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Deshalb verbringen unsere besten Physikerinnen und Physiker endlose
Stunden im Kontrollraum, um die Emittanz zu verbessern.
Und deshalb brauchen wir eine zuverlässige und genaue Methode, die
Emittanz zu messen.

Die Elektronenstrahlen sind meistens rund.
Und sie sind klein!
In der Tat hat die Erzeugung von Elektronenstrahlen mit kleiner
Emittanz in den letzten Jahren enorme Fortschritte gemacht. Aus
diesem Grund haben die Elektronenstrahlen einen Durchmesser von
einem hundertstel Millimeter.

Dies führt zu stringenten Anforderungen an die Profilmonitore.
Deshalb macht mir meine Arbeit Spass ;-)
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Die Geschwindigkeit ist hierbei entscheidend.
Bei SwissFEL werden wir eine Wiederholrate von 100 Bildern pro
Sekunde haben.

Deswegen möchten wir die Bildverarbeitung nicht mit einem Computer,
sondern mit einem FPGA machen.
Features von FPGAs
> parallele Datenverarbeitung
ADM-XRC-5T2-ADV> Echtzeitfähighkeit
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SCS proposes a cost-optimized standalone design incorporating a
Linux PC with FPGA accelerator.
By accounting for the actual development status of the camBox
systems, the EVR and the EPICS IOC, we suggest to develop the
prototype as a VME-based camBox system, and then migrate it to the
industrialized standalone system:
Prototype camBox ⇨ VME-platform with standard components to allow

Fast Feedback
System (FFB)

FPGA accelerator to optimize costs.
Christof Bühler, SCS
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! FPGA-implemented Image Processing Stack
Raw
Camera
Image

Calibration
Images
(BG, Flat Field)

Image
Preprocessing
EPICS
x-Profile

• «artifact-free»
image
• intensity profiles

+

y-Profile

Beam Parameters

Data
Decimation
Fast Feedback
System (FFB)
8

Zürich 2014-10-28 © by Supercomputing Systems AG

"
"
"

XCoM / YCoM
ΔXFW%M / ΔYFW%M

Control & Monitor
System (CMS)
CONFIDENTIAL

Christof Bühler, SCS

normalized yp

normalized xp

2
1
0
−1

1
0
−1
−2

−2
−1
0
1
normalized x

2

−2

−5

x 10

sigmay[mm]

sigmax[mm]

0.15
0.1
0.05

0

0.15
0.1

0

5
10
15
measurement index

0

5
10
15
measurement index

15
10
Pull y

2
0

5
0
−5

0

5
10
15
measurement index

−10

−5

x 10

0.2

0

5
10
15
measurement index

4
Pull x

2

0.05

6

−2

0
normalized y

0.25

0.2

0

Quadrupol-Scan kann so in wenigen Sekunden durchgeführt werden

−3
−2

Abhängigkeit der Emittanz von:
> Laser-Parametern

Abhängigkeit der Emittanz von:
> Elektronenquelle

Abhängigkeit der Emittanz von:
> Beschleunigung

Jaguar, uncompressed
Jaguar laser, 200 pC, Cs2Te
Laser aperture = 1.8 mm

Laser aperture = 2.1 mm

Simona Bettoni
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Figure 14: Beam profile image observed by the beam
profile monitor with the YAG:Ce screen and perforated
mirror.

Quadrupol-Scan am SACLA (Japan)
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ELECTRON BEAM DIAGNOSTIC SYSTEM FOR THE JAPANESE XFEL,
SACLA

Abstract

We present the design and performance of the beam
diagnostic instruments for the Japanese x-ray free electron
laser (XFEL) facility, SACLA. XFEL radiation is
generated by self-amplified spontaneous emission (SASE)
process in SACLA, which requires a highly brilliant
electron beam with a normalized emittance of less than
1 mm mrad and a peak current of more than 3 kA. To
achieve this high peak current, 1 A beam with 1 ns
duration from a thermionic electron gun is compressed
down to 30 fs by means of a multi-stage bunch
compression system. Therefore, the beam diagnostic
system for SACLA was designed for the measurements of
the emittance and bunch length at each compression
stage. We developed a high-resolution transverse profile
monitor and a temporal bunch structure measurement
system with a C-band rf deflecting cavity etc. In addition,
the precise overlapping between an electron beam and
radiated x-rays in an undulator section is necessary to
ensure XFEL interaction. Therefore, we employed a Cband sub- m resolution rf cavity BPM to fulfill the
demanded accuracy of 4 m. All the performances of our
developed beam monitors reached the demanded
resolutions. By using these beam diagnostic instruments,
the first x-ray lasing at a wavelength of 0.12 nm was
achieved and SACLA has been stably operated for user
experiments since March, 2012 in the wavelength region
from 0.08 nm to 0.25 nm.

region requires a high peak current of more than 3 kA and
a small normalized emittance of less than 1 mm mrad [2].
To achieve these requirements, we designed and
constructed a low-emittance injector, an 8 GeV C-band
accelerator and a short-period in-vacuum undulator
beamline, as shown in Fig. 1. An electron beam is
generated by a thermionic electron gun with a CeB6
cathode. The normalized emittance of the electron beam
is 0.6 mm mrad, the initial current is 1 A and its pulse
width is 1 ns (FWHM) formed from 3 s (FWHM) by a
high-voltage chopper. The beam is accelerated to 8 GeV
by the following series of rf accelerator cavities:
238 MHz pre-buncher, 476 MHz booster, L-band
(1428 MHz), S-band (2856 MHz) and C-band
(5712 MHz) accelerators. In the meantime, the bunch
length is shortened from 1 ns to 30 fs by using a velocity
bunching process through the sub-harmonic acceleration
cavities and a bunch compression process by means of
three magnetic chicanes. The peak current is finally
boosted up to 3 kA without substantial emittance growth.
The electron beam is then fed into in-vacuum undulators
with a period of 18 mm and the maximum K-value of 2.2,
and XFEL light is finally generated.
In order to maintain the high gain SASE process at an
x-ray wavelength, we need to monitor a beam position, a
transverse beam profile, beam arrival timing and a
temporal bunch structure at each acceleration stage. The
resolution of the beam-position monitor in the undulator
section is required to be less than 1 m so as to maintain
the overlap between the electron beam and radiated x-rays
within 4 m precision [3]. The transverse beam profile
should be measured with a spatial resolution of less than
10 m in order to measure a normalized emittance less
than 1 mm mrad. The required resolution of the temporal
bunch structure measurement is 10 fs at a position after
the full compression, since the bunch length becomes
30 fs. In addition, since the initial bunch length is 1 ns,
temporal profile monitors with a wide time scale from
1 ns to 10 fs are demanded. Therefore, we developed
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M, we compared the beam
monitors. We used a screen
ction and this screen monitor
h the C-OTR mask. The beam
calculated from the center of
mage and compared with the
he RF-BPM adjacent to the
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V to 7.4 GeV, while the field
magnet was kept constant.
arison between the RF-BPM
ven though the beam profile
itions measured with both the
nsistent each other within the
s). Thus, the RF-BPM and the
working well as expected.
INTRODUCTION

The x-ray free electron laser (XFEL) facility, SACLA
(SPring-8 Angstrom Compact Free Electron LAser) [1],
was successfully commissioned and the first x-ray lasing
was observed in June, 2011 at an x-ray wavelength of
0.12 nm. SACLA has been stably operated for various
user experiments since March, 2012 in the wavelength
region from 0.08 nm to 0.25 nm. In SACLA, XFEL
radiation is generated by a self-amplified spontaneous
emission (SASE) process. The SASE process in the x-ray

___________________________________________

Figure 1: Schematic layout of SACLA.
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Figure 15: Emittance measurement result. The strength of
the quadrupole magnet was scanned and the square of the
beam size was plotted. This graph was fitted by the
parabolic function and the emittance was calculated.
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Figure 16: Correlation between the beam positions
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beam shape, the beam position was consistent each other.
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Messung der Emittanz als Funktion des Magnetfeldes in der
Elektronenquelle
Jeder Punkt ist ein Quadrupolscan!
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Measurements of the transverse emittance at the FLASH injector at DESY
F. Löhl* and S. Schreiber
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FIG. 5. (Color) Horizontal (top) and vertical (bottom) normalized rms emittances. The measurement is repeated 10 times
during !1:5 h. Results obtained by fitting for 100% (red circle)
and 90% (blue circle) beam intensity as well as by tomography
(MENT) for 100% (red triangle) and 90% (blue triangle) intensity are shown. Error is the statistical error only.
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The VUV and soft x-ray free electron laser FLASH (former VUV-FEL) is a user facility at DESY
(Hamburg). In order to optimize the performance of the facility, an accurate characterization of the
electron beam properties is essential. The transverse projected emittance, one of the important parameters
characterizing the quality of an electron beam, is measured using a four monitor method with optical
transition radiation monitors. A normalized rms emittance below 2 mm mrad for a 1 nC beam has been
measured. In this paper we describe the experimental setup, data analysis methods, and present
experimental results.

DOI: 10.1103/PhysRevSTAB.9.092802

PACS numbers: 29.27.Fh

I. INTRODUCTION

The vacuum ultraviolet free electron laser (VUV-FEL)
[1], now FLASH (Free electron LASer in Hamburg), is a
FEL user facility at DESY (Hamburg). It is based on the
SASE (Self-Amplified Spontaneous Emission) process [2]
to produce FEL radiation in the wavelength range from
vacuum ultraviolet to soft x rays. The commissioning of
the facility started in the beginning of 2004 and the first
lasing with a wavelength of 32 nm was achieved in January
of 2005 [3]. User experiments started in the summer of
2005.
Figure 1 shows the present layout of the linac. Electron
bunch trains with a bunch charge of 1 nC are generated by a
laser driven rf gun [4]. Five accelerating modules with
eight 9-cell superconducting niobium cavities [5] each
are installed to provide an electron beam energy up to
700 MeV. Later, one additional accelerating module will
be added to increase the electron beam energy to 1 GeV.
The electron bunch is compressed using two magnetic
chicane bunch compressors. At the location of the first
bunch compressor the beam energy is 125–130 MeV, and
at the second one about 380 MeV. During commissioning,
the main emphasis was on lasing with a photon wavelength
of 32 nm, corresponding to an electron beam energy of
445 MeV.
A high quality electron beam is required for the lasing
process. At FLASH the design value of the normalized
transverse emittance is 2 mm mrad, the design peak current
2500 A, and the design energy spread 0:1%. In this paper

we present measurements of the transverse projected emittance at the injector with a beam energy of !130 MeV.
The measurements are performed in a special diagnostic
section (Fig. 1) using a four monitor method with optical
transition radiation (OTR) monitors.
II. EXPERIMENTAL SETUP

The injector consists of a laser driven rf gun with a
solenoid magnet to counteract space charge induced emittance growth, a booster cavity to increase the electron
beam energy up to 125–130 MeV, a bunch compressor,
and a diagnostic section for measurements of the transverse
emittance. More details of the injector concept, the present
stage of the injector, as well as the planned future upgrades
are in [6].
The diagnostic section located downstream of the first
bunch compressor consists of six quadrupoles with alternating polarity and four OTR beam profile monitors combined with wire scanners. In this paper we concentrate on
emittance measurements using the OTR monitors only.

with each other, and the stability of the measurements is
good. The rms jitter of the 100% emittance in the horizontal plane is !3:5% and in the vertical !2%, in agreement
with the statistical error estimated above.
In order to reduce space charge induced emittance
growth, the electron beam is focused by a solenoid magnet.
Figure 6 shows the normalized horizontal and vertical rms
emittances as a function of the current of this solenoid. For
each solenoid current the beam has been rematched to the
FODO lattice. Then the emittance is measured twice for
each solenoid current. The result from simulations [17]
using a normalized projected emittance of 2 mm mrad at
the optimal working point for the solenoid is shown as a
solid line. We can see that the behavior as a function of the
solenoid current predicted by the simulations agrees well
with the measurements. The optimal solenoid current, from
the emittance point of view, is around 277 A, which
corresponds to a magnetic field of 0.163 T. One should
note that the optimal solenoid current depends on the used
rf-gun input power. The measurements presented here are
*Electronic address: florian.loehl@desy.de
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A. OTR monitors

Transition radiation is electromagnetic radiation emitted
when a charged particle crosses a boundary between two
media of different optical properties, in practice a thin
mirror like wafer. Optical transition radiation (OTR), the
visible part of this radiation, provides a fast single shot
measurement of the transverse charge distribution of an
electron beam.
The requirements for the OTR monitors are demanding:
besides delivering on-line beam images, they are used to
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FIG. 6. (Color) Horizontal (top) and vertical (bottom) normalized rms emittance measured as a function of the solenoid
current. Results obtained by fitting for 100% (red circle) and
90% (blue circle) beam intensity as well as by tomography
(MENT) for 100% (red triangle) and 90% (blue triangle) intensity are shown. Error is the statistical error only. The solid line is
not a fit but a prediction from simulations assuming the design
emittance of 2 mm mrad.
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performed with a power of about 3 MW.
With
a larger
input
Florian
Löhl,
DESY, Germany
power, the optimal solenoid current is correspondingly
larger. A small remnant magnetic field on the cathode is
zeroed by a bucking coil.
During the measurements presented above, the injector
was operated with the nominal settings, but since the
solenoid scan is a first step of the optimizing process, it
was not yet tuned to obtain the minimum emittance. In
order to achieve the smallest emittance, it is important to
optimize, in addition to the solenoid, rf, and laser settings,
also the beam injection to the first accelerating module.
When the injector is carefully tuned and the beam is correctly steered through the accelerating module, we have
regularly measured normalized rms emittances around
1.4 mm mrad for 90% of a 1 nC bunch. For the entire
bunch, this value is typically around 2 mm mrad.

092802-5

Figure 32. CSR energy loss in BC1 vs. RF phase

of BC2, but budget over-runs have forced a delay of these
diagnostics. This lack of diagnostics has made beam
tuning after the injector difficult.
There are several options to reduce the effects of
COTR, including the addition of a “laser heater”, and
optics changes in the injector, however the effectiveness
of these is not yet known.
Despite the diagnostic limitations, the LCLS accelerator
is operating at design charge, energy and bunch length.
The emittance in the injector meets our requirements
routinely, while the end of the linac is still quite variable.
With additional tuning time, we expect to meet the
emittance requirements at the end of the accelerator as
well.
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Abstract
The LCLS accelerator is presently in a commissioning
phase[1] and produces a 14GeV beam with normalized
emittances on the order of one mm-mr, and peak current
exceeding 3000 Amps. The design of the beam
measurement system relies heavily on optical transition
radiation profile monitors, in conjunction with transverse
RF cavities, and conventional energy spectrometers. It has
been found that the high peak currents and small
longitudinal phase space of the beam generate strong
coherent optical emission that limits the quantitative use
of OTR and other prompt optical diagnostics, requiring
the use of wire scanners or fluorescent screen based
measurements. We present the results of beam
measurements, measurements of the coherent optical
effects, and future plans for the diagnostics.

LCLS ACCELERATOR
The Linac Coherent Light Source is a SASE Free
Electron Laser, designed to produce X-rays with
wavelengths down to 1.5 Angstroms, using electron beam
energies up to 13.6 GeV.
Table 1: Accelerator Design Specifications
Energy

4.3 to 13.6 GeV

Bunch Charge

200 pC to 1 nC

Design emittance

~ 1.2 mm-mr slice

Peak current

~ 3.4 KA.

Repetition rate

120Hz, single pulse

accelerator structures and magnets. As of April 2008, the
beam is accelerated to the end of Linac-3 with nominal
parameters, except that the repetition rate is presently
limited to 30 Hz during commissioning.

BEAM DIAGNOSTICS AND
MEASUREMENTS
The LCLS design relies heavily on beam-based control
and feedback, necessitating the use of a variety of beam
measurement devices:
• Position: Stripline BPMs
• Charge: BPMs, Toroids, Faraday Cups
• Beam Loss: Ion chambers and PMTs
• Profile: Wire Scanners, Optical Transition Radiation
monitors, and fluorescent screens
• Emittance: Multiple profile monitors, or Quadrupole
magnet gradient scans on a single profile monitor.
• Longitudinal Measurements: Spectrometers,
Millimeter wave bunch length monitors, Transverse
RF deflection cavities.

Beam Position Monitors
The LCLS injector, and a few locations along the Linac
use self-calibrating strip-line BPMS based on digital
down conversion: figure 2.

An accelerator layout with beam parameters is given in
figure 1.

Figure 2: BPM Electronics

Figure 1: Accelerator layout.
Linac-2 and Linac-3 are only slightly modified from
their configuration for the SLC [2]. The remainder of the
machine is new, though it makes use of some old SLAC

The BPMS operate at a center frequency of 140MHz,
with a 7 MHz bandwidth. On every pulse, a tone burst is
injected onto one strip, and the coupling to the
perpendicular strips is measured. This corrects for gain
changes in the readout channels and cables. [3]
The BPM noise is measured by performing a linear
regression between the BPM under test, and the other
BPMS in the accelerator, with the residual indicating the
position noise, figure 3.

Figure 33. Horizontal emittance after BC1 due to CSR as
compression (RF phase) is changed
A similar measurement of energy loss for the second
bunch compressor is shown in figure 34.

______________________________________________

*Work supported by DOE Contract DE-AC02-76SF00515

Joe Frisch, SLAC, California

Figure34. Energy loss (as seen on BPM just downstream
of BC1) due to CSR in second bunch compressor as
compression is changed.
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An injector for low emittance electron beam generation
as well as high repetition rate and more reliable operation is
under development at PAL. Here, we introduce the design
of the S-band photocathode gun using a coaxial coupler
for the PAL-XFEL project. The gun will be able to provide a low emittance electron beam for ultimate X-ray FEL
performance. Injector beam dynamics optimization using
this gun is shown. Various injector operating conditions
are studied numerically.

INTRODUCTION
The Pohang Accelerator Laboratory X-ray Free electron
Laser (PAL-XFEL) project [1] started in 2011. This project
aims at the generation of X-ray FEL radiation in the range
of 0.1 to 10 nm for users. The machine consists of a 10 GeV
linear accelerator and soft and hard X-ray undulator beamlines. The accelerator will operate at a repetition rate of
60 Hz. Building construction starts in September 2012.
The PAL-XFEL baseline injector [2] was designed for
satisfying the PAL-XFEL beam requirements. The baseline injector adopts the GTF gun [3, 4] developed at PAL
over the last six years and two 3 m long S-band travelingwave tubes. The injector has been installed in the Injector
Test Facility (ITF) and first beam generation is foreseen in
September 2012. RF conditioning of the gun cavity and
accelerator tubes is being started. Numerical simulations
using the baseline injector shows 0.26 mm mrad normalized transverse rms emittance at 200 pC are achievable [2].
The experimental target is 0.4 mm mrad as first phase. For
emittance measurements, three quadrupole magnets and a
screen will be used [5].
Transverse emittance of an electron beam has a crucial
role in hard X-ray SASE FEL. For the PAL-XFEL hard Xray case, a 50% emittance reduction will result in 30 to 50%
FEL power increase as well as 20 to 50% FEL saturation
length reduction depending on other parameters [6]. Even
though the baseline injector will fully satisfy the PALXFEL beam parameter, a low emittance injector will allow
better FEL performance with reduced undulator length.
The low emittance injector has two major changes compared with the baseline injector. The RF gun with a side
coupler is replace with a gun with coaxial coupler. Three
accelerator tubes will be used for acceleration instead of
two tubes in the baseline injector. Possible future installa∗ Work supported by The Ministry of Education, Science and Technology of the Korean Government
† janghui han@postech.ac.kr

tion of the low emittance injector in the PAL-XFEL main
linac will be also discussed.

LOW EMITTANCE GUN
The PAL-XFEL low emittance gun is similar as the Diamond S-band (2.998 GHz) gun which was developed for
high repetition rate operation and low emittance beam generation [7]. By adopting a coaxial RF coupler connected at
the gun exit as for the DESY PITZ gun [8], the gun solenoid
can be positioned at an optimum location for low emittance
and cooling water channels can fully surround the gun cavity cylinder for maximizing cooling capacity and allowing
uniform temperature distribution over the gun body. With
an exchangeable photocathode plug, high quantum efficiency cathodes can be used for reducing drive-laser power
requirement and a damaged cathode can be easily replaced
with a fresh one under ultra-high vacuum. Since the PALXFEL gun should operate at 2.856 GHz, the Diamond gun
cavity was enlarged by about 5% and cooling channel was
adjusted. The first technical design is ready.

0.25
0.2
0.15

Figure 1: Low emittance gun cavity and solenoids. A cathode exchange system is connected at the rear of the gun.
In this gun design, the center of the solenoid is at 0.105 m
from the cathode. For magnetic field compensation at the
cathode, a bucking solenoid is placed immediate upstream
of the gun.
Maximum repetition rate required for the PAL-XFEL
gun is 120 Hz even considering future upgrade [1]. At the
first gun design, no RF pick-up probed was included as for
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tion using a 8 ps laser pulse shows longer bunch length but
lower transverse emittance. The options using 4 ps flat-top
and Gaussian laser pulses show similar current profiles and
Jan-Hui Han, POSTECH, South Korea
slice emittances. However, the
projected transverse emit-

4 ps flat-top

0.1

Gaussian

0.08
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0.04
0.02
0

0.1

Figure 7: Normalized transverse slice emittance of 200 pC
bunches at the injector end.
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0.35

Figure 8: Current profiles of 20 pC bunches at the injector
end.
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Figure 6: Current profiles of 200 pC bunches at the injector end for the three longitudinal profile options of cathode
laser pulses.
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Figure 9: Normalized transverse slice emittance of 20 pC
bunches at the injector end.

POSSIBLE IMPLEMENTATION TO THE
PAL-XFEL MAIN LINAC
This low emittance injector has another 3 m long accelerating section compared with the baseline injector. Including vacuum connection parts, 3.6 m more space is needed.
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