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Abstract

The Photo Injector Test facility in Zeuthen (PITZ) at DESY is used
to develop and characterize electron sources which produce a nominal bunch
charge of 1 nC with the lowest possible transverse emittance. Beam size mea-
surements provide us with knowledge on important beam characteristics. For
example the measurement of the emittance is based on beam size measure-
ments. Therefore, the control of uncertainties of beam size measurements is
very important to validate the experimental results.

Three beam size measurement techniques are used at PITZ: scintillation
screen stations (YAG), optical transition radiation (OTR) screen stations and
wire scanners. The YAG screen stations are the most widely used devices
because of their high sensitivity at low beam energy (5 - 13 MeV). On the
other hand the OTR screens have better spatial resolution and can be used at
higher electron beam energies. The wire scanners have no optics that exclude
some systematical uncertainties but they have low speed of measurement
and are sensitive to beam losses. Theoretical and experimental comparisons
between the beam size measurement methods used at PITZ are presented in
the thesis.



Àíîòàöiÿ

Ñòåíä âèïðîáóâàíü ôîòîiíæåêòîðiâ PITZ âèêîðèñòîâó¹òüñÿ äëÿ ðîç-
ðîáêè òà âèâ÷åííÿ õàðàêòåðèñòèê äæåðåë åëåêòðîíiâ, ùî âèïðîìiíþþòü
ïó÷êè ç íîìiíàëüíèì çàðÿäîì â 1 íÊë òà ÿêîìîãà ìåíøèì åìiòàíñîì.
Îäíèì ç áàçîâèõ âèìiðþâàíü ¹ âèìiðþâàííÿ ïîïåðå÷íîãî ðîçìiðó åëåê-
òðîííîãî ïó÷êà. Íàïðèêëàä âèìiðþâàííÿ åìiòàíñó áàçó¹òüñÿ íà âèìiðþ-
âàííÿõ ðîçìiðó ïó÷êà. Òàêèì ÷èíîì âðàõóâàííÿ íåâèçíà÷åíîñòi âèìiðiâ
ðîçìiðó ïó÷êà ¹ âàæëèâèì äëÿ âèçíà÷åííÿ âiðîãiäíîñòi åêñïåðèìåíòàëü-
íèõ ðåçóëüòàòiâ.

Ó ðîáîòi ïðåäñòàâëåíi òðè ìåòîäè âèìiðþâàííÿ ïîïåðå÷íîãî ðîçìi-
ðó åëåêòðîííîãî ïó÷êà, ùî âèêîðèñòîâóþòüñÿ â PITZ: ñöèíòèëÿöiéíèé
åêðàí (YAG), åêðàí ïåðåõiäíîãî âèïðîìiíþâàííÿ (OTR) òà äðîòÿíèé
ñêàíåð. YAG åêðàíè íàéáiëüø ïîøèðåíi ó PITZ çàâäÿêè ¨õ âèñîêié ÷óò-
ëèâîñòi äî íèçüêîåíåðãåòè÷íèõ åëåêòðîíiâ (5 - 13 ÌåÂ). Ç äðóãîãî áî-
êó, OTR åêðàíè ìàþòü êðàùå ïðîñòîðîâå ðîçðiçíåííÿ i ìîæóòü âèêîðè-
ñòîâóâàòèñÿ çà óìîâ áiëüø âèñîêèõ åíåðãié. Äðîòÿíi ñêàíåðè íå ìàþòü
îïòèêè, ùî âèêëþ÷à¹ äåÿêi ñèñòåìàòè÷íi ïîõèáêè âèìiðþâàíü, àëå âî-
íè ìàþòü íèçüêó øâèäêiñòü âèìiðþâàííÿ òà ÷óòëèâi äî âòðàò ïó÷êà. Ó
öié ðîáîòi ïðîâåäåíi òåîðåòè÷íå òà åêñïåðèìåíòàëüíå ïîðiâíÿííÿ ìåòîäiâ
âèìiðþâàííÿ ïîïåðå÷íîãî ðîçìiðó åëåêòðîííîãî ïó÷êà, ùî âèêîðèñòîâó-
þòüñÿ ó PITZ.



Àííîòàöèÿ

Ñòåíä èñïûòàíèÿ ôîòîèíæåêòîðîâ PITZ èñïîëüçóåòñÿ äëÿ ðàçðàáîò-
êè è èçó÷åíèÿ õàðàêòåðèñòèê èñòî÷íèêîâ ýëåêòðîíîâ, êîòîðûå ñïîñîáíû
ïðîèçâîäèòü ïó÷êè ñ íîìèíàëüíûì çàðÿäîì â 1 íÊë è ìàëûì ïîïåðå÷-
íûì ýìèòàíñîì. Îäíèì èç áàçèñíûõ èçìåðåíèé ïðè õàðàêòåðèçàöèè èñ-
òî÷íèêà ýëåêòðîíîâ ÿâëÿåòñÿ èçìåðåíèå ïîïåðå÷íîãî ðàçìåðà ýëåêòðîí-
íîãî ïó÷êà. Â ÷àñòíîñòè, èçìåðåíèå ïîïåðå÷íîãî ýìèòàíñà îñíîâàíî íà
èçìåðåíèÿõ ðàçìåðà ïó÷êà. Çíàíèå ïîãðåøíîñòè â èçìåðåíèè ðàçìåðà
ïó÷êà ÿâëÿåòñÿ î÷åíü âàæíûì óñëîâèåì äëÿ îïðåäåëåíèÿ äîñòîâåðíîñòè
ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ.

Â ðàáîòå ïðåäñòàâëåíû òðè ìåòîäà èçìåðåíèÿ ïîïåðå÷íîãî ðàçìåðà
ýëåêòðîííîãî ïó÷êà, êîòîðûå èñïîëüçóþòñÿ â PITZ: ñöèíòèëëÿöèîííûé
(YAG) ýêðàí, ýêðàí ïåðåõîäíîãî èçëó÷åíèè (OTR) è ïðîâîëî÷íûé ñêà-
íåð. Íàèáîëåå èñïîëüçóåìîé óñòàíîâêîé â PITZ ÿâëÿåòñÿ YAG ýêðàí
áëàãîäàðÿ åãî õîðîøåé ÷óâñòâèòåëüíîñòè ê íèçêî ýíåðãåòè÷åñêèì ýëåê-
òðîíàì (5 - 13 ÌýÂ). Ñ äðóãîé ñòîðîíû, OTR ýêðàí èìååò ëó÷øåå ðàç-
ðåøåíèå è ìîæåò ïðèìåíÿòüñÿ ïðè áîëåå âûñîêèõ ýíåðãèÿõ ïó÷êà. Â
ðàáîòå ïðîâåäåíî òåîðåòè÷åñêîå è ýêñïåðèìåíòàëüíîå ñðàâíåíèå ìåòîäîâ
èçìåðåíèÿ ïîïåðå÷íîãî ðàçìåðà ýëåêòðîííîãî ïó÷êà â PITZ.
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8 1 INTRODUCTION

1 Introduction

Moving electrons with an acceleration perpendicular to their velocity

radiate electromagnetic radiation. Using a periodical magnet structure

(undulator) it is possible to produce coherent electromagnetic radiation.

Such radiation sources are called Free Electron Laser (FEL). The main

goal is to reach low wavelength radiation with a high brilliance. It requires

a high quality electron beam source [2]. The Photo Injector Test facility

in Zeuthen (PITZ) should provide the European XFEL project with such

an electron source [3].

An important beam quality parameter is the transversal emittance that

characterizes a beam in the transversal plane of the coordinate and the

divergence (x, x′). The normalized RMS emittance can be expressed as [4]:

ε = γβ

√
〈x2〉 〈x′2〉 − 〈xx′〉2 (1)

where
√
〈x2〉 is the beam RMS size,

√
〈x′2〉 is the beam RMS divergence,

〈xx′〉2 is the correlation term, γ and β are the mean energy and velocity

of the bunch, respectively.

There are many experimental techniques available for transverse emit-

tance measurements, namely: slit methods, quadrupole scan, tomography

reconstruction etc. Most of these techniques use transverse beam size mea-

surements for emittance calculations. Therefore, the beam size measure-

ment techniques and uncertainty in their measurements are very important

for electron sources characterization.

Three types of diagnostic tools for beam size measurements are imple-

mented at PITZ: Yttrium Aluminum Garnet (YAG) multi-crystal screens,

optical transition radiation (OTR) screens and wire scanners. In this work

the electron beam size diagnostic systems are discussed.
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Section 2 describes shortly the PITZ setup including a drive-laser, ac-

celerating modules and diagnostics. In Section 3 an overview of beam size

diagnostics at PITZ is given with some theoretical discussions. Separately,

the optical system and camera setup are described in this section as an

important part of the YAG and the OTR stations.

In Section 4 the experimental and simulation studies of the beam size di-

agnostic systems are shown. Comparative measurements between different

systems were made. The beam dynamic influence on beam size measure-

ments was studied. Cameras and signal transmission are also investigated

systematically as an important part of the YAG and OTR screen stations.

The systematical uncertainties of the YAG screen station are estimated.

ASTRA scientific software [5] was used for beam dynamic simulations and

GEANT4 [6] for the investigation of the interaction between the particles

and detector components.
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2 Photo injector setup

The main goal of the PITZ project is to develop and characterize elec-

tron sources which produce bunches with a nominal charge of 1 nC, low

transverse emittance and short pulse length which are necessary to fulfill

the requirements of the European XFEL project [2]. An ultra violet drive-

laser is used to produce electron bunches and control their formation. The

laser beam has a periodical time structure. Laser pulses having a length

of about 20 ps form trains with duration of up to 900 µs. The distance be-

tween pulses in the train is 1 µs. The trains are produced with a repetition

rate of up to 10 Hz. The transversal and longitudinal profiles of a laser

pulse can be adjusted to reach the minimum beam transverse emittance of

the electron beam. The main laser parameter are listed in Table 1. Laser

beam diagnostics at PITZ is described in [7].

Table 1: Main laser parameters.

Main laser parameters

Wavelength 262 nm

Pulse energy on the cathode 5 µJ

Repetition rate 5 Hz

Train length 1 ÷ 900 µs

Pulse length 20 ps

The PITZ setup with acceleration modules and diagnostic systems is

shown schematically in Fig. 1. Cs2Te with a Mo sublayer is used as a

photocathode [8]. The cathode emits electrons when illuminated by a

laser beam. A 1.5 cell cavity accelerates the emitted electrons to about

5 MeV/c. The peak electric field in the cavity can reach 44 MV/m. The
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main solenoid is used for compensating the space charge emittance growth.

The solenoid magnetic field on the axis is given by equation Bz [T] ∼=
5.9 · 10−4Imain [A] +3.6 · 10−4 where the maximum value of the solenoid

current is 500 A. The bucking solenoid is necessary for compensation of the

magnetic field on the photocathode surface which is induced from the main

solenoid. The booster is situated at 3 m downstream from the cathode. It

has about 15 MV/m peak electric field and accelerates the electrons up to

13 MeV/c. The gun and the booster are supplied from 10 MW and 5 MW

klystrons (1.3 GHz). The whole setup can be divided into two parts - the

low energy section before the booster and the high energy section after the

booster.
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Figure 1: PITZ setup scheme. Summer 2006.

The high energy section has one additional quadrupole triplet that fo-

cuses the beam after the booster. There are ten steering magnets to correct

the orbit of the electron beam along the beam pipe. Beam position moni-

tors are mounted along the beam pipe to control the orbit of the beam.

For charge measurements integrating current transformer (ICT) mon-

itors [9] are used in both the low and the high energy sections. When

the electron bunch passes through the ICT a voltage is induced which is

linearly proportional to the bunch charge. An ICT measures the bunch

charge without beam destruction but it is not sensitive to bunch charge
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below 100 pC at PITZ. The Faraday cups (FCs) [9] are used for charge

measurements in the low energetic section. A FC collects electrons and

transmits the signal to the oscilloscope afterward. Ten screen stations are

installed for the beam profile measurements. Three of the stations are

the Emittance Measurement SYstems (EMSYs) which are equipped with

a Tungsten slit masks and OTR and YAG screens for the emittance mea-

surements [10]. Also two wire scanners were mounted and tested as an al-

ternative device for the transversal beam profile measurements [11]. Other

important diagnostic elements are two electron spectrometers. They bend

the trajectory of the electrons in a magnetic field by 60 deg. The bend

angle is proportional to the magnetic field. One can measure the mean

beam momentum and momentum spread after the gun in the low energy

dispersive arm (LEDA) and after the booster in the high energy dispersive

arm (HEDA) [12]. They contain also screen stations.
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3 Electron beam size measurements

The measurement of a beam size is one of the basic measurements for

the characterization of an electron beam. One of the most important beam

characteristics is the transverse beam emittance, which is proportional to

the volume that electrons occupy in the phase space (~r, ~p) [13], where

~r and ~p are the space and the momentum vectors respectively. Most of

the methods for emittance determination are based on beam size measure-

ments. The main method for the emittance measurements used in PITZ is

the slit method. During the last operating period EMSY stations were im-

plemented and used for transverse emittance measurements at PITZ [14].

The method uses the beam and beamlet RMS size measurements to calcu-

late the emittance. A beamlet is a part of a beam that is cut with a slit

mask. The beam RMS size is measured at the EMSY position with a YAG

screen. For a beam divergence calculation one uses the 10 µm or 50 µm

slit at the EMSY position to scan the beamlet RMS size along the beam

profile. The beamlet profile is measured in two meters after the EMSY

station. Typical values of a beam RMS size is 0.5 mm and a beamlet RMS

size about 0.2 mm but a beamlet RMS size can amount to values down to

40 µm [15].

Quadrupole scan and multi screen methods are two additional alterna-

tive methods for emittance measurements. Moreover, using tomography

technique, one can reconstruct phase space distribution of the beam. The

tomography reconstruction also uses beam size measurements. The tomog-

raphy module is under design for the next stage of the PITZ setup [16].
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3.1 Scintillation screen

The most usable beam size monitor at PITZ is the scintillation screen.

The reason is that the scintillator has higher sensitivity to low energy

electron beam (5 ÷ 13 MeV) than OTR screen. The Ce-doped Yttrium

Aluminum Garnet (YAG) multi-crystal material is used at PITZ as an

scintillator. It is a radiation stable material and has good mechanical and

vacuum properties, is chemically inert and not hygroscopic. It is possible

to use either solid YAG crystal (with a 250 ÷ 500 µm thickness) or the

small layer of YAG powder (down to 5 µm) on a substrate material (for

example Si). There is only the second type of a YAG screen in use at

PITZ. The main properties of the YAG screen used at PITZ are listed in

Table 2.

Table 2: YAG:Ce screen properties.

YAG:Ce screen properties

Chemical formula Y3Al2,5Ga2,5O12 : Ce

Index of Refraction 1.82

Wavelength of peak emission 510 nm

Density of the scintillator material 5.1 g/cm3

Scintillation efficiency (compare to NaI) 45%

Thickness of scintillator layer between 5µm and 20µm

Thickness of Silicon sublayer 0.275 mm

Density of Silicon 2.33 g/cm3

The light output from a YAG crystal is proportional to the energy

deposition in it for the energy range above the energy excitation threshold

and below the range of saturation. The energy deposition in the YAG layer
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versus electron energy is shown in Fig. 2. High energy secondary particles

escape from the crystal medium without significant energy deposition in

it. Therefore the energy deposition in the crystal is less than the losses

of the primary particle. After the beam passes through the screen the

light output profile should repeat the electron beam distribution but in

the reality it differs from the original electron beam distribution due to the

multiple scattering (see Section 4.2), saturation at higher charge densities

and optics effects (see Section 3.4).

0 10 20 30 40 50
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 Losses by primary particle 
 Energy deposition 
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^2
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Figure 2: Energy deposition in the YAG layer. Energy losses by primary

electron were taken from [17] and the energy deposition was simulated

using GEANT4.

Part of the energy deposited in the medium excites the f-level of donor

atoms (Ce) which illuminate light afterwards [18]. The reason that leads

to a YAG screen saturation is the limited amount of the light-emitting

centers (Ce atoms). The medium excitation in the scintillator is described
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by the differential equation [19]:

dnph

dneh
= qβ

(
1− nph

qN

)
, (2)

where neh is the density of electron-hole pairs generated, nph is a density of

photons emitted, q and β - quantum and transport efficiency respectively,

N is a density of Ce atoms. The solution of Eq. (2) gives the relation-

ship between the actual beam profile Σ(r) and the measured beam profile

ΣY (r) [19]:

ΣY (r) =
1− e−αΣ(r)

α
, (3)

α =
β

eN
Neh

dE

dx
, (4)

where α is the saturation constant (α−1 is an upper limit of the charge

intensity that one can observe with a YAG screen), q = 1, Neh the number

of e− h pair production per one MeV of the deposited energy, dE/dx the

energy deposition in the medium, e is the charge of electron. To estimate

the saturation constant supposed that β = 1, the concentration of Ce

atoms is known N = 2.5 · 10−19 cm−3, Neh = 60000 MeV−1 [19], the energy

deposition by primary electrons with 13 MeV initial energy is 10 MeV/cm,

thus:

α−1 = 66.6fC/µm2. (5)

Let us try to estimate an influence of the saturation effect on a measured

beam RMS size. As an initial beam distribution we take a sum of two Gauss

functions:

g(r) =
Q1

2πσ2
1
e
− r2

2σ2
1 +

Q2

2πσ2
2
e
− r2

2σ2
2 . (6)

The first Gauss function corresponds to the beam core and the second one

describes the beam halo. The full charge Q and the RMS size σ of the



3.1 Scintillation screen 17

distribution are:

Q = Q1 + Q2, σ2 =
2(Q1σ

2
1 + Q2σ

2
2)

Q1 + Q2
. (7)

The light output from the YAG screen gY (r) is determined by Eq. (3)

gY (r) =
1− e−αg(r)

α
, (8)

and the corresponding RMS size is

σ2
Y =

∫
gY (r)r2d2r∫
gY (r)d2r

. (9)

In the theoretical calculations we varied two parameters to change the

initial distribution g(r):

k =
Q1

Q
ξ =

σ1

σ2
. (10)

The total bunch charge Q = 1 nC corresponds to the usual operating regime

at PITZ. The RMS size of the initial distribution σ = 0.3 mm. Results of

the theoretical calculations are shown in Table 3.

Table 3: Theoretical estimation of the YAG screen saturation effect.

k ξ

0.1 0.3 0.5 0.7

0.8 g(0), fC/µm2 59 8.7 4.8 3.8

σY , mm 0.324 0.303 0.302 0.301

0.6 g(0), fC/µm2 86.7 11.4 5.5 4

σY , mm 0.327 0.304 0.302 0.301

From Table 3 one can calculate the difference between the initial RMS

size σ and RMS size of the light distribution σY . The difference depends

on the peak charge density and can reach about 1% at charge density of
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10 fC/µm2 and 8% at charge density of 60 fC/µm2. The real value of

the saturation parameter α can differ from the theoretical estimations. To

know the systematical uncertainty of the effect one has to find this pa-

rameter experimentally. The experimental measurements of the saturation

effect were done for 5 MeV electron beam in [20] and for 100 MeV elec-

tron beam in [19]. In the Section 4.1 the experimental study was done for

13 MeV electron beam.

The light is not illuminated immediately but during a finite time and

it is a statistical process. Therefore another important characteristic of

the scintillator is the decay time constant, τ . This is the time after which

the number of the excited light-emitting centers decreased by factor of e.

There are two decay time constants for the YAG crystal because of two

different ways of the light-emitting centers excitation. The first and the

second decay time constants for the YAG scintillator are τ1 ∼ 105 ns and

τ2 ∼ 487 ns respectively [21]. Both of them are less than the distance be-

tween the bunches in the train (1 µs). Therefore the YAG screen separates

the bunches in time. In case the time between bunches is less than τ1,2 the

saturation effect would have a bigger influence. This can happen at PITZ

if the time between pulses is decreased down to 0.5 µs.

3.2 OTR screen

When a particle crosses the boundary between two media with a dif-

ferent index of refraction a resultant radiation appears. This radiation is

called transition radiation. The intensity and the angle distribution of the

OTR are calculated from the Maxwell equations [22]. The simple scheme

of the OTR screen station is shown in Fig. 3. The electron beam inter-
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Figure 3: Scheme of the OTR screen station.

acts with a metal OTR screen placed under 45 deg angle to the beam

axis. The produced light is focused by an optical system and collected by

a CCD camera. For our simple geometry and for the boundary conditions

vacuum-metal the transition radiation intensity is given by [22]

d2I

dωdΩ
=

e2

π2c

sin2 θ

(γ−2 cos2 θ + sin2 θ)2
, (11)

where e is the electron charge and ω is the radiation frequency. The inten-

sity depends on the particle energy E = γmc2 and on the observation angle

θ. In case of small observation angles (θ << 1) equation (11) becomes

d2I

dωdθ
=

2e2

πc

θ3

(γ−2 + θ2)2 , (12)

where we have used the relationship dΩ = 2π sin θdθ. The emission angle

of the OTR radiation depends on the particle energy

θ =
1

γ
, (13)

which corresponds to the maximum intensity in Eq. (12) (see Fig. 4 (left)).

In case the focus plane of our optical system approaches to infinity

one can observe an angular dependence of the signal intensity (see Fig. 4

(left)). The curve has two peaks at two symmetric points θ = ±γ−1. At low

energetic beam the peaks are far from the center and the light distribution
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becomes wider. Therefore, only a small part of the light passes through

the optical aperture. For the electron beam with a divergence distribution

f(θ′) the angular dependence is a convolution of Eq. (11) and f(θ′):

d2W (θ, γ)

dωdΩ
=

∫
d2I

dωdΩ
(|θ − θ′|)f(θ′)dθ′, (14)

where θ is the observation angle. The angular dependence can be used for

the beam energy determination as well as for the divergence determina-

tion [23].
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Figure 4: OTR intensity versus emission angle for 5 MeV and 13 MeV

electron beam (left) and versus energy for the optical aperture θm = 0.2 rad

(right).

If we focus our optical system on an OTR screen plane we can measure

the electron beam profile. The whole intensity of the light for the optical

aperture θm = 0.2 rad (the optical aperture for the PITZ screen stations)

can be calculated from Eq. (12):

I =

∫ θm

0

2e2

πc

θ3

(γ−2 + θ2)2dθ. (15)
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The integral (15) can be taken analytically:

I = ln(1 + γ2θ2
m) +

1

1 + γ2θ2
m

. (16)

This dependence is a logarithmic function of the particle energy (see Fig. 4

(right)). The experience at PITZ shows that the light output from an OTR

screen is not enough for beam size measurements at 5 MeV electron beam

energies. At 13 MeV electron beam OTR gives a reasonable light output

but it is still by a factor of eight less than for a YAG screen.

3.3 Wire scanner

Wire scanners are widely used for beam profile measurements in ac-

celeration physics. The principle of the measurement is based on the

bremsstrahlung losses and the production of secondary electrons by the

primary beam in the wire material (Fig. 5). The secondary electrons and

γ rays deposit energy in a scintillator which is situated out of the beam

pipe. The light from the scintillator is collected by optical fibers and is

detected by a photomultiplier. After the signal intensity is measured for

different positions of the wire the given distribution will correspond to the

electron beam profile. The beam losses on the vacuum system compo-

nents are detected by the scintillator as well as the signal from the wire.

Therefore one has to minimize beam losses to decrease the noise level.

The wire scanner at PITZ has two wires for both X and Y planes. The

spacing between wires is 10 mm. The material of the wires can be tungsten

or carbon 10 µm in diameter (in general diameter can be varied from 5 to

80 µm) [25]. Wires can be moved with a speed range v = 0.1 ÷ 1000 mm/s.

To scan l = 1 mm of the beam with the wire scanner it takes minimum

t = 1 ms. Thus, the beam position jitter influences wire scanner measure-
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Figure 5: Scheme of the wire scanner work.

ments to bigger extend than for other methods because the measurement

for each wire position corresponds to different trains. Because of the me-

chanical properties only one axis can be scanned at the same time.

The additional uncertainty due to the finite thickness of the wire is

given by equation [26]

σmeas =

√
σ2

real +

(
dwire

4

)2

, (17)

where σmeas is the measured beam RMS size, dwire is the wire diameter and

σreal is the real beam RMS size for the Gaussian distribution.

The bremsstrahlung cross section and secondary electrons production

are very sensitive to the beam energy. A wire scanner has low intense

signal for a low energy electron beam. The signal intensity from the wire

grows up with increasing beam energy. Wire scanners were installed at

PITZ and tested for 5 MeV [11] and for 13 MeV electron beam energies.

The measurements showed good resolution for both beam energies. The

comparison measurements between the wire scanner and the YAG screen

stations are done in Section 4.3.1.
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3.4 Optical system

The light from YAG or OTR screens is collected and focused with the

optical system to the camera CCD chip. After any optical system the

image of a point light source is a light distribution with a finite size. Let

us describe a one-dimensional image of a point light source by a Gauss

function:

g(x) =
1√
2πs

e−
x2

2s2 (18)

To find the relationship between the parameter s and the optical resolution

we use the definition of the modulation transfer function (MTF)

z(ω) =

∫ ∞

−∞
g(x)e−iωxdx, (19)

where ω is called spatial frequency. The optical resolution ω0 is often

determined as a solution of the Eq. (19):

z(ω0) = 0.1 (20)

The unit of measurement of the resolution ω0 is mm−1.

A degraded beam image distribution fdeg(x) after the optical system

can be found from the convolution of the point spread function (18) with

the initial distribution f(x):

fdeg(x) =

∫ ∞

−∞
f(y − x)g(y)dy. (21)

A sum of two Gauss functions is taken as an initial light distribution (see

Section 3.1):

f(x) =
Q1√
2πσ1

e
− x2

2σ2
1 +

Q2√
2πσ2

e
− x2

2σ2
2 , (22)

The beam RMS sizes are determined for the distributions f(x) and fdeg(x):

σ =

∫
f(x)x2dx∫
f(x)dx

, σdeg =

∫
fdeg(x)x2dx∫
fdeg(x)dx

, (23)
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respectively. Using Eq. (21) one can estimate the influence of the optical

resolution on the beam RMS size measurements. The difference δσ =

σdeg−σ between the RMS sizes of the functions fdeg(x) and f(x) related to

the initial beam size is shown in Fig. 6 as a function of optical resolution

ω0 (see Eq. (23)). This difference does not have visible dependence from

the initial beam profile.
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Figure 6: Influence of the optical resolution on the measured beam RMS

size.

The PITZ facility uses the lens type ”Optem Macro video zoom” pro-

duced by the company ”Qioptiq Imaging Solutions” [27]. The resolution

of the optical system depends on the magnification and it is in the range

of 20 mm−1 ÷ 50 mm−1. The higher the magnification of optical system is

the better the resolution is.

Often the image of an object is not located in the image plane of the op-

tical system. For example because of the finite thickness of the scintillator

layer for YAG screen or because of the 45 degree angle between the screen

and the focal plane for the OTR screen. Due to this the light from the

point source is distributed in the image area with a radius r = z ·θmax [28],
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where z is the distance from the source to the focal plane and θmax is the

optical aperture. This effect increases the measured beam RMS size.

3.5 Camera and signal distribution

The camera and the signal transportation systems are important parts

of the beam size measurements for screen stations. A simple description of

the PITZ camera system is shown in Fig. 7. The light from the YAG screen

is converted into charge located in the cells of a charge-coupled device

(CCD chip). The charge in the CCD chip cells is readout and converted to

Figure 7: Simple scheme of the light detection.

an analog signal, amplified and transported to the frame grabber through a

long cable (∼40÷60 m). The gain in the CCD camera (gain1) is software-

adjustable during operation. The amplification range can be adjusted from

0 to 24 dB. The gain inside the frame grabber (gain2) is set to a constant

defined value during the operation. In the frame grabber the analog signal

is sampled and thus, converted to a digital one (at PITZ, 8-bit analog to

digital converters (ADCs) are used). In ideal conditions an 8-bit ADC

divides the signal intensity into 255 levels. JAI cameras [29] with a SONY

CCD chip [30] are installed at PITZ.

The signal transformations can be divided into three steps:
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1. Binning in CCD cells. A continuous spatial light distribution is con-

verted into a discrete spatial distribution.

2. Signal readout from the CCD cells and transfer to the ADC. Signal

attenuation and noise collection are possible during these processes.

3. Analog to digital conversion. After the ADC, signal values with an

intensity that is less than the first ADC level are lost.
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Figure 8: Difference between the RMS sizes for the continuous and discrete

distributions. All sizes are shown in pixel unit. To transfer from pixel unit

to millimeter the pixels must be multiplied by the real pixel size of the

CCD chip and divided by the optical magnification.

After the binning in a CCD chip the RMS size of the discrete distri-

bution differs from the original continuous one. The binning effect can

be simulated numerically. For the accomplished simulations, the Gauss
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function and several beam distributions, obtained from the ASTRA simu-

lations which are close to the measurements at PITZ, were taken as initial

distributions. The histogram was built for each distribution with variable

transversal size of a pixel. The difference in the RMS sizes, as calculated

by the simulations, between the continuous and discrete distributions is

shown in Fig. 8. To estimate the influence of the binning in a CCD chip

on beam size measurements the typical experimental parameters for the

camera and optical system at PITZ were chosen. PITZ cameras have the

pixel size of 8.3 µm (in x and y plane) and the minimum magnification

used is 0.2. Therefore in worst case the pixel size in the image plane is

about 8.3/0.2 ≈ 40 µm. The minimal expected beamlet RMS size is about

40 µm (1.0 pixels). Thus, the maximum deviation for the beam RMS size

measurements at PITZ is 2 µm (0.05 pixel) (see Fig. 8). It is a systematical

uncertainty in the measurements that increases the measured beam RMS

size.

The theoretical estimation of the signal transportation behavior is not

possible but some experimental investigations will be done in Section 4.5.

One of the main effect during the analog to digital conversion is the

cutting of the distribution edges. This effect decreases the measured beam

RMS size. For an 8-bit ADC the signal intensity that is less than 1
256

from the peak intensity in the distribution can not be detected. A correct

numerical estimation of the effect influence on the measurements is not

possible for a general case because the behavior of the beam distribution

can not be described by any simple function. One should simulate the beam

profile with the ASTRA for each measurement to find out the systematical

uncertainty [15].

Another important characteristic is the noise level of the camera. In
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case the noise fluctuations are significantly larger than the first ADC level,

the analog to digital conversion does not play any role. The edges of the

image distribution will be lost in the noise fluctuations.

3.6 Summary

Three main techniques for the beam size measurements were described

in this section, namely a YAG screen, an OTR screen and a wire scan-

ner. A YAG screen has better sensitivity to the low energy beam (5 ÷
13 MeV) than others. The light output from a YAG screen does not have

a significant dependence on the beam energy as for the OTR screen station

and wire scanner, but a YAG screen station has more possible systematical

uncertainties than other devices. Both screens the YAG and the OTR can

resolve one electron bunch but the light registration using a CCD camera

allows to distinguish only several bunches (∼2 µs). The OTR signal carries

more information about an electron beam like beam energy, beam diver-

gence and temporal beam profile. The wire scanner has good sensitivity

to the beam as a YAG screen but the speed of the scan does not allow

to resolve bunches and even cover several trains. It can include additional

systematical uncertainty in the beam size measurements due to the beam

position jitter. The possible systematical uncertainties for each device were

considered with some theoretical calculations. The binning effect gives the

maximum uncertainty of ∼1 µm. The uncertainty at 30 mm−1 optical

resolution is about 20µm for 0.1 mm initial RMS size of the beam. For

other optical resolution values and initial sizes of the beam one can find

the uncertainty values in Fig. 6. Both the types of the uncertainties are

decreased when increasing the initial beam size.
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4 Experimental and simulation results

4.1 YAG screen saturation study

Theoretical estimations (see Section 3.1) show that saturation can make

a visible influence on beam RMS size measurements at charge densities

higher than 10 fC/µm2. The goal of the present study was to check

whether the saturation of YAG:Ce screen at PITZ influences on beam

RMS size measurements. There are two possibilities to increase charge

density: 1) increase beam charge or 2) decrease beam RMS size. The first

one is limited by the photocathode QE and by the laser intensity and spot

size. The second one is limited by beam dynamics and can be realized by

focusing the beam using a quadrupole triplet or solenoid. The experiment

was carried out at the screen station High1.Scr5 placed directly after the

quadrupole triplet (see Fig. 1) where one can use, both the first and the

second possibility.

There are two ways to check the YAG screen saturation. The first one is

based on the comparison of the beam profile measured on the YAG screen

with that obtained from measurement on the OTR screen which has no

saturation effect [19]. This method could not be applied since there was

no OTR screen at the same screen station. Using the second one, one

investigates the dependence of the beam distribution as a function of the

electron beam charge. The main idea of the study is to find the saturation

parameter α (see Section 3.1).

The electron beam was focused by the quadrupole triplet in the begin-

ning of the experiment to reach the minimum beam size. The quadrupole

triplet current was not changed during the experiment. The charge density

was varied by changing the initial charge of the bunch keeping the other
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Table 4: Main beam parameters during the experiment.

Main beam parameters

Mean momentum 11.7 MeV/c
Bunch charge 0.7 - 2 nC
Beam RMS size ∼ 0.2 mm
Maximum charge density 4 fC/µm2

injector parameters constant (Table 4). The electron beam profile was

measured as a function of the bunch charge. Signal intensity versus charge

is shown in Fig. 9. The maximum reachable charge density was equal to

4 fC/µm2 at the beam charge of 2 nC. This value is below the theoreti-

cal estimation of the charge densities (10 fC/µm2) which can influence the

electron beam image profile.

0 1 2 3 4 5
0

100

200

300
 Experimental points
 Linear fit (without saturation)
 Theoretical prediction

In
te

ns
ity

, a
.u

.

Charge, nC

Figure 9: Signal intensity versus electron beam charge.

Detailed analysis of the experimental data was done to find the satura-

tion parameter α in oder to compare it with the theoretical calculations (5).

Let the original electron beam profile be g(r) and the distribution of the
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electron beam image after the YAG screen (distribution of the emitted

photons) be gY (r). The relationship between them is given by Eq. (3).

The inverse conversion gives

g(r) = − 1

α
ln[1− αgY (r)b], (24)

where b is the normalization constant. Integrating both sides of this equa-

tion, the left side gives full bunch charge Q
∫

g(r)dr = Q, (25)

and the right side gives a function with two parameters α and b

− 1

α

∫
ln[1− αgY (r)b]dr = f(α, b). (26)

The charge Q and the distribution gY (r) are measured in the experiment.

According to the relationships (24), (25) and (26) the parameters α and b

can be found from minimization

min

n∑

j=1

[Qj − fj(α, b)]2, (27)

where n is the number of the experimental points (n = 8 in our case).

Since the distribution gY (r) is discrete, the integral (26) is represented as

a sum

f(α, b) = − 1

α

∫
ln[1− αgY (r)b]dr = − 1

α

∑
i

(ln[1− αgY ib]∆r), (28)

where ∆r is the size of the camera pixel and gY i is proportional to the light

density at pixel i. The maximum reachable charge density is less than the

theoretical value α−1 = 66 fC/µm2. Therefore the product αgY (r)b is less

than one and function ln[1− αgY ib] can be written as

ln[1− αgY ib] =
∞∑

k=0

(−1)k

k
(−αgY ib)

k, (29)
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where the successive term is less than the previous one. Let us consider

the first three terms from the series (29):

f(α, b) = −∆r

α

∑

i

(−αgY ib− (αgY ib)
2

2
− (αgY ib)

3

3
) =

= ∆r(b
∑

i

gY i + αb2
∑

i

g2
Y i + α2b3

∑
i

g3
Y i) =

= bf0 + αb2f1 + α2b3f2 (30)

Using Eq. (27) we find the parameters α and b. The result of the mini-

mization is b = 0.01712 and α = 0.013. To validate the minimization we

consider the numerical values of each term from Eq. (30) for the measure-

ment with a charge Q = 2 nC (Table 5). Approximately the same order of

magnitude the values are for the other experimental points.

Table 5: Numerical values of the terms from Eq. (30). All values are in
nC.

Charge Charge uncertainty bf0 αb2f1 α2b3f2
2.05 0.06 1.998 0.033 0.000864

The first and the second terms from the series are below the charge

uncertainty. Therefore the saturation effect at 4 fC/µm2 is above the un-

certainty of the measurements and parameter α can not be validated in this

experiment. To find the saturation parameter one has to increase charge

density (to increase bunch charge) and to decrease the uncertainty in the

measurements. The installation of both the screen types, the YAG and

the OTR at the place of the maximum reachable charge density should be

done to have an alternative method for the determination of the saturation

parameter.
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4.2 Multiple scattering in the YAG screen

In this section an image degradation due to the multiple scattering of

the electrons is investigated. Passing through a matter primary electrons

are scattered by the Coulomb potentials of nuclei and atom electrons. They

create secondary electrons and photons and change the original direction

of their movement. Due to these effects the image from a point source of

electrons will be seen as a distribution with a finite RMS size and the beam

profile measured with the YAG screen will differ from the original electron

distribution.

For small scattering angles particles are normally distributed around

average scattering angle < θ >= 0. The root mean square of the projected

scattering angle distribution is given by [31]

√
< θ2 > =

13.6MeV/c

βcp
z

√
x

X0
(1 + 0.038 ln(

x

X0
)), (31)

where p (in MeV/c) is the momentum, βc is the velocity and z is the

charge of the scattered particle, and x/X0 is the thickness of the scattering

material, in units of the radiation length. Usual YAG screen at PITZ

has thickness x = 0.275 mm of Silicon (X0 = 9.4 cm). Mean electron

momentum after the gun is about p = 5 MeV/c and after the booster is

about p = 15 MeV/c. The RMS size of the image from a point electron

source can be estimated as

σ =
√

< θ2(p) > · x. (32)

The estimations give 30 µm RMS size of the point electron source at p =

5 MeV/c and 10.5 µm at p = 15 MeV/c. This effect increases an original

beam RMS size.

Monte Carlo simulations were done to determine the influence of the
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Figure 10: GEANT4 simulations of RMS size deviation due to the multiple
scattering versus screen thickness (left) and electron energy (right). In the
right graph electron energy is 13 MeV.

multiple scattering on the beam size measurements. GEANT4 was used

for these simulations. The YAG screen properties which were used in the

simulations are listed in Table 2. Gauss function was taken as an initial

particle distribution. Simulations were done for two different initial RMS

sizes of the beam of 0.1 mm and 0.5 mm. For each simulation 106 initial

particles were generated. The signal from a YAG screen is proportional to

the energy deposition in the screen. The deviation of the image size from

the original electron beam RMS size is shown in Fig. 10 as a function of the

screen thickness and as a function of the beam energy. This difference is the

systematic uncertainty in the beam RMS size measurements. The deviation

depends on the initial beam RMS size: the less the initial beam RMS size

the bigger deviation will be observed. The systematical uncertainty can be

increased up to 5 µm for 0.1 mm beam RMS size (∼ 5%) and 2.5 µm for

0.5 mm beam RMS size (∼ 0.5%).
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4.3 Comparison of different methods

In the ideal case all methods of the beam profile measurements must

give the same results. But in reality they always have some systematical

difference in measurements due to the individual features. To compare the

different methods two experiments were done: 1) cross check measurements

between the YAG screen stations and the wire scanner; 2) comparison of

profiles from the YAG and the OTR screens.

Table 6: Main beam parameters during the experiment.

Main beam parameters

Mean momentum 11.7 MeV/c
Bunch charge 1 nC

4.3.1 Wire scanner and YAG screen stations

There is no simple technical way to place a YAG screen station and a

wire scanner at the same position and, thus one can‘t compare these devices

directly. Therefore measurements were done at three YAG screen stations

(EMSY1, High1.Scr3 and High1.Scr5) and the wire scanner between them

(Wire scanner 1). Positions of the screen stations and the wire scanner are

shown in Fig. 1. The main beam parameters are listed in Table 6. During

the experiment all injector parameters were not changed. Transversal beam

profiles were measured at three YAG screen stations and the wire scanner.

RMS size calculation can be done either directly for discrete distribution

which is our experimental data or after fitting the last one with a well

known function. The beam profile is changing while an electron beam

passes along the beam line and it can not be described by simple function.

Therefore one has to use direct experimental data to calculate a beam RMS
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size for the YAG screens and for the wire scanner.
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Figure 11: Cross check measurements between the YAG screen stations
and the wire scanner. Beam RMS sizes are shown versus Z (the distance
from the photocathode).

The RMS size of the electron beam is a function of the distance from

the photocathode. The particle behavior in the drift space is known [13].

Therefore the data obtained from the YAG screen stations is fitted by

the square root of the second order polynomial equation to find the beam

RMS size at the wire scanner position (see Fig. 6). The RMS size measured

by the wire scanner was compared with the RMS size value given by the

YAG screen stations. The wire scanner gives a larger RMS size value

than one measured with the YAG screens. The difference between them is

approximately 10% for both X and Y profiles. On the one hand a possible

reason is the signal degradation during the transportation from the camera

chip to the PC for YAG screen stations (see Section 4.5). On the other

hand a wire scanner is sensitive to the beam position fluctuations because it
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measures the beam profile during several beam trains. Both the effects can

add the systematical uncertainty in the beam size measurements. Other

systematical uncertainties for wire scanner measurements should be found.

For the next measurements one has to measure beam position fluctuations

during the experiment.

4.3.2 YAG and OTR screens

Comparative measurements were done at EMSY1 - the first screen sta-

tion after the booster section. From both the screens, the YAG and the

OTR, the light passes through the same optical system and it is collected

by the same camera. In a YAG screen electrons pass the material of some

thickness before their energy is transformed into the light. Besides in a

YAG screen the light is produced in a finite scintillation layer. An OTR

screen does not have such disadvantages. From this point of view an OTR

screen must have better resolution than a YAG but an OTR intensity has

a big angle spread at low energies (5 ÷ 13 MeV). Therefore the light in-

tensity from the OTR screen collected with our optics is significantly less

than from the YAG.

Table 7: Comparison of beam RMS size measurements with YAG and OTR
screens.

YAG screen OTR screen

Series x RMS, mm y RMS, mm x RMS, mm y RMS, mm
1 1.250±0.01 1.207±0.008 1.127±0.003 1.082±0.003
2 0.865±0.013 0.718±0.015 0.815±0.013 0.577±0.014
3 0.899±0.005 0.690±0.02 0.860±0.01 0.590±0.003

The main electron beam parameters during the experiment are listed

in Table 6. The OTR screen at the current electron energy at PITZ has

by factor of eight less light output than the YAG screen. Therefore one
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had to increase the number of the laser pulses for the measurements at the

OTR screen to have approximately the same output light intensity from

both the screens, the YAG and the OTR. Data from three series of the

experimental measurements are summarized in Table 7. All experiments

were done at the same screen station. Difference between the beam RMS

size values measured with the YAG and the OTR screens is calculated as

100% · (σY AG − σOTR)/σY AG and is shown in Fig. 12.
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Figure 12: Difference between RMS size measurements with the YAG and
OTR screens.

The difference amounts to 140 µm and does not show any regularity

as a function of the beam RMS size. As expected the YAG screen gives

higher values for beam RMS size than the OTR screen due to the multiple

scattering effect (see Section 4.2). But the values of the difference are

several times more than that, predicted from the multiple scattering effect.

The reason could be the optical effects such as the depth of focus issues

and the light reflected from the back surface of the scintillator material.
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Optical effects increase the measured beam size but it seems that such a big

discrepancy can not be explained only by the optical effects in the YAG [19].

Possible explanation is that there was some shift in timing between the gun

and the booster RF pulses, so that the head of the train was accelerated

only in the gun and has the energy of 5 MeV. It is not possible to check

the timing history. One has to repeat these measurements for different

positions along the beam line at PITZ.

4.4 Stability of photo injector parameters

Beam dynamics is sensitive to a lot of injector parameters. Two of

the main parameters are the bunch charge and the mean electron beam

energy. The bunch charge depends on the laser intensity, on the RF phase

and the peak field in the gun and on the quantum efficiency of the pho-

tocathode. The mean beam energy depends mostly on the gun power. A

beam RMS size is a function of the beam energy mainly because of the

solenoid focusing. Besides, it depends on the bunch charge because of

the space charge forces. Thus, a variation of the beam parameters can

change beam dynamics that influences the uncertainty in the beam RMS

size measurements. Simulations of the beam dynamics were done to find

the dependence of the beam RMS size variation as a function of the charge

and the energy fluctuations. ASTRA tracking algorithm was used for the

simulations. All simulation settings were close to the experimental values

during the emittance measurements.

Injector stability can influence the statistical uncertainty as well as the

systematical uncertainty. If we collect the light from a screen during one

train (usual screen station operation) a beam position jitter inside the train

systematically increase the beam size under measurement. Beam position
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jitter can be induced either by laser position jitter [33] or by instability

of power supply of steering magnets. A position jitter between the trains

brings to the statistical uncertainty for the screen stations, but for the wire

scanner it brings systematical uncertainty. Thus, we have to distinguish

between the short time term stability (during one train) and the long time

term stability (during several trains).

4.4.1 Bunch charge stability

ASTRA simulations were done for five different initial charges (Fig. 13

(left)). The difference in the beam RMS size depends on the distance from

the cathode Z and it can be represented as a linear function of the bunch

charge at a given position Z for small charge fluctuations. The difference
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Figure 13: Beam RMS size as a function of the distance from the cathode
(left). Beam RMS size deviation in percent per 10 pC charge fluctuation
for 1 nC electron beam charge (right).

amount to the 2.2% of the beam RMS size deviation per 1% of charge

fluctuation at the 1 nC bunch charge (Fig. 13 (right)). The sensitivity to

the charge fluctuations is lower before the beam focusing point and reaches
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the maximum value after it.

Charge jitter at the same number of the laser pulses for PITZ setup is

about 2% hence using ASTRA simulation results we obtain the maximum

beam RMS size jitter of 4.4%. The experimental value of the statistical

uncertainties in the beam RMS size measurements is about 2% (see Ta-

ble 7). It is two times less than the maximum value obtained from the

ASTRA simulations (4.4%). The charge stability from pulse to pulse has

not been studied systematically yet.

4.4.2 Electron beam energy stability

Beam energy E depends linearly on the maximum electric field in the

cavity at the constant RF phase and therefore it depends as a square root

on the power P absorbed in the gun [13]

E = e ·
√

rsLP
√

1− e−2τ cos ϕs, (33)

where e is the electron charge, rs is the shunt impedance per unit of length,

L is the length of the cavity, τ is the attenuation factor and ϕs is the

synchronous phase. After the variation of the Eq. (33) and dividing the

result by the same equation to exclude the unknown coefficients we obtain

the uncertainty relationship:

δP

P
= 2

δE

E
(34)

For the usual operating regime at PITZ, the power in the gun is P = 3.3 MW

and the beam energy after the gun is E = 4.5 MeV, thus Eq. (34) gives:

δP [kW ] = 1.5 · δE[keV ] (35)

Fig. 14 (right) shows the results of the simulation for six different max-

imum electric fields in the gun and for 1 nC beam charge. The beam RMS
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Figure 14: Beam RMS size as a function of the distance from the cath-
ode (left). Beam RMS size deviation in percent per 10 keV mean energy
fluctuation for 1 nC electron bunch charge (right).

size sensitivity to the energy fluctuation is shown in Fig. 14 (left). The

maximum uncertainty in the beam RMS size is about 10% per 10 keV in

the electron beam energy fluctuation. During the usual operation regime

the gun absorption power has a 7 kW jitter and about 0.4 kW/µs slope

along the pulse length. The 7 kW power jitter should lead to the 5 keV

of the mean energy fluctuations (Eq. (35)) that corresponds to the energy

measurements in LEDA [32]. The 5 keV energy jitter must lead to the

5% maximum statistical uncertainty in the beam RMS size measurements

that is close to a measurable value of 2%. The beam RMS size from pulse

to pulse has not been studied systematically yet.

4.5 Camera and signal transportation setups

One of the most important steps in beam RMS size measurement is

registration of the light from the screen with a camera, image acquisition

and further transmission to a PC. The main important characteristics are
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the camera‘s noise level and the bit-depth of ADC. The noise level of a

camera depends mainly on camera type and was not considered in this

work.
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Figure 15: Beam (left) and beamlet (right) size degradation. RMS size
is shown as a function of the input signal intensity into the ADC. In the
graph a signal intensity means the intensity of the brightest pixel in the
distribution. Two examples are shown in both the graphs.

The frame grabber card [34], used at PITZ, is equipped with an 8-

bit ADC. An important characteristic of the camera setups at PITZ is a

long analog cable line between the camera and the ADC. In this section

the signal intensity directly before the ADC will be discussed. The signal

intensity level will be expressed in units of the ADC digitalizing step. For

an 8-bit ADC, analog signal can be divided in up to 256 ADC steps. One

can adjust the signal intensity by changing the number of laser pulses or by

adjusting the camera gain. The first option leads to the increasing of the

light output from the YAG or the OTR screen. The second one changes the

signal amplification after the CCD chip. Both the options give the same

result in case they do not change the electron beam profile itself (adjusting

the number of the laser pulses) or the image of the electron beam profile
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(adjusting camera gain). The first option is not considered here because

it can make changes to the beam profile which does not correspond to the

signal registration system at all (see Section 4.4). Only the camera gain

was used to adjust the signal intensity.

The digitalization process decreases the beam RMS size value because

of the cutting of the low intensity edge of the beam image distribution.

The beam RMS size uncertainty due to this effect depends on the electron

beam profile. An experimental study was conducted to check the influence

of the effect. Fig. 15 shows the experimental results for the beam and

the beamlet profile measurements. As shown in Fig. 15 by decreasing the

signal intensity by a factor of ten comparing to the maximum available

value of 255 one can have additional systematical uncertainty up to 20%

in the beam RMS size and up to 60% in the beamlet RMS size measure-

ments. This experiment can be compared with numerical calculations. For

comparison, the experimental beam distribution at the maximum signal

intensity was chosen as an initial distribution. This data was decreased by

intensity and after that, values lower than the first ADC level were set to

zero. The results were compared to the live data by the PITZ TV system

as shown in Fig. 16. A reasonable explanation is the analog signal attenu-

ation during the transport through a long signal cable that connected the

camera to the frame grabber.

In addition another camera type was tested at PITZ for future use [35].

It has a 12-bit ADC which is located inside the camera housing. Therefore

there is no long analog line. The results of the 12-bit camera tests are

shown in Fig. 17. For 12-bit camera there is no visible dependence of the

RMS size on the signal intensity as for the cameras used at PITZ.
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4.6 Systematical uncertainty of a screen station

Here an example of the systematical uncertainty calculation for the

YAG screen station is shown. Let the mean beam energy be 13 MeV

and the size of the camera pixels in the object plane be 40 µm. Three

types of uncertainties were considered in this work. The first uncertainty

is the increasing beam size due to the multiple scattering of electrons in

the YAG screen. This uncertainty depends only on the initial beam RMS

size if the screen thickness is defined. From Fig. 10 (right) we know the

image distribution from the point source. Using Eq. (21) and Eq. (23) one

can calculate the beam RMS size uncertainty as a function of the initial

RMS size. The second uncertainty is determined by optical resolution. One

can estimate this uncertainty by means of Fig. 6. The third uncertainty

depends on the pixel size of the CCD chip. This uncertainty is shown in

Fig. 8. The values of the three systematical uncertainties and their sum
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Figure 18: Three components of the systematic uncertainty and their sum
for 30 mm−1 (left) and 50 mm−1 (right) optical resolution.

are shown in Fig. 18 for 30 mm−1 and 50 mm−1 optical resolution. The

uncertainty due to the limit optical resolution is predominant for both the
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cases but for 50 mm−1 optical resolution it becomes close to the uncertainty

caused by the multiple scattering.

Three very important uncertainties are not included: the increase of

beam size due to the defocusing effect, image attenuation during the signal

transportation to the ADC and the cutting of the low intensive edge of the

image in the ADC. The second one can significantly decrease the measured

beam size.

4.7 Summary

The wire scanner and YAG screens give close results with a 10% dif-

ference (see Fig. 11). The cross check measurements should be continued

with parallel measurements of the beam position jitter to exclude possible

systematic uncertainties. The beam parameters are stable enough to keep

statistical uncertainty of the beam size measurements in order of 5%. If

it is possible, the beam size behavior from pulse to pulse should be stud-

ied to have an idea of the beam parameters jitter inside the beam train

and its influence on the uncertainty for the beam size measurements. The

saturation parameter of the YAG screen was not found due to the small

effect and lack of measurement precision. Both the screen types, YAG and

OTR should be installed after the quadrupole triplet to have a possibility

to use the comparison method of the saturation parameter determination.

Two guidelines appeared according to the camera system study: the ADC

should be as close as possible to the CCD chip to avoid analog signal attenu-

ation, a 12-bit ADC increases precision of the measurements in comparison

with the 8-bit ADC because it can detect signals with lower intensity.
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5 Conclusions

Three types of beam profile monitors were considered in this work: a

YAG screen station, an OTR screen station and a wire scanner. A YAG

screen has better sensitivity to the low energetic beam (5÷13 MeV) than

other monitors therefore it is most widely used at PITZ at the moment. On

the other hand an OTR screen has a better resolution and can be widely

used in the future at higher beam energies at PITZ2. For a 13 MeV elec-

tron beam OTR screen has eight times less light output than YAG. The

disadvantage of a wire scanner is the low speed of measurements in com-

parison with the screen methods. Therefore wire scanner can not be used

for beam profile monitoring. A beam position jitter adds some systematical

uncertainty in beam size measurements.

The optical resolution depends on magnification. One should use higher

magnification in order to have better optical resolution but the light inten-

sity per pixel will be decreased in this case.

Camera setup and signal transmission system are one of the most im-

portant part of screen stations. They detect the light from the screen,

digitalizes it and sends to a PC. Investigations of the camera setups at

PITZ lead to the next conclusions: it would be better to keep an ADC as

close as possible to the CCD chip because of the analog signal attenuation.

12-bit ADC instead of 8-bit is more preferable. The own noise level of

the cameras should be systematically investigated to have an idea about

cameras resolution.

Comparison study between the YAG and OTR screens should be re-

peated on several screen stations in the high section at PITZ. Cross check

measurements between wire scanners and screen stations should be contin-
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ued to find the reason for the systematical difference between their mea-

surements.

The systematical uncertainty for a YAG screen station can reach up to

20% at low beam sizes. Section 4.6 shows an example of the systematical

uncertainty calculation. The uncertainty due to the signal attenuation and

analog to digital conversion is not included.
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