid calibration and emittance com-
pensation and emittance double minima

The field to current calibration for the solenoid is a linear function with two
parameters ¢=0.0005889 and d=0.00007102:

I =cB+d (1.1)

A.1.1 Emittance double minima

The solenoid current is 372A. The RMS projected emittance evolution along
the z axis is shown in Fig. A.1. The compensation occurs first at about 3m
(Fig. A.2) and the second time at 8 m (Fig. A.3), although the second emit-
tance minimum occurs at about 7m. The difference can be explained by the
growth of the individual slice emittance due to the non-linear transforma-
tion.

Emittance, mm mrad
O == N W N

0123456738910
Z position, m

Figure A.1: Emittance as a function of the longitudinal coordinate
along the setup.
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Figure A.2: The array of the phase spaces shows the evolution of
slices’ distributions along the beamline. First projected emittance min-
imum.
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Appendix B

B.1 Slice emittance setup parameters

measurement type || slit (quad) | drift before | drift after | full drift
position the dipole | the dipole

slit scan (EMSY?2) || 7125 375 1950 3260
quad scan (H1Q3) || 6780 720 1950 3606
quad scan (D2Q1) || 6757 - 1207 1207

The quadroupole gradient dependence on the current is described by:
G = a- I +b. The function describes a linear part of the hysteresis curve
coming from field saturation down to zero.

Quadrupole | Effective Maximum | a, T/m/A | b, T/m
length, gradient,
mm T/m
High1.Q3 43 7.0 0.73 -0.29
Disp2.Q1 226 2.0 0.12 -0.01

122



Appendix C

C.1 Quadrupole scan simulation schematics

Cathode dlistribution

Standard setup before the
quad

Quad current scan

- - >

Drift :space with space| Dipole w/o space
charge charge and with slice
splitting slit
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Figure C.1: A scheme of emittance measurement procedure simula-
tion using a quadrupole scan
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Appendix D

D.1 Laser pulse shapes for different measurements

This appendix contains the laser temporal and transverse profiles with horizontal (blue line) and vertical (red
line) cuts through the center of transverse distributions for the sets of experimental results obtained in this
work.
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