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The first accelerators had sophisticated instrumentation.
Here you see a betatron that uses optical diagnostics to observe the beam.
A betatron is an accelerator for beta rays — today we would say, an electron accelerator.
Mr. Kerst is using a senstive detector with a magnifying optical system, multi-megapixel sensor and real-time 
image processing that is directly linked to a feedback system on the accelerator parameters.

I will show you today the present state of our activities to measure the properties of beams in today's accelerators, 
and show a few examples of new projects that we have started to meet the needs of future accelerators.
I want to convince you that beam instrumentation is a very active field of research, and I would be delighted if you 
see possibilies to bring your expertise into this field.
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How can we categorize diagnostics? Let's start with the beam.
Particles in the beam have six interesting properties: x,x',y,y',t and E.
We describe the beam as a distribution in this six-dimensional phase space.

No diagnostics exists for the entire distribution.
We can only measure projections into one or two of these dimensions.
Additional beam line elements, such as quadrupole magnets and transverse deflecting RF cavities can then be used 
to do phase space transformations, which allow us to see dimensions that are not easily accessible, and we can use 
mathematical reconstruction algorithms to infer 3d information.
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Structure installed on bench before waveguide connected. 
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Phase space transformations can be performed by:
> quadrupole magnets (x-x’, y-y’)
> dipole magnets (δ-x’)
> RF deflectors (t-x’)
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20pC, 1keV short bunch setup 
Lasing off Lasing on 

X-rays 

4.5 fs 

electrons 

Patrick Krejcik, IBIC 2013

Results show the effect of the FEL on the electron beam
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Longitudinal Diagnostics
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When designing an accelerator, we can carefully choose an instrumentation suite that lets us 
 > set up the accelerator
 > measure beam properties
 > control the stability of the machine via feedbacks

Thus, let us distinguish longitudinal and transverse diagnostics. It is not a clear distinction, as we can transform 
the phase space dimensions, but it's a start.
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BUNCH SHAPE MEASUREMENTS AT INJECTOR 2 AND RING 
CYCLOTRON 

R. Dölling, Paul Scherrer Institut, Villigen, Switzerland

Abstract 
The longitudinal-horizontal 2-dimensional (2D) density 

distribution of a bunched 2.2 mA beam of ~72 MeV 
protons has been measured at the last turns of the 
Injector 2 cyclotron, in the middle of the transfer line to 
and at the first turns of the Ring cyclotron. Protons 
scattered by a thin carbon-fibre target are stopped in a 
scintillator-photomultiplier detector. The longitudinal 
bunch shape is given by the distribution of arrival times 
measured with respect to the 50 MHz reference signal 
from the acceleration cavities. More probes are foreseen 
at 72 and 590 MeV which will use additional fibres to 
also determine the longitudinal-vertical and two 
longitudinal-diagonal 2D density distributions. These 
measurements together with more detailed beam transport 
calculations will support the matching of beam core and 
halo and the quest for a reduction of beam losses. The 
achievable dynamic range in the given environment of the 
cyclotrons and the connecting beam line is discussed. 

INTRODUCTION 
The Injector 2 cyclotron delivers a 72 MeV 2.2 mA CW 

proton beam via a ~50 m long injection line to the Ring 
cyclotron, where it is accelerated to 590 MeV [1]. Beam 
loss is one of the main factors limiting the attainable 
beam current since hands-on maintenance is required for 
nearly all machine components. At this high current 
beam, already a thin beam halo contributes significantly 
to the beam losses. The transport of the whole distribution 
is strongly influenced by the beam space charge and the 
creation of new halo by scattering at collimators. Hence, 
already small changes at any location along the beam path 
can alter the total losses strongly. This makes setup and 
tuning difficult and leads to a tuning method mainly 
determined by examining the losses of the beam along its 
path and "turning all available knobs" to minimize losses 
at a given beam current level [2, 3]. Although this empi-
rical concept is useful for finding the optimum operation 
for a given machine configuration, well-directed changes 
of the machine configuration, leading to significant 
improvement, cannot be initialized by it. Also it is very 
difficult to find hidden causes in the case of a persistently 
bad beam quality. To overcome this, detailed numerical 
simulations [4] of the beam transport and matching 
including the beam halo are required together with 
detailed measurements of the 6D phase space distribution. 
This should result in an improved beam cleaning at low 
energies by additional slits, a matched beam core and 
halo, lower losses at higher energies, the ability to setup 
the whole machine in one pass and the ability to find 
sources of deteriorated beam by examining the beam in 
detail. 

The time-structure, i. e. the longitudinal bunch shape, is 
given by the distribution of arrival times of beam particles 
measured with respect to the 50 MHz reference signal 
from the acceleration cavities. In our case, protons are 
scattered by a thin carbon-fibre target towards a 
scintillator-photomultiplier detector [5, 6]. (This type of 
measurement is known since long and alternative methods 
are available [7-9].)  

From the wire position also a transversal coordinate is 
determined. By moving the wire horizontally, a 2D profile 
of the bunch density "as seen from above" can be 
measured. This has been done at the last two turns of 
Injector 2, in the middle of the connecting line to the Ring 
cyclotron (approximately at the superbuncher position) 
and at the first two turns of the Ring cyclotron (Fig. 1). 

 

 

Figure 1: Locations of time-structure probes. 

Repeating this with several wire orientations, does not 
yield the full 3D spatial charge density distribution, but 
rather several 2D projections. Hence, e.g. all 9 parameters 
describing size and orientation of an ellipsoid represen-
ting the bunch in real space can be determined and used in 
beam transport simulations on the matching of the beam 
core. More detailed information is available for detailed 
simulations including the beam halo. This type of 
measurement is under preparation for the last two turns of 
Injector 2, three locations in the connecting line and one 
behind the Ring cyclotron (Fig. 1). 

The wire target precisely defines the location of 
measurement and hence the time-structure even of short 
bunches can be determined with good accuracy. Although 
the pulse width from scintillator and photomultiplier tube 
(PMT) is quite large (~3 ns fwhm), the time-resolution 
can be of the order of 30 ps due to the statistics from the 
many created photo-electrons [5]. However, the level of 
radiation background from beam losses strongly deter-
mines the achievable temporal and spatial resolution and 
the dynamic range. 
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Figure 4: Time-structure measurement of the last two 
turns in the Injector 2 cyclotron (roughly 0.4 and 1.4 turns 
before leaving the cyclotron). Bunches as seen from 
above and projections. Upper part: Unsufficient suppres-
sion of the protons degraded at the detector entrance at a 
PMT voltage of 850 V (later 3 peaks, the collimator 
design is not optimal). Lower part: Better suppression at 
lower PMT voltage (800 V, time scale shifted due to 
changed relative trigger level). The core bunches are 
nearly round (10 mm correspond to 90 ps; the dip at 2935 
mm is due to a malfunction of the measurement 
software). The bunch centers lie on a radius to the 
machine center. 

 
 
 

 

 

Figure 5: Upper part: Same data as Fig. 4 lower part, but 
resampled to larger time bins (single event bins are 
visible; the 10%-level is given by the border between 
cyan and light blue). A time dependent but position-
independent broad "static background" is best visible at 
radii above 2980 mm (green curve in the projection 
derived from that radial range and adapted in height). The 
longer "shadow bunches" marked in red in the time 
projection have a radial profile (red) similar to that of the 
full projection (blue) and hence similar to that of the core 
bunches. They correspond to 1/12 of the beam current. 
Lower part: With further decreased PMT voltage (780 V). 
Projections are black (colored projections copied from 
upper part to indicate the difference). The "Static 
background" and the long "shadow bunches" have 
decreased, but much less than the core bunches. The 
"shadow bunches" now account for 77% of the signal.  
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Measurement at the PSI Proton Cyclotron
Time-to-amplitude converters good for time resolution down to about 30 ps
Used in SACLA directly after the gun
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bunch length of below 300 fs. Hence, we employed the
RFDEF to diagnose a 30 fs electron bunch of SACLA. The
bunch-length measurement system, as shown in Fig. 26,
comprises a C-band rf deflector (RFDEF), a beam drift
space, and a high spatial resolution SCM, as mentioned in
the previous section. This RFDEF operated at 5712 MHz is
driven by a high-power rf source including a 50 MW pulse
klystron.

The operating principle of the RFDEF is as follows. The
RFDEF is a backward traveling-wave structure at the
operation rf mode of HEM11. When the electron beam is
injected into the structure at an rf zero-cross phase, the
RFDEF pitches the beam bunch around its center to project
an image of a longitudinal bunch structure on the screen of
the above-mentioned SCM. The relation between the de-
flection voltage, Vy, and the projected bunch length on the
screen, ly, is given by

Vy ¼
ly
Ld

cpz

eka!z
; (7)

where Ld is the drift length between the RFDEF longitu-
dinal center and the surface of the SCM screen, ka is the
wave number of the RFDEF, !z is the bunch length,
and pz is the longitudinal momentum of the electron
bunch. Vy must be 40 MV in the case of Ld ¼ 5 m

to obtain a bunch-length measurement sensitivity of
200fs=mm on the screen of the SCM with a spatial reso-
lution of less than 2:5 "m.
To realize this measurement system, a special backward

traveling-wave accelerating structure with the
HEM11-ð5=6Þ# transverse mode at 5712 MHz was devel-
oped, as shown in Fig. 27. This accelerating structure has
racetrack-shape rf coupling irises to prevent rotation of the
deflection plane of the HEM11mode. The main parameters
of this backward traveling-wave accelerating structure are
tabulated in Table II, and the dispersion relations of the X
and Y modes in a fabrication model of the accelerating
structure are depicted in Fig. 28. In the figure, the X and Y
modes are sufficiently separated by the iris. Furthermore,
even though the ð5=6Þ# mode is employed, a group veloc-
ity, vg, of about 0:02c in the accelerating structure is
achieved. These rf characteristics guarantee stable high-
power rf operation of the accelerating structure.

TABLE II. Rf specifications of the RFDEF.

Total deflecting voltage Vy 40 MV
rf deflecting phase $a 0 degree
Fractional bunch length for

x-ray oscillation
!z 200 fs

Beam energy at the deflector pzc 1.45 GeV
Resonant frequency fa 5712 MHz
Type of structure CZ
Resonant mode HEM11
Phase shift per cell %D 5#=6 rad
Group velocity vg=c $2:16 %
Filling time Tf 0.27 "s
Unloaded Q Qa 11500
Transverse shunt impedance zy 13.9 M!=m
Length of structure L 1:7% 2 m
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FIG. 25. Observed bunch-shape taken with the streak camera
using the OTR. The bunch wave form is reconstructed by
stacking ten single-shot wave forms while adjusting each peak
value timing. The bunch length is about 300 fs in FWHM.

FIG. 26. Bunch-length measurement system using the RFDEF
to observe a pulse width of less than 500 fs.

FIG. 27. HEM-11-ð5=6Þ#-mode backward-traveling-wave ac-
celerating structure with racetrack-shape rf coupling irises to
prevent X- and Y-mode mixing.

BEAM MONITOR SYSTEM FOR AN X-RAY FREE . . . Phys. Rev. ST Accel. Beams 16, 042802 (2013)

042802-11

Yuji Otake et al., PRST-AB 16, 042802 (2013)

Average of 10 measurements

A sub-picosecond time resolution can be achieved with a streak camera.
Shown here: a measurement at SACLA
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Rasmus Ischebeck: Electro-Optic Sampling of the Electron bunch in the Sub-Picosecond Pulse Source
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Adrian Cavalieri et al., PRL 94, 114801 (2005)

Another method to achieve sub-picosecond resolution is to probe directly the transverse electromagnetic field of 
the electron bunches.
An electro-optical crystal, i.e. one that exhibits the Pockels effect, is introduced into the vacuum chamber, and the 
change in birefringence is probed by a short laser pulse.
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Electrons flying into plane of view

32
 m

m
Nicole Hiller et al., Proceedings of IPAC 2014

The setup has been transformed from an experiment to a reliable diagnostics.
Shown here: electro-optical monitor at the ANKA storage ring, designed in a KIT-DESY-PSI collaboration.



Rasmus Ischebeck > Beam Instrumentation for Accelerators — Status and Prospects

-20 0 20
Time in ps

0

5

10

15

20

25

30

35

St
re

ak
 c

am
er

a 
pr

ofi
le

s 
a.

 u
.

a) 

Streak camera

-20 0 20
0

10

20

30

Ph
as

e 
re

ta
rd

at
io

n 
in

 d
eg

re
es

b)
EOSD

-20 0 20
Time in ps

c)

-20 0 20

d)

-20 0 20
 

0

10

20

30

Ph
as

e 
re

ta
rd

at
io

n 
in

 d
eg

re
es

1.13 mA
 418 pC

-20 0 20
 

0.82 mA
 303 pC

-20 0 20
Time in ps

0.70 mA
 259 pC

-20 0 20
 

0.28 mA
 104 pC

-20 0 20
 

0.08 mA
   28 pC

Nicole Hiller et al., Proceedings of IPAC 2014

Measurements with this monitor for different compression (middle), and for different bunch charges (right). To the 
left, a comparison with a streak camera measurement
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Two-pulse Cross-FROG:  

Electro-optic sampling with sub-pulse width time-resolution 

• Sampling with 500fs FWHM transform limited 

probe 

• ReD-FROG with sum- & difference frequency 

sidebands 

=> Retrieve electric field profile as obtained 

    with 45fs FWHM probe 

4th Workshop on Longitudinal Instrumentation for Future Accelerators 

Paul Scherrer Institut, January 14-16, 2015 
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Two-pulse Cross-FROG:  

Electro-optic sampling with sub-pulse width time-resolution 

• Sampling with 500fs FWHM transform limited 

probe 
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    with 45fs FWHM probe 

4th Workshop on Longitudinal Instrumentation for Future Accelerators 

Paul Scherrer Institut, January 14-16, 2015 

 

S.P. Jamison 

Steve Jamison, 4th Workshop on Longitudinal Instrumentation for Future Accelerators (2015)

Limitations: resonances in crystal, and available laser pulse length.
Two-pulse Cross-FROG:
Electro-optic sampling with sub-pulse width time-resolution
> Sampling with 500fs FWHM transform limited probe
> ReD-FROG with sum- & difference frequency sidebands
=> Retrieve electric field profile as obtained with 45fs FWHM probe
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Vitali Judin et al, Proceedings of IPAC 2014, and Michele Caselle et al., JINST 9, C01024 (2014)

Interesting detail: fast readout of the detector.
Developed at KIT within the ARD collaboration
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Another possibility: put the electro-optical crystal in a box outside the accelerator vacuum, and transmit the EM 
field through cables.
—> Possibility to measure arrival time 
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Technical Realization of Prototype in SITF: CSR Port

11.03.13PSI, Seite 7

Franziska Frei, Proceedings of FEL2014
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Another instrument: ignore the phase of the spectrum of the bunch, and measure only spectral amplitude
—> Stabilization for feedbacks
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Terahertz streak camera:
ionize Xenon clusters, measure photoelectron spectrum.
Modulation of this spectrum by terahertz field derived from the pump laser
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1 2

Pavle Juranić et al., JINST 9 P03006 (2014)

Two electron spectrometers.
Opposite effects for upper and lower electron spectrometer —> measurement of arrival time of X-rays with respect 
to terahertz
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X 
Measurement of arrival time and pulse length possible
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Master Clock

Sample

Pulsed X-ray / Electron Beam

Electrostatic Lens
Detector

Detector (detail)

Detail: detector for electron spectrometers.
Better resolution possible if arrival time and location of each electron is measured
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Transverse Diagnostics

Warren Price
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Beam position monitors: cavity pickups
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Signal processing, digitization and digital data processing
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• Low charge: Position-noise · charge = const = 15pC·µm 
• Q=135pC: Noise <0.8µm RMS, ±1mm range. 
• Charge noise <0.1% (<0.1pC RMS at Q=135pC).

rms noise < 0.8 µm

Boris Keil

Measurement of Charge and Position noise
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Profile measurement — very small beams in FELs



Daniel Ratner, FEL 2013, New York, USA 
Profile Monitor OTRS:LI25:342 08-Aug-2008 19:57:47

Profile Monitor OTRS:LI25:342 08-Aug-2008 19:57:47

Daniel Ratner, Proceedings of FEL 2013Rasmus Ischebeck > Beam Instrumentation for Accelerators — Status and Prospects

…but now: COTR!
Intense light, has made all the high-energy OTR monitors at LCLS useless
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to camera

(coherent) 
OTR

Scheimpflug-Snell profile monitor separates OTR from light that enters the camera
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Slice Emittance Measurement at the SwissFEL Injector Test Facility
> Sensitivity: 1.3 pC
> Resolution: emittance of 30 nm
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Other requirements besides sensitivity and resolution:
> Radiation hardness
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Other requirements besides sensitivity and resolution:
> Avoid imaging X-rays that accompany the electrons
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Use Čerenkov light to image beam profile
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Measurement of energy gain in plasma wakefield accelerator
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Gas	  Jet

e-‐	  beam

Adam Jeff, Workshop on Beam Halo Monitoring (2014) Rasmus Ischebeck > Beam Instrumentation for Accelerators — Status and Prospects

Less-invasive measurement: use gas sheet instead of screen
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Even less invasive: use synchrotron radiation
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Measurement at the SwissFEL Injector Test Facility
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a pivoted support that provides two rotational degrees of
freedom for angular adjustment of the mirror. A planar
mirror, also mounted on a gimbal mount, directs the SR
to the CCD camera which is located outside the radiation
shielding for better accessibility. The optical path length
from the toroidal mirror to the image plane is 7.460 m. This
results in a optical magnification of the beamline of −1.450.

Table 1: Toroidal Mirror Specifications

Material Silicon
Size 76 mm x 76 mm
Surface quality (p-v) λ/30 (λ = 632.8 nm)
Large radius 6592 mm
Small radius 5627 mm
Incident angle 22.5◦ (0.3927 rad)
Focal length (h/v) 3045 mm
Optical magnification −1.450

For alignment purpose the beamline is equipped with
lasers, situated at the laser front end on an optical table in-
side the SLS tunnel. The laser beams are guided through
a pinhole and a window into the SR beamline. Via an in-
coupling mirror the laser beam is aligned coaxially to (but
not simultaneously with) the SR and is guided over the opti-
cal elements to the camera for detection.

WORKING PRINCIPLE

When imaging π-polarized light the CCD camera detects
the characteristic destructive interference pattern caused
by the 180◦ phase difference of the two SR lobes. The in-
tensity ratio between the valley in the mid plane and the
peaks, the valley-to-peak ratio, depends on the source height
i.e. the vertical electron beam size σy . We used SRW, the
Synchrotron Radiation Workshop code [9, 10], which treats
the phenomena of SR emission, propagation and focusing
strictly within the framework of classical electrodynamics
and wave optics, in order to derive the exact dependence of
the valley-to-peak ratio and the vertical beam size. The code
calculates the Fourier transform of the retarded potentials
of the emitting relativistic electron. The fields are propa-
gated along the beamline by applying the integral theorem
of Helmholtz and Kirchhoff to this Fourier transform at each
optical element.

The interferometric method of the beam size monitor is
implemented when introducing one of the interference ob-
stacles in the vicinity of the toroidal mirror into the path of
the SR. The interferometric method does not rely solely on
the characteristic phase difference in π-polarized light and,
therefore, can also be applied using σ-polarized light which
results in a variety of complementary methods. The theoret-
ical calculation and analysis of the interference pattern and
the deduction of the vertical electron beam size is done in
the same manner as for π-polarized imaging.

In addition to the vertical beam size the horizontal beam
size, being of the order of 60 µm, can be deduced from a
Gaussian fit and SRW based calculations.

MIRROR ALIGNMENT

The correct positioning and alignment of the toroidal
mirror is crucial for its imaging performance [2]. The instal-
lation of the toroidal mirror onto the gimbal mount inside
the z-chamber was done with great care and assisted by the
PSI alignment group. Two degrees of freedom, a tilt about
the horizontal (Tx ) and the vertical (Ty ) mirror axis (but not
a rotation about the surface normal (R)) , can be controlled
remotely. See Figure 3 for a definition of the mirror axes.

Dy

R

Tx

Dx

Ty

Figure 3: Sketch of a toroidal mirror. In our setup the rota-
tions about the tilt axes Tx and Ty can be controlled remotely.
A misalignment in rotation about the surface normal (R) or
along the translations (Dx and Dy ) must be excluded during
mirror installation.

This allows an on line alignment using either a laser, cou-
pled into the diagnostic beamline or SR. For the planar-
convex lens formerly installed, the interference pattern from
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STATUS OF THE NEW BEAM SIZE MONITOR AT SLS∗

J. Breunlin†, Å. Andersson, MAX IV Laboratory, Lund, Sweden
Á. Saá Hernández, M. Rohrer, V. Schlott, A. Streun, PSI, Villigen, Switzerland

N. Milas, LNLS, Campinas, Brazil

Abstract

The Swiss Light Source (SLS) campaign on vertical emit-
tance minimization and measurement required a beam size
monitor with the ability to verify a sub-pm·rad vertical emit-
tance. This corresponds to a beam height of less than 4 µm.
Within the TIARA Work Package ’SLS Vertical Emittance
Tuning’ a new beam size monitor was designed and built.
The monitor is based on the imaging of the π-polarized syn-
chrotron radiation (SR) in the visible and UV spectral ranges.
Besides imaging, the monitor provides interferometric meth-
ods using vertically or horizontally polarized SR. With these
complementary methods the consistency of beam size mea-
surements is verified. An intermediate configuration of the
monitor beamline using a lens as the focusing element has
been commissioned in 2013. With this setup a vertical beam
size of 4.8 ± 0.5 µm, corresponding to a vertical emittance
of 1.7 ± 0.4 pm·rad has been measured. During 2014 the
monitor was commissioned in its final configuration with
a toroidal mirror. The use of reflective optics allows wider
bandwidth imaging and, thus, higher intensity.

INTRODUCTION

In 2008 a beam size monitor was built at SLS for the deter-
mination of the vertical beam emittance. This monitor uses
the so-called π-polarization method [1] to determine the
vertical beam size from vertically polarized (π-polarized)
vis-UV synchrotron radiation (SR) imaged onto a CCD cam-
era.

During an emittance minimization campaign supported
by the TIARA work package 6 [2] a vertical beam size
of 3.6 ± 0.6 µm, corresponding to a vertical emittance of
0.9 ± 0.4 pm, was measured using this beam size monitor,
reaching its resolution limit [3]. The campaign included
the design and construction of an improved second monitor.
Besides the π-polarization method the new beam size mon-
itor at SLS was designed to provide another measurement
method: the creation of interference from either vertically
or horizontally polarized (σ-polarized) SR with a horizontal
obstacle. The vertical beam size is then deduced from the
detected interference pattern. The availability of these com-
plementary methods on the new beam size monitor enables
the cross-checking of measurement results. A technique
for beam size measurements using interference was already
used at KEK with a double slit setup and σ-polarized SR [4].

The commissioning of the new monitor started in the
beginning of 2013. A lens was used as the focusing ele-
∗ Work partially funded by the European Commission under the

FP7-INFRASTRUCTURES-2010-1/INFRA-2010-2.2.11 project TIARA
(CNI-PP). Grant agreement no 261905
† jonas.breunlin@maxlab.lu.se

ment in this so-called intermediate configuration [5–7]. In
dedicated low emittance machine shifts at the SLS a verti-
cal beam size of 4.8 ± 0.5 µm was measured utilizing both
available methods [8], see Figure 1.
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Figure 1: Vertical profile of π-polarized synchrotron radi-
ation, imaged with the intermediate configuration using a
lens (blue dots). SRW calculated profile for a vertical beam
size of σy = 4.81 µm (green line).

The final monitor setup relies on a toroidal mirror as the
focusing element. The preference of a toroidal mirror over
a lens is due to the advantage of reflective optics to have a
wavelength independent focal length. This enables a simpler
change of the imaging wavelength in practice. Furthermore,
the wavelength independence of the image plane allows us
to use a wider wavelength band (10 nm FWHM instead of
1 nm) than with refractive optics and therefore nearly a factor
10 in light intensity. Due to a delay in manufacturing of
this mirror the commissioning of the beamline in its final
configuration started in January 2014. In this paper we will
report on challenges during the commissioning and present
first images of SR taken with the toroidal mirror.

BEAMLINE DESIGN

The beamline is designed to image the SR emitted by
the electron beam in a bending magnet by a toroidal mirror
onto the detector of a CCD camera. See Figure 2 for the
beamline layout. A detailed description of the beamline is
given in [6, 7].

The toroidal mirror is the first mirror in the z-chamber at
5.146 m of optical path length from the source point in the
central bending magnet. See Table 1 for specifications of
the mirror. The toroidal mirror is held by a gimbal mount,
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Vertical beam size: 
4.8 ± 0.5 µm

Corresponding
vertical emittance:
1.7 ± 0.4 pm

Angela Saa Hernandez, ALERT 2014 Workshop, and J. Breunlin et al., Proceedings of IPAC2014

Finally: interference of synchrotron radiation measurement @ SLS
Vertical beam size: 4.8 ± 0.5 µm
Corresponding vertical emittance: 1.7 ± 0.4 pm
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