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Abstract:
The upgrade of the BESSY II light source in Berlin towards a variable pulse-length storage-ring will lead
to a complex bunch-filling pattern. This may involve co-existing electron bunches with significant varia-
tions of their properties. Among many other conditions, it calls for bunch-resolved diagnostics with sub-
ps time resolution and micrometer spatial resolution. Currently, we are finishing the constructing of a
diagnostic platform connected to new dipole beamlines for visible light as well as THz measurements.
The mid-term aim is 24/7 use of optical beam diagnostics and the development of advanced methods for
specific purposes. Preliminary interferometric data for transverse beam profiles are presented and dis-
cussed. The main topic of this paper, however, are recent streak-camera results along with concepts to
achieve high signal-to-noise ratio, high time resolution and 2D diagnostics at high efficiency.

PACS: 41.85.Qg - Particle beam analyzers, beam monitors, and Faraday cups
29.27.Fh - Beam characteristics
84.30.Sk - Pulse and digital circuits
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1. TRANSITION FROM BESSY II TO BESSY-VSR

The current BESSY II electron-storage ring of the Helmholtz-Zentrum Berlin (HZB) is operated at the energy of 1.7
GeV with a cavity frequency of 500 MHz. The maximum ring current is 300 mA. Different electron optical modes are
available and various bunch-filling patterns are distributed within 400 RF buckets that are separated by approximately 2
ns.

The envisioned long-term upgrade towards the Variable pulse-length Storage-Ring (BESSY VSR [1-3]) involves a
triple-cavity structure at high electric field strengths. Thus, the bunch length will be reduced significantly at fixed
charge values, see Fig. 1. This means that time-dependent X-ray experiments (coincidences, pump/probe measurements,
etc.) will gain time resolution, whereas precision spectroscopy and scattering experiments running in parallel will profit
from stable and large mean currents.
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Fig. 1. Comparison of standard user optics as well as short-pulse optics for BESSY II with the future BESSY VSR
system, considering realistic SRF boundary conditions.

Superposition of the 500 MHz normal conducting cavity with additional 1.5 GHz and finally also 1.75 GHz provided
by SRF (superconducting RF) at high voltages would lead to a beating pattern of the RF field gradients and correspond-
ing formation of alternating short and long buckets every 2.0 ns. This is the basis of a complex fill pattern with co-
existing bunches that differ regarding bunch length, bunch charge, transverse profile and charge density.

Control of a complex fill pattern calls for new and improved capabilities of beam-diagnostics hardware. Consequent-
ly, for the bunch-resolved longitudinal beam diagnostics (bunch length and phase), we have recently set up a sub-ps
streak camera [4] at a new diagnostic dipole beamline. Further, we are considering and testing other innovative methods
for this purpose [5] as well. Diagnostics of the lateral beam size and position variation are performed using direct imag-
ing as well as double-slit and m-polarization interferometry [6,7] of visible light. For these optical beam-diagnostic
tools, high sensitivity and high resolution are required for the large bunch-to-bunch variations in BESSY 1I [8] and
BESSY VSR [1-3] with good signal-to-noise ratio.

2. BUNCH-RESOLVED OPTICAL DIAGNOSTICS

2.1. New platform and beamlines

The design target of the new diagnostic systems includes robustness, sufficient space for R&D and 24/7 availability.
The new diagnostic platform features visible-light output ports from two dipole beamlines (see Fig. 2) of the BESSY II
storage ring. In each case, X-ray blocking baffles avoid excessive heat loads on the subsequent mirrors. The absorbed
synchrotron power on the mirrors is below 3 W and the use of thermally stabilized mirror substrates with water cooling
system minimizes wave-front distortions. Depending on the beamline two or three mirrors are installed inside an evacu-
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ated beamline to reduce the influence of dust and air humidity on the light transport. At the outlet of each evacuated
line, the light passes through a radiation labyrinth and exits into air through a wedged glass window.

""" Sector 12
Sector 12 dipole 1

~y dipole 2
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patch panel
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Fig. 2. Scheme of the new Diagnostic Platform, showing the three outlet ports and the main installations.

One dipole beamline (Sector12-Dipl.2 in Fig. 2) is dedicated to lateral size and beam-halo measurements. This beam-
line is optimized for good wave-front propagation, involving moderate source-opening angles. The extracted light will
be transmitted from this beamline to an optical table, mainly for the future bunch-resolved interferometric transverse-
size monitor (see also subsection 2.2). The Sector12-Dipl.2 beamline will be equipped with 3 custom-made precision
planar mirrors (active area of 70x70 mm?’, manufactured by Pilz-Optics, Germany) optimized for temperature stability.
Inspection of these mirrors by our optics department has shown minimum radial curvatures of >35 km and measured
slope errors below 0.4 arc sec. [9] These parameters should enable excellent wave-front propagation in the beamline up
to the optical table.

The primary mirror M1 is placed behind an adjustable X-ray blocking baffle yielding a shadowed angular range of
0.736 mrad in the vertical direction. M1 is temperature stabilized by a water-cooling system. It reflects photons from
the electron-beam tunnel upward in the direction of a radiation labyrinth on the upper floor. Inside the concrete structure
of the labyrinth, a second mirror M2 reflects the light back into the horizontal plane. M1 and M2 are motor controlled
since there is no direct mechanical access to the radiation-safety area. On the working height of the optical table, the
light leaves the evacuated part of the beamline through a wedged outlet window (type VPCF100DUVQ-L-WEDGEDQO.5,
by VACOM, Germany) with 98 mm open-area diameter and planarity < A/4.

Downstream, a 3™ plane mirror, M3, provides coupling onto the optical table. At this point, the maximum opening
angles are 6.1 mrad horizontally x 4.3 mrad vertically, if no focusing is applied by inserting a motorized 2.4” achro-
matic lens at a position between M1 and M2. There is also a motor-controlled selection of different interference targets
that may be inserted directly after the lens. These interference targets are also used for the optical Interferometric Beam-
Size Monitor (IBSM) discussed in the next subsection. The interference target plus lens provides small beam-diameter
resolution and enhanced photon densities (in comparison to our previous configuration).

For standard operation of the IBSM [4, 10-12], most optical elements are placed on an optical table. These elements
are
a standard double-slit target,

a polarizer,
two achromatic focusing lenses,
optical bandpass filter,
e animage-detection system (see the next subsection).

The use of an optical table outside the radiation tunnel will also allow for a comparison of direct spot imaging, dou-

ble-slit interferometry [10-15] and the X-ray baffle method with pi-polarized light [6,13,16] for vertical beam-size
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measurements. Currently it seems, however, that double-slit interferometry is the most flexible method covering beam
sizes between 11 and 160 um. Furthermore, it is applicable for both lateral directions.

Another beamline (Sector12-Dipl.1 in Fig. 2) uses a second port from the same dipole. This beamline is optimized
for high photon yield, with a large source-opening angle of 20 x 3.5 mrad” (limited by the central X-ray baffle and M1).
It mainly consists of a primary focusing mirror M1, an intermediate focal point with adjustable aperture and a subse-
quent toroidal mirror M2 yielding a collimated visible light beam that is filtered and guided to the streak-camera en-
trance-optics.

The primary mirror M1 is a custom-made cooled precision ellipsoidal focusing mirror (hexapod controlled), with
slope errors below 2 arcsec rms and a surface roughness below 0.25 nm rms (manufactured by Carl Zeiss Laser Optics
GmbH, Germany). Although these parameters are state-of-the-art for production of such an elliptical mirror [9], the
slope errors determine the overall quality of light-transport to the streak camera [17] as quantified in the appendix.

The collimating mirror M2 is motor-controlled, but not water cooled as the synchrotron-radiation power at this point
is just a few mW. This precision toroidal mirror, with slope errors below 1.3 arcsec rms and a surface roughness below
0.4 nm rms (custom product manufactured by WinlightX, France), replaces a temporary toroid that was combined with
a defocusing cylindrical lens to yield a virtual beam not far from the collimation condition. If not indicated otherwise,
all data and results presented in this paper have been obtained with that temporary solution.

This beamline is used for electron-beam diagnostics since January 2019 and then upgraded with an improved toroidal
mirror, new extraction stage with wedged window, polarizer and flexible periscope optics. Between mirror M2 and the
streak-camera the beam passes trough

e astandard wedged vacuum-exit window,
an adjustable polarizer,
two filter wheels with various band-pass filters (not used for the regular streak-camera measurements),
3 thin beam splitters (for light extraction to other equipment) and
7 high quality plane visible-light mirrors (type 34-398, protected silver coating, by Edmund Optics) with
high quality (A/20) and 50 mm diameter, for light transport at the diffraction limit [9,17].

A system of 7 irises simplifies adjustment of the synchrotron light along the reference-beam path defined by an
alignment laser. Together with an adjustable aperture at the intermediate focal point and a fixed aperture at the wedged
output window, the aperture system suppresses stray light from inside the vacuum tubes and from scattering at imper-
fections close to mirror edges. It also suppresses backscattered light from other optical elements on the optical table.
These high-quality mirrors, anti-reflection coatings, intermediate focal point, rectangular apertures and circular dia-
phragms, result in suppression of halo structures and light reflections and lead to a good signal-to-noise ratio for the
streak camera. In order to confirm this statement, we have compared the projected intensity of the streak camera image
with the standard BESSY-II bunch-filling monitor. This indicates linear bunch-charge dependence and a dynamic range
exceeding 3 orders of magnitude for the streak camera, similar to the bunch-filling monitor that is limited by counting
statistics. The dynamic range of the streak camera seems to be determined mainly by noise from multiple scattering of
synchrotron light in the tunnel.

At 15 m after the dipole source point, the collimated light is focused by an achromatic lens. This lens produces a focal
spot in the mirror-based entrance optics of the streak camera. At this point, the light passes through a vertical collimator
slit to limit the spot in the slow-scan direction as well as through a horizontal precision slit to limit the vertical spot size,
and is transferred to the cathode of the streak camera.

Both optical tables (one for lateral bunch-size, one for bunch-length measurements) rest on air damped legs to reduce
ground vibrations. Slow motion of an optical table yields a blurring of the focus. This produces an apparent beam-size
increase for slow detectors and intensity fluctuations for fast detectors, e.g., streak cameras. Previously, such vibrations
have limited the maximum CCD integration time to <4 ms for our interferometric beam-size determinations (using rigid
legs for the same optical table at our previous beam line).

We have performed absolute frequency-dependent vibration measurements on our optical table for longitudinal
measurements with and without air damped legs. From these measurements, we observe that the upper frequency
boundary of the main vibration component (with integrated displacements in the 10-um range) is reduced from 50 Hz
down to about 12 Hz. Other vibration bands with much smaller displacements stay either constant or also show a re-
duced bandwidth. Thus, detector integration times may be increased from 3 ms to about 15 ms, without risking a signif-
icant vibration blurring of spots. After leaning on the optical table, it returns to the standard position within about 2
seconds and after more than one year of operation, we did not recognize a significant change of the table height.

During spring 2020, both optical tables have been encased by an air-conditioned hutch against the influence of dust,
external sound and unwanted stray light in the experimental hall. Additional space is available outside the hutch for
computer controls, signal processing, workbenches and storage.

A third dipole beamline (Sectorl2-Dip2.1 in Fig. 2) will be placed inside the BESSY II electron-ring tunnel about 2
m above the ring level, for reducing radiation damage inside the detector system. This beamline is intended exclusively
for THz intensity measurements and spectral THz investigations. From these measurements, the stability of the electron
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beam can be monitored on different time scales. Nowadays, detectors are fast enough to enable bunch selectivity. Short-
time fluctuations or bursting, e.g., will show up in the THz spectrum, independent of the timing-trigger system (see
section 3.2 for trigger-free bunch-length measurements).

2.2. Transverse beam size: interferometry

A review of beam-diagnostics methods to determine averaged transverse bunch properties has been given by G. Kube
[13]. A more specific review on the principles of double-slit interferometry for visible light has been presented by T.
Mitsuhashi [14]. This method enables accurate transverse beam-size determination by analysis of the interference pat-
tern behind a double slit at a fixed distance from the source point. For more than two years, our version of the IBSM has
demonstrated robustness and reliability [4,10-12,18]. Typical raw data from these preparatory investigations are shown
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Fig. 3. Visible-light interferometry of the lateral electron-beam distribution. The upper plot shows a calculated dou-
ble-slit interference-pattern. The lower plot displays a 2D-pattern taken at our diagnostics test beamline for a standard
exposure time of 1 ms. The dotted red curve is a projection of this pattern within the region of interest (solid red rectan-

gle).

An appropriate double-slit separation yields a clear interference pattern in the CCD camera, which shifts as a function
of the source-point position. Thus, a broad distribution of incoherent emitters (source points) leads to smearing out of
the interference pattern. Specifically the destructive minima are very sensitive to the smearing effect and the beam-size
determination relies on a fit to the measured pattern. Investigations of different properties of mean bunch sizes have
been performed with this setup using CCD camera detection including

e measurements of normal and excited bunch structures in both lateral directions in comparison to pinhole re-
sults [10-12,18-19],

e rotation-angle dependent IBSM measurements of the projected beam size [11, 12] that yield the lateral 2D
distribution (see also similar data and tomography-type evaluation in refs. [20,21]),

e determination of the absolute resolution of the IBSM by using beam-loss monitors [18],
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e evaluation of uncertainties entering precision of the IBSM by exploring different properties such as wave-
length, band-pass width, polarization, double-slit structure (see also [22] for beam-profile reconstruction via
inverse Fourier transform), differential photon yield, and camera exposure times [10-12].

Compared to the existing BESSY II X-ray pinhole systems [19], our IBSM leads to a significantly improved source-
size resolution (11 pm vs. 27 um) [18]. Further, the IBSM works also at lower electron-beam energies, where pinhole
monitors (with fixed X-ray absorber) fail. The IBSM resolution is influenced mainly by the distance between bending
magnet and double slit, the quality of the light-transport system and mechanical vibrations. The compromise between
small statistical errors and small vibration effects has led to optimal CCD illumination times of 0.5 ms for high light
intensity and about 3 ms for low intensity. Thus, most experiments have been performed for an exposure time of 1 ms
(at A= 400nm, c-polarization, and double-slit distance of 20 mm), as seen in Fig. 3. For horizontal-size measurements,
incoherent depth-of-field effects have to be considered, specifically for small beam sizes of a few um [11, 15].

An upgraded version of the IBSM is currently being set up at the new diagnostic beamline at Sector12-Dipl.2. The
new interferometry beamline, as described in section 2.1, shall start operation by the beginning of year 2021. Here, we
have tried to reduce all sources of errors that were identified at the original IBSM setup.

The vacuum part of this beamline will involve an optical relay system with high quality motorized mirrors and a mo-
torized X-ray blocking baffle (reduction of wave-front errors), reduced influence of ground vibrations as well as an
additional interference stage. This retractable interference stage will be at a reduced distance from the bending-magnet
source-region, enabling an improved resolution for small beam sizes. All these measures should further improve the
position resolution and robustness of the measurement.

An Intensified CCD camera with fast gating (ICCD camera type XXRapidFrame by Stanford Computer Optics) will
enable bunch-resolved interferometry for transverse beam profiling with minimum exposure times of 200 ps. The low
ICCD timing jitter of 10 ps rms (including adjustable delay), however, calls for an improved accuracy of the BESSY
revolution trigger described in section 2.5. The camera will typically operate for exposure times of 300 ps, gated every
800 ns (every turn of the ring). This enables bunch-selective measurements averaged over multiple turns. The exposure
of the gated CCD detector for an individual bunch will last for about 15 ms averaging over about 19000 turns, before
mechanical vibration may reduce the image quality (see section 2.1).

In comparison to our previous time-averaged CCD measurements, we will acquire data for an extended illumination
time (x15) with improved optical quality (x2). With an improved obstacle design (x2) and at lower detection noise by
using microchannel plate magnification (x2), we also gain compared to the previous setup. However, bunch-selective
data is acquired only for 1 out of 300 populated bunches per turn. Thus, we expect a similar quality as achieved for Fig.
3 with our previous setup. An additional simulation of the expected interference pattern accounting for the measured
light power and different source of noise has verified that the final performance will be good enough for bunch-resolved
interferometry. This is consistent with experimental data of this type that have recently been obtained for intermediate
time resolutions of about 2 to 3 ns [23,24].

2.3. Bunch length: high time resolution and 2D streak-camera modes

The new diagnostic beamline Sector12-Dipl.1 for timing investigations is in full in operation. The transfer-optical el-
ements enable selection of polarization, wavelength, bandwidth, and include periscope optics for an exchange of the
transversal light-beam axes on the optical table. Measurements with a fast streak-camera (FSC) and also geometrical
beam imaging of larger profiles as well as interferometry of the vertical beam size by using the X-ray baffle method
with pi-polarized light [6,16] are possible. During the write-up of this paper, this beamline has been optimized (new
toroidal mirror M2, additional collimation systems, new RF dividers, further motorization, etc.) and thus, some of the
results discussed here are preliminary to a certain extend. A quantitative comparison of the properties of our system
with other well-established 2D-streak camera systems is presented in the appendix.

The FSC (type HAMAMATSU C10910-05) involves an exceptionally high repetition rate of 1 kHz for the horizontal
scan, a unique design modification initiated by our diagnostic project. The FSC single-shot time resolution derived from
a commissioning experiment with a fs-laser beam at our laboratory is 0.88+0.18 ps FWHM (o= 0.37 ps rms), after
consideration of external sources of timing jitter [4]. For time-average measurements extending over some minutes, we
reach an all-over time resolution of about 1.5 ps FWHM under standard operating conditions (see appendix). This value
is mainly influenced by the wavelength dispersion of optical elements, but also by the remaining trigger jitter and
slightly by the local thickness variation of the wedged vacuum window. Reducing the number of beam splitters in the
optical path and blocking the synchrotron light at short wavelengths should reduce the total time resolution to 1.1 ps
FWHM.

The FSC involves a vertical scanning frequency of 125 MHz derived from the 500-MHz ring RF (divided by 4).
Thus, only every second bunch can be detected directly (either even or odd bunch positions of the fill pattern). Using a
beam splitter and a delay stage (Newport M-IMS800LM) in a Michelson configuration, pulses from the other fraction
(e.g., odd bunch positions) are delayed by about 2 ns to become visible in the FSC. With this FSC double-pulse mode,
we can investigate bunch trains without any gap in the detection sequence. The stable frequency of the BESSY-II
bunch-fill pattern yields the calibration of the slow scan axis and the precision delay table (typical repeatability = 0.2
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pm FWHM) is used to calibrate the fast time axis with an accuracy on the fs scale (limited by the electronic timing
jitter, see section 2.5). For each axis, a 3 order polynomial is fitted to measured peak centers and used to correct the
time scales.

Results of the FSC double-pulse configuration are displayed in Fig. 4, for the BESSY II low-o. mode at a total ring
current slightly below 15 mA. At the horizontal time axis (slow sweep) below 50 ns and above 150 ns, one may see four
rows with the multi-bunch train, where each consecutive bunch is filled with a similar charge (the real time difference is
2 ns). Some specific bunches [8] appear only in the lower row (discussed further below). Two of the four rows represent
the direct signal from the upward sweep plus the downward sweep of the (fast) vertical FSC time axis (bunch number
1+4n and 3+4n). The FSC double-pulse method leads to the other two rows for bunch numbers 2+4n and 4+4n. Thus,
we are able to investigate all bunches in parallel.
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Fig. 4. FSC raw data of the BESSY II low-a mode for the central 200 ns out of 800 ns bunch-fill pattern.

The distance between neighboring bunches inside each row is 8 ns, allowing for encoding of additional information
along the slow-scan axis. Note that the bunch length of about 10 ps FWHM in Fig. 4 (vertical extent) corresponds to
only 0.06 pixels in the horizontal direction. This means that the slow-scan axis (horizontal streak direction) is largely
decoupled from the fast-scan axis (vertical streak direction).

The FSC beamline and transfer optics are optimized for high quality time and image resolution at a light-path length
of 15.5 m from the dipole source to the FSC cathode. Optical beam-profile measurements have been performed at dif-
ferent distances and analyzed with simulations from the ray-tracing program RAY-UI [17]. The horizontal entrance slit
of the FSC, typically 13 pm, cuts a narrow horizontal slice out of the 2-dimensional focal spot and this determines the
time-resolution limit. When the additional FSC collimation aperture in the horizontal direction is wide open, lateral
position and size information are encoded in the horizontal streak-camera patterns along the slow-scan axis. As the
vertical bunch shape along the fast-scan axis contains the time information, we are able to measure bunch-resolved 2D
iniformation (t vs. X or t vs. ¥). For closely spaced bunches, i.e., within the multi-bunch train, peak structures may over-
lap in the horizontal streak-camera direction due to the intrinsic resolution given by the Abbe limit, aberrations, the
point-spread function and the encoded transversal-size information. The peak smearing and blending is counteracted by
selecting a low time range for the horizontal scan axis (about 100 ns in Fig. 5), to increase the horizontal bunch separa-
tion in the image.

Dependent on the chosen configuration of the transfer-line mirrors (periscope optics), we may acquire either horizon-
tal or vertical beam shapes vs. the time distribution of each spot (see, e.g., refs. [25-29] for non-destructive 2D analy-
sis). The third parameter (the other transversal direction) may in principle be scanned sequentially using a motor-
controlled mirror. It is noted that a bunch- and turn-selective data acquisition of both transversal directions (without
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bunch-length information) is also possible with an ICCD camera [25]. Even three-parameter detection (2 times 2D) is in
principle possible for pure single-bunch operation [26, 27, 29], but currently not intended (see also appendix for a de-
tailed comparison with other 2D streak systems).
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Fig. 5. FSC measurement, showing full 2D shapes including the variation of the bunch-lengths and horizontal-size
for different types of electron bunches. Analog integration of the incoming light has been performed for a few seconds
at high optical beamline transmission (no filters, no beam splitters).

A 2D measurement is shown as an example in Fig. 5. Data have been taken in the analog FSC integration mode for
the standard BESSY II user fill-pattern [8] during top-up operation. The plot shows the center of this standard bunch-fill
pattern with 3 different types of BESSY II bunches

e The camshaft bunch (with 4mA bunch current) is placed at the center of the pseudo-single-bunch gap. It serves
for ps-pump/probe absorption and scattering experiments as well as for electron time-of-flight measurements
in combination with a high-speed mechanical chopper [30] or electron analysis with a time sensitive retarding
Bessel-box spectrometer [31,32].

e The PPRE bunch (bunch current 3mA) for Pulse Picking by Resonant Excitation [33] serves as a pseudo-
single bunch for time dependent experiments at a few BESSY II beamlines. Here, a specific electron bunch is
modified by a quasi-resonant incoherent excitation close to the first synchrotron side band [34]. Finally, a frac-
tion of this broadened electron bunch is separated from all other stored bunches simply by asymmetric collima-
tion of the X-rays produced by an undulator.

e Two bunches of the Multi-Bunch train (MB) are visible on the right-hand side of Fig. 5 (see also Fig. 4). About
300 of these low-charge bunches (with currents of 0.9 mA per bunch) dominate the BESSY II fill pattern and
the total ring current. For most experiments, they constitute a quasi-dc current, but at the so-called MAXY-
MUS beamline, time resolved MB detection and analysis is performed [35,36].

One can see that each vertical spot size on the FSC image (corresponding to the bunch length) in Fig. 5 depends sig-
nificantly on the bunch charge. Furthermore, the horizontal peak width shows also a clear bunch characteristic. The
PPRE bunch appears to be horizontally much wider than all other bunches (this will be quantified below). However, it
is not trivial to distinguish between an intrinsic bunch broadening and/or a position fluctuation of the PPRE bunch, if
such a fluctuation is small. Thus, we have derived a statistical analysis method to resolve bunch fluctuations in any
direction.

2.4. Statistical snapshot analysis of 2D streak-camera images

The PPRE method for producing a quasi-single-bunch signal is mainly applied to time-resolved photoemission stud-
ies under ps-pump/probe conditions [33]. For satisfactory user operation, however, there should be a steady pulse of
photons every turn from this bunch, without beating or varying intensity. Thus, one has to check that the spatial width
of the electron bunch is large compared to its position fluctuation. A new snapshot-analysis method that allows for a
distinction between steady-state broadening and turn-by-turn fluctuations is introduced in the following.
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Fig. 6 shows 4 single-shot images out of 1000 stored images, taken in the analog acquisition mode without camera-
pixel binning at a triggered frame rate of about 59 Hz. These 1000 images are statistically analyzed in this subsection.
The BESSY-II electron ring was running at standard user top-up conditions at a total electron current of 250 mA. These
data have been taken at lower light intensity (reduced by about a factor of 1/800), in order to avoid image saturation for
the high-current bunches and to yield a countable number of individual photon hits. Light transmission/reflection at
multiple beam splitters and passage through a 10-nm bandpass filter centered at 500 nm was used for intensity reduc-
tion.
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Fig. 6. Four adjacent FSC images (numbers 501 to 504) taken from a series of 1000 single-shot images, measured at
reduced light intensity to avoid saturation effects. Each image represents a single turn for the camshaft bunch and for
the PPRE bunch. The images show blobs (with different radii) corresponding to individual detected photon hits. Non-
linear contrast enhancement has been applied for better visibility of the data.

The individual photon strikes shown in Fig. 6 involve a strong variation of their intensity, typical for single Micro-
Channel-Plate (MCP) image intensifiers (see, e.g., refs. [37,38]). Furthermore, the radii of the corresponding blobs vary
between about 1.5 and 4.5 pixels prohibiting a unique solution for deconvolution. This prohibits also exact counting of
overlapped hits. Analysis of the four cases in Fig. 6 indicates mean per-shot photon-numbers of Np,(CS) = 219+5 and
Npn(PPRE) = 162+3 for the camshaft bunch and for the PPRE bunch, respectively. The uncertainties of the photon
numbers are not statistical errors, but relate to differences in repeated manual counting and computer-aided counting
methods. Note that the background due to noise blobs within the region of interest corresponds to only three counts and
is already considered in the stated numbers.

The ratio Nyy(CS)/ Nyn(PPRE) agrees well with the bunch current ratio determined from the intensities measured by
the BESSY bunch fill-pattern monitor. Furthermore, the total number of photons is consistent with the photon flux esti-
mated from the light power, the mean photon energy, the fractional bunch current, the revolution frequency, the relay-
line transmission, the FSC entrance-slit intensity-reduction as well as the light-conversion efficiency of the cathode and
the MCP open-area ratio. If the whole MCP would see a spatial photon density similar to the camshaft and PPRE bunch
centers in Fig. 6, it would correspond to a total photon count-rate of about 1 million cps at a trigger frequency of 59 Hz.
This is a reasonable number for a single MCP detector, but it might lead to significant count-rate saturation in double
MCP (Chevron type) photon-counting detectors [31,38,39] as part of streak cameras or other setups.

For all acquired FSC images, as displayed in Fig. 6, a fixed region of interest (ROI) around the camshaft bunch, re-
spectively around the PPRE bunch, has been defined. For a specific bunch, the light intensity inside the ROI is project-
ed onto the two directions and binning of these primary raw data is performed. Direct statistical evaluation of the vari-
ance or standard deviation has been tested. For some images, however, even single photon blobs (related to noise events
far away from the center of the distribution) yield a significant influence on these results. As an alternative, we applied
least-square fitting to the histograms with Gaussian distributions. Such fits are mainly sensitive to the main peak re-
gions and yield stable results, nearly insensitive to noise.



319
320
321
322
323

324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342

In total, we have extracted 1000 values for each of the 8 parameters of a single image (width and position for 2 bunch
types and for the two directions). The evaluated images include the four cases shown in Fig. 6. A closer look at the time
sequences of these eight parameters reveals a statistical fluctuation around the mean parameter values, without obvious
correlations.
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Fig. 7. Statistical evaluation of 1000 single-shot acquisitions (1000 individual turns) of the camshaft bunch regarding
spot center and spot width in two dimensions (longitudinal and horizontal electron-beam directions).

Figures 7 and 8 display 4 histogram plots corresponding to the 1000 single-turn single-bunch images. For this repre-
sentation, binning has been performed. Fig. 7 contains the horizontal width and position as well as bunch length (longi-
tudinal width) and bunch phase (related to the longitudinal position) for the camshaft bunch. Fig. 8 contains the same
information for the PPRE bunch.

It can be seen the data in Fig. 7 are well described by Gaussian curves. This indicates a pure statistical nature of the
distributions. Below, we will analyze the statistical relation between width and accuracy of the position information on
a quantitative basis, accounting for different effects related to a realistic counting scenario considering MCP signal
amplification. Except for quantitative differences, the data for the PPRE bunch (in Fig. 8) look similar to the camshaft
bunch (in Fig. 7). Only one of the data sets shows a slight deviation from the fitted Gaussian curve. The horizontal
PPRE position data set (plot b in Fig. 8) drops off slightly faster than the Gaussian curve at both outer wings. This
might be an indication for a non-statistical behavior, i.e., an influence of physical fluctuations of the bunch-center posi-
tion. Systematic effects such as synchrotron oscillations are less likely, because they are expected to appear also for the
camshaft bunch. In the quantitative treatment for the horizontal coordinate, we recognize a clear non-statistical compo-
nent, as will be shown in the following.
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Fig. 8. Statistical evaluation of 1000 single-shot acquisitions of the PPRE bunch regarding spot center and spot width
in both dimensions (longitudinal and horizontal electron-beam directions).

Before we analyze Figs. 7 and 8, we discuss the expected relation between the statistical parameters in a simple man-
ner. We then present Monte-Carlo simulations that include a treatment close to the real measurement conditions. Pure
linear counting effects do not mix the different statistical parameters along different directions. Thus, we may consider
each direction (t for time and X for the horizontal beam coordinate) separately.

If we assume a constant signal distribution along a coordinate d (d stands for t or X or y), the characteristic width is
oy, the standard deviation. The simplest type of signal is a binary count or no count. Now we consider an event with a
fixed number Ny of binary counts. If Ng is infinite, then the mean position pq is fixed with arbitrary accuracy. In other
words, the standard deviation of the position fluctuations is opesg = 0. If Ng¢ = 1 (just one signal per event) then the
mean position fluctuates strongly and we have oposg = oy. For a large but finite number of signals per event, the uncer-
tainty of the mean position per event drops with the square root of Ny, a fact well known from theory of statistics.

In the following, we will consider effects beyond simple binary signals of a given signal number Ng. We make use of
the fact that the 2D distribution contains a given number of signals for each event, not depending on the projected coor-
dinate. Thus,

Ng =N, = N, = Ny (1)
where Ny, is the detected number of photons within the ROI. If one considers a factor ¢ that corrects for deviations from
the oversimplified counting statistics, the square-root dependence discussed above may be rewritten as

Opos,d = (0q) /\/ ¢ Npp » 2

This means an effective number of photons is given by

Neff =cC* Nph (3)
with ¢c=1 for binary statistics at a large number of counts. In this case
2
Neff = ((ad>/apos,d) . 4

At this point, we perform Monte-Carlo simulations with different boundary conditions to determine the value of ¢ and
to better understand the effective photon number under realistic experimental conditions. Fig. 9 displays the results of
the simulations as function of the mean number of photons. For each event, a certain number of Monte-Carlo signals is
generated with a Gaussian profile along an arbitrary coordinate. The mean position p,; of the event and the correspond-
ing event width o, is then computed and stored. For each data point, 10,000 independent events have been considered
for calculation of the mean width (o) of all events (the arithmetic mean of the standard deviation for each distribution)
and the width 0,4 ¢ of the bunch-position distribution. Since Npy, is known in the simulation, Eqs. 3 and 4 may be used
to determine the correction factor C.



380

381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417

1.04 Statistical ' Lol : ]
1 Simulation 1
o 084 -
.
£ ] ]
IfL% 0.6 m
=R :
2 1 1
O 044 .
E ] 4
o = = N,= <an> Yign =1
O 0.2 4 —-n= Nph = Npolsﬁun Ylighl =1 -
1 - Nph = Npoissan Ylight =0.1 i
1 —o= Nph = anissun YIigm = gFurryr(0 1) b
0‘0 L v LA L L | . . . LA ELEL | L L v 1
2 10 100 500

Mean Number of Photons Nmh

Fig. 9. Statistical correction factor c, given as a function of the mean photon number per bunch derived from simula-
tions for different counting scenarios. Statistical uncertainties of the results are similar to the symbol sizes. See text for
the definition of c.

The dashed gray line at the value of c=1 in Fig. 9 represents the limit of binary counting statistics. The long-dashed
black curve corresponds to the numerical solution of the simple binary case, discussed above. Specifically at low pho-
ton numbers, the simulations show a significant drop below c=1. In an effort to understand the low value of ¢, we have
checked modified computation schemes. It turns out that two modifications are meaningful. If we replace the so-called
biased sample variance (normalized simply by Np,) by the corrected sample variance (the so-called unbiased estimator
of the population variance, normalized by Ng:-1) and if we average the variance over all events instead of the averaging
the standard deviations, we reach ¢c=1, down to very low photon numbers. In the experiment, however, we don’t know
the true photon number from the outset. Another problem is any uncertainty of a single event would have a larger influ-
ence on the variance than on the standard deviation. Thus, we did not adjust the evaluation procedure in the simulation.

Considering Poisson statistics for the given number of photons per event, we compute the square symbols with the
underlying smoothed red curve. The resulting C is smaller than for constant photon numbers. Even for photon numbers
exceeding 10, where Poisson distributions and Gaussian distributions are similar, there is a clear deviation from the
black dashed curve. Thus, the width of the photon-number distribution determines the reduction of c. A large photon
number in one event has the same influence on the result as a small photon number in another event. This leads to an
effective reduction of the mean photon number and to a corresponding reduction of C.

In the streak camera, electrons are amplified at the end of the vacuum tube by a stochastic electron-avalanche multi-
plication process. After acceleration of the emerging electrons onto a phosphor screen, light is generated and detected
with a CMOS camera. These last two steps yield an output signal roughly proportional to the electron intensity after the
MCP. The MCP, however, generates a stochastic variation of the multiplied electron yield. Thus, data acquisition with
the streak camera yields analog pixel values that have no one-to-one relation to a specific single-photon signature. Nei-
ther the number of active pixels nor the detected light signal may directly be converted into well-defined binary photon
coordinates. The effect of a test-intensity variation on the simulation is shown by the diamond symbols (blue dashed
curve), where each random photon coordinate is weighted by a homogeneous random distribution of the light intensity
including primary Poisson statistics. The weighting leads to a clear reduction of ¢ for all photon numbers. Large
weighting factors reduce the influence of photon signals with small weights. This effect leads to an effective photon-
number reduction as well.

Finally, we have used a statistical distribution obtained from the Furry function [37] that describes the output-pulse-
height spectrum of single MCP electron-multiplication stages. The power factor that determines the specific shape of
the pulse-height spectrum was fitted to single-stage MCP results published for a previous Hamamatsu streak-camera
version [38]. Note that the fitted power factor is somewhat uncertain, since it should depend on the type of MCP and on
the applied voltage for the avalanche multiplication. The lowest curve through the olive sphere symbols includes the
effect of the MCP multiplication statistics, in addition to the Poisson statistics of the primary photon numbers per event.
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There are many MCP pulses with very low output signal and a few with very high output signal. This suppresses the
influence of low-intensity signals significantly and reduces the effective photon-number correspondingly.

With our qualitative and quantitative understanding of the statistical correction factor ¢ (lower curve in Fig. 9), we
can compute the detected number of photons from Egs. 3 and 4. The underlying experimental variance parameters (o)
and 0y, 4 are given in Figs. 7 and 8 together with their uncertainties. The square of their ratio yields Ne, and the devi-
sion by ¢ leads to the detected number of photons Ny These results are presented in Table 1. The 1* line for the hori-
zontal evaluation of the camshaft bunch in Table 1 corresponds, e.g., to the sub-plots a) and b) in Fig. 7. For this bunch,
the results evaluated independently for the horizontal direction X and for the longitudinal bunch direction t, agree to
within two standard deviations. The camshaft evaluation for the longitudinal direction agrees perfectly with the direct
hit-counting results. This is also true for the PPRE evaluation along the longitudinal direction. This prooves the success
of our method of the statistical analysis of streak-camera snapshots.

Bunch Statistical ~ Streak-Camera  Evaluation Direct Counting
Type Direction Nest C Nph N\
Horizontal 96.9 0.500 194+10
Camshaft [ tdinal 109.4 0.501 219210 219+6
PPRE Horizontal 30.4 0.482 — L6224
Longitudinal 80.8 0.496 162+11

Table 1. Evaluation of the measured horizontal and longitudinal peak properties of the snapshot data series for the cam-
shaft and PPRE bunches (see text). The absolute detected photon numbers Ny, per turn and bunch (uncertainties do not
include the systematic error of the MCP pulse-height distribution) are derived from the statistical analysis of variance
properties for both directions and from direct counting of measured photon blobs for both types of bunches. For the
horizontal PPRE evaluation, Ny is not stated, because non-statistical effects do influence Nes (see text).

The only result that appears to be inconsistent with the statistical approach stems from the horizontal PPRE evalua-
tion. Neg determined for this case is significantly lower than Ney for the longitudinal coordinate of the same bunch. It is
also lower than expected from the 162 photons determined via direct counting of photon hits. This result is expected as
we performed the investigation in order to search for horizontal position fluctuations of an excited bunch. Using N

=80.8, from the longitudinal analysis, as well as Eqs. 2 and 3 we estimate a pure statistical broadening of a;fj;?;) =
(oy) /¥80.8 = 4.09 pxl, about 39% below the measured position fluctuation of Jgff %) = 6.67 pxl. Thus, there is a

residual horizontal orbit motion a;zgf’;t) over many turns. Assuming that Gaussian distributions yield a reasonable de-

scription, the orbit jitter may be derived using standard Gaussian deconvolution so that

glomhin) . |gmeas)2 _ j(ta2 _ g 57 )

pos,x pos,x pos,x

This means that the major part of the horizontal beam-center fluctuation observed with the streak camera is due to a
motion of the electron orbit in the ring and not due to statistics. However, this orbit fluctuation is just 14% of the hori-
zontal absolute beam size, consistent with the experimental PPRE requirements. Further tests of this method with dif-
ferent photon intensities and variable excitation strength of the PPRE bunch are ongoing.

Here we have shown that a statistical snapshot analysis can yield absolute detected photon numbers, in good agree-
ment with counted photon hits and with the expected number of photons, derived from the initial light power and beam-
line-transmission properties. Furthermore, this method enables determining bunch-measurement fluctuations quantita-
tively in any direction. Judging from the uncertainties found in this work, determination of position fluctuations at a
level of 5% of the width of a peak structure appears possible even for snapshots with only about 100 hits per peak.

2.5. Accurate trigger signals

Both the FSC as well as the ICCD operation are strongly dependent on the fidelity of the trigger signals. Thus, we
have determined the timing jitter of a variety of different timing signals using a Signal-Source Analyzer (SSA, for the
frequency range fj from 1 Hz to 20 MHz) and a fast Mixed-Signal Oscilloscope of type Tektronix MSO 71254C (maxi-
mum effective bandwidth of f; = 1 kHz to 12.5 GHz at 100GS/s). For the SSA we use the differential phase-noise signal
to determine the jitter for a specific frequency range. Contrary, for the MSO we may restrict the bandwidth correspond-
ingly using the internal adjustable digital band-pass filter and select a maximum time range for the data stream. Finally,
we perform a more accurate offline analysis for large MSO signal-data sets (via independent curve-fitting at each stored
signal period) and correct for the internal trigger/acquisition jitter of 270/100 fs. Dependent on the considered frequency
interval, we have to add two partial timing-jitter values obtained with both systems (SSA and MSO).
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The 500-MHz RF transmitted from the BESSY II Master Oscillator (MO) via fiber cable to the diagnostic platform
yields an rms timing jitter of 700 fs as determined with the Oscilloscope (sensitivity range: 1 MHz to 1 GHz). Depend-
ent on the specific data-acquisition mode, different trigger-frequency ranges determine the all-over jitter of the system.
These modes are

e mode 1: single-trigger single-shot FSC acquisition (single-exposure time < 1 ps),
e mode 2: continuous trigger single-shot FSC-acquisition (short-time exposure =1 ms),

e mode 3: time-integrated analog or photon-counting FSC-acquisitions (exposure =1 s),

e mode 4: time-integrated ICCD-acquisition (exposure time =100 ms).
The fast-scan axis of the FSC requires a 125-MHz signal derived from the MO after division by 4. The FSC includes a
M10911-01 synchroscan unit that limits the accepted synchronous frequency range to 125+0.2 MHZ. This bandwidth
determines the upper fj value for the data-acquisition modes 1 to 3. Thus, phase-locking leads to an optimum time reso-
lution for the short exposure time at mode 1, since the bandwidth for accepting external noise should be zero. This in-

trinsic time resolution is (0.88+0.18) ps FWHM (o =0.37 ps rms) for mode 1 [4], limited only by the point-spread func-
tion and the internal electronic and electron-optical noise of the FSC system.

Using an improved version of the ray-tracing program RAY-UI [17], we have determined the time resolution for the
transport of visible light from the bending magnet onto the FSC cathode. A photon-transport jitter of 0.9 fs rms follows
from simulations accounting for the bent photon-source distribution including lateral electron-beam widths and angular
divergences as well as roughness and slope errors of the mirrors. Thus, photon transport inside the evacuated beamline
does not contribute significantly to the overall FSC time resolution. Considering position-dependent path-length varia-
tions and wavelength dispersion of the wedged exit window (0.5° wedge angle), we estimate a corresponding timing
jitter of 0.39 ps FWHM. Thus, we expect an all-over time resolution of 0.96 ps FWHM for the current FSC configura-
tion without beam splitters in the optical system. Consequently, we require an electronic jitter below 0.5 ps FWHM in
the external timing circuits for modes 2 and 3.

In the following, we compare the jitter of the local 500-MHz signal (MO) with the outputs of three low-jitter fre-
quency converters that deliver the 125-MHz for modes 2 and 3, as well as 1.25-MHz for mode 4, by considering the
mode specific input-bandwidth limits. The three frequency converters are

e the Hamamatsu standard FSC device (RF Countdown Unit C10658-02 for modes 1 to 3),
e an Optronis LIFD/H4 frequency divider (for modes 1 to 3) or a divider chain for mode 4,
e a HZB internal development for mode 4, based on the AD9513 chip by Analog Devices.

For the different data-acquisition modes in Table 2, the Optronis unit yields the least noise contributions. During the
write-up of this paper, we have thus switched to a new Optronis 500-MHz LJFD/H4 frequency divider for the fast-
timing synchronization of the FSC. All data published herein, however, have been taken with the Hamamatsu unit.

For any bunch-selective measurement, a well-defined revolution-trigger signal at 1.25-MHz is necessary, correspond-
ing to 500-MHz divided by the fixed number of 400 buckets within a complete filling pattern (see mode 4 in Table 2).
For the FSC, the all-over timing jitter should be small compared to £50 ps, as this corresponds to a single CCD pixel for
the smallest slow-scan time-range (100 ns) of the streak camera. For the high resolution ICCD, the revolution-trigger
jitter should even be below =£5 ps, in order to match the expected internal ICCD timing jitter.

mode 2 mode 3 mode 4
fizlkHZ- fileZ- fizloHZ-
0.2 MHz 0.2 MHz 1 GHz
MO 20 fs 135 fs 1.04 ps
Hamamatsu | 260 fs 1160 fs -
Optronis 50 fs 145 fs 2.2 ps
HZB - - 2.6 ps

Table 2. External rms noise contributions delivered by different devices for specific data-acquisition modes (see above)
of the FSC and the ICCD system and the related frequency ranges. The main information stems from the SSA, but the
high-frequency components for mode 4 are taken from the MSO.

The standard BESSY 1.25-MHz revolution trigger (transmitted via fiber cable) shows a short-time jitter of ~200 ps
during some minutes of data-acquisition time and temperature drifts above 1 ns during 24 hours. These values are nei-
ther acceptable for the FSC measurements nor for the planed ICCD experiments. Thus, we have tested two solutions for
generating a local 1.25-MHz revolution trigger signal from the 500-MHz reference.

We have used an Optronis divider chain consisting of LIFD/H4, LIFD/H2, and LJFD/N, with ¢ = 2.2+0.2 ps (see Ta-
ble 2) plus an additional long-time drift of 4.1 ps during 24 hours of operation. Synchronization to the BESSY revolu-
tion trigger is possible only for the last divider of the Optronis chain. In addition, we have also started an internal devel-
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opment in our research center by using divider-evaluation boards of the type AD9513 by Analog Devices. Here, we
have measured 6=2.6 £0.3 ps (see Table 2). The long-time temperature drift of the test unit is currently 30 ps and re-
synchronization is still missing, but both will be improved soon. Thus, already now we have two acceptable solutions
for a precise revolution trigger. The final decision for one of the systems will depend on the achieved performance of
the ongoing in-house development, as this system will include some advantages over the commercial one (complete re-
synchronization and multiple output frequencies).

Fig. 10 displays the measured jitter at three different points of the FSC trigger system for the slow axis. The pink
bars represent the Optronis divider chain for the revolution-trigger (the peak width is dominated by the binning size of
10 ps). The blue bars represent the output jitter of the DG-645 digital delay generator from Stanford Research Systems.
Without steady re-synchronization of the divider chain, this distribution becomes narrower (6= 25 ps instead of 45 ps,
as in the plot). The green bars display the drift and jitter of the analyzed FSC peak positions in the horizontal direction.
This bi-modal distribution corresponds to about 1 pixel on the camera chip. It is related to the temperature drift over
24 hours and the green distribution would be very close to the blue one for measurements below 1 hour.
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Fig. 10. Long-time investigation (over about 24 hours) of jitter and drift in the horizontal FSC trigger systems.

3. FURTHER DEVELOPMENTS

3.1. Button BPM design and signal shaping

The BESSY II fill-pattern monitor and also the feedback system based on Beam-Position Monitors (BPMs) feature
bunch-resolved operation. For constant bunch filling the BPMs deliver high quality data. An observed signal ringing in
the BPM output, however, causes different problems. There are changes of the signal shape along the bunch train due to
long-time interference of the unwanted ringing. Furthermore, misreading of the beam position of low-charge bunches
following a high-charge bunch seems to be unavoidable. In order to mitigate signal-ringing effects, three distinct solu-
tions are being investigated.

e The development of new button-type BPMs [40] leads to reduced signal ringing by proper choice of an opti-
mized structure. Tapered internal structures lead to a reduced reflection coefficient. By the choice of geometry
and materials, the cutoff frequency is increased and trapped high-Q modes driving long-lasting oscillations may
be suppressed.

e Analog signal mixing with passive self-compensation has been tested successfully [4]. Adding a reflected phase-
inverted and delayed signal to the primary signal acts like a short-cut for low signal frequencies. Furthermore, it
reduces long-time oscillations at a fixed high frequency by a proper choice of delay time and reflection coeffi-
cient.

e  Use of additional low-pass filters suppresses unwanted frequency components in the GHz regime. Typical pas-
sive Butterworth-type LC filters, however, produce multiple oscillations due to their logarithmic phase variation
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at the upper stopband. These oscillations are circumvented by the use of Bessel-type filters that involve a linear-
phase response.

3.2. Trigger-free bunch-length measurements

All FSC timing results are related directly to the fast 125-MHz trigger signal. Technically, the device performance re-
lies on the stability of the electronic trigger signal. The same holds true for all other time-critical elements of the elec-
tron ring. Physically, each bunch may oscillate longitudinally within its bucket, being not stable w.r.t. a trigger signal.
Particularly for low-a or low-current operation, long integration times are required to obtain a reasonable statistical
accuracy. Under this condition, the long-term jitter and drift of all timing systems can limit the measurement accuracy.
Specifically, there is no simple direct way to distinguish between an intrinsically broadened and an oscillating compo-
nent of a bunch. Therefore, we are going to investigate three additional methods for trigger-free bunch-lengths determi-
nation that are appropriate for quantitative investigation of the intrinsic structure of short bunches.

e Our timing beam line yields a high radiation power (exceeding 1 mW for visible light). Thus, second-harmonic
autocorrelation with a nonlinear BBO (3-Barium Borate) crystal for type-I phase-matching and a single-photon
camera is envisaged. Splitting the light into two paths should yield the self-convoluted time structure as a func-
tion of the setting of our precision delay stage [5].

e For weak photon sources, coincident two-photon detection enables intensity interferometry via 4™-order ampli-
tude (2"%-order intensity) correlations using two arms of an optical interferometer [41]. Similar as for method 1,
the variation of the 2-photon yield shall be measured as a function of the optical delay [5].

e A simple extension of our experimental capabilities is the use of the optical delay table for producing close dou-
ble pulses of individual bunches. The mean position of one peak may be used to define the trigger condition for
the second pulse, similar as in previous reference-peak methods. [42,43] Using Fig. 9 and Eq.2 of the quantita-
tive snapshot-analysis of section 2.4., one may estimate that a minimum of 10 photons per pulse are necessary to
reach a sub-ps resolution in a trigger-free measurement.

4. CONCLUSION

Many developments are running in parallel to improve the electron-beam diagnostics at BESSY II to reach robust
bunch-selective monitoring of beam-position, beam size and trigger-free timing at BESSY II. We have reached an all-
over time resolution (including streak camera, light dispersion and trigger jitter) of about 1.5 ps FWHM with averaging
over a few minutes even at low beam currents [44]. This operation at beam currents of only 0.0003 mA per bunch
proves the high sensitivity of the setup, due to large source opening angles and high beam-line transmission. For the
typical BESSY II ring current, however, we can use a band-path filter to reduce the dispersion at the beam splitters and
the vacuum outlet-window. Under this condition, we should come close to our measured (dynamic) camera time-
resolution of 0.88 ps FWHM [4], specifically for low data acquisition times (between single shot and a few ms). Com-
parison of FSC peak-intensities with data from the BESSY-II bunch-filling monitor indicates a large dynamic range of
the streak-camera and thus, a good signal-to-noise ratio.

By opening the horizontal slit (in the slow-scan direction), the streak-camera system may be switched from optimum
bunch separation to the 2D operation mode. Since summer 2019, such measurements are a part of regular machine
commissioning, used for testing the size and stability of the PPRE bunch. Several types of bunch-resolved 2D meas-
urements of size and/or position dependencies at specifically excited electron buckets or also Transverse Resonance
Island Buckets (TRIBs, see [45]) have been performed successfully. Lateral interferometry with n-polarized light [6,16]
has been proven as a new feature of 2D streak measurements [18]. First measurements with the improved optical relay-
line system show very promising 2D-interferometry results.

A statistical treatment of the 2D structures measured with the fast streak camera shows that absolute photon numbers
may be obtained from single-turn single-bunch properties. This snap-shot method works in principle also for strongly
overlapping photon blobs, where direct counting is not possible. The same method yields accurate quantitative results
for orbit instabilities well below the detected spot size.

The interferometric double-slit beam-size determination has passed many tests successfully. Currently, a new beam-
line for transverse interferometry is being finalized and first light has been obtained during the final write-up of this
paper. After first commissioning, the setup will be completed with an ICCD camera for bunch-selective operation. Here
we will average the ICCD illumination for 10000 to 20000 turns and expect sufficient statistical accuracy for bunch-
selective interferometry with high lateral precision. Other diagnostic methods are still in the evaluation phase.
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APPENDIX

Here, we compare our streak-camera system with other multi-dimensional systems. First, note that none of these sys-
tems detects full (correlated) 3D bunch structures. Instead, they all detect different 2D distributions for time vs. each of
the two lateral directions. Most systems enable also x vs. y detection (for large bunch separations), e.g., by reduction of
the streaking effect at significantly lower streaking speeds [28]. With our high-repetition-rate sweeping electronics, we
may use the latter method for the short bunches of the low-alpha mode, at the lowest timing resolution and by opening
the streak-camera entrance-slit completely. Alternatively, however, x vs. y detection can be performed directly with the
fast gating ICCD (see section 2.2 for ICCD parameters). For comparison, we have selected two representative types of
2D streak systems.

e A pioneering work has been presented by Edouard Rossa in 1994 for the LEP collider at CERN [26,27]. This
system is optimized for a series of single-bunch operations, where two projected 2D structures (t/x and t/y) are
measured simultaneously for an electron bunch in addition to a positron bunch in the collider.

e In 2015, Switka and Hillert [29] have published papers on a system that has been installed at ELSA. It is im-
proved over the Rossa system regarding the relay line and the streak-camera properties. It allows for synchros-
can operation, appropriate for bunch-train detection of two projected 2D structures (t/x and t/y) at a bunch sepa-
ration of 4 ns (every 2nd bunch).

Both of these systems involve parallel measurement of t/x and t/y distributions, whereas our system may be switched
between both settings (it takes about 10 minutes). This appears to be a disadvantage, but our system is able to detect
complete bunch trains (odd and even bunches at a bunch separation of 2 ns) in the synchro-scan mode. Thus, we do not
need to investigate odd and even bunch positions separately. For the x/y conversion, the other two systems make use of
a so-called Dove prism, which, however, involves a significant temporal broadening of about 7 ps [29]. Our scheme is
nearly dispersion-free, since such a Dove prism is not necessary.

Thus, all three systems detect and store 4 different types of information along the streaking direction, but with differ-
ent intentions. Our system is optimized for dense and complex filling patterns, where neighboring bunches have to be
visualized with extremely high position and time resolution. As it may be extracted from the subsequent table, our sys-
tem involves the highest sweeping rate (1000 full sweeps per second), the lowest timing jitter, the best total time-
resolution and a good spatial resolution. The large opening angles (edge-to-edge 20 mrad horizontally x 5 mrad vertical-
ly) of the first focusing mirror lead to a low diffraction limit and also to a high photon flux that enables single-shot
measurements even at bunch charges as low as about 10 pC.

2D System Refs. 26 Ref. 29 This

and 27 work
Streak-camera | ARPFrance | C10910 | Mod. "
Type & company Hamamatsu | C10910

Japan Hamamatsu

Streak data-rate 10-25 0-10 0—1000
(Hz)
Single-bunch X X X
Operation
Multi-bunch X X
operation
Camera time- <6 ~1] 0.88
resolution (ps) (see [4])
Trigger jitter <5 279 <04®
(ps)
System time- <10 =7 <15
resolution (ps) M ®)
point-spread 1.8 px 4.1 px 4.1 px
function © =15 um =14pm | =14 pm
Spatial geome- =~ 1000 =400 H: 180
trical beam-size V:210
resolution (um) M ) ®

TABLE 3. Technical specifications of the three different 2D-streak-camera systems. FWHM values are stated for all
widths/resolution data. The vertical beam-size is denoted by V and the horizontal direction by H. Where not given ex-
plicitly, the FWHM values have been extracted indirectly from published statements or published plots.
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(1) Streak camera with mirror based entrance-optics A6856 and modified dual time-base unit M10916-01 with a maximum repeti-
tion rate of 1-kHz, specifically designed for our 2D system.

(2) System designed and tested at 500-MHz bunch-train repetition.

(3) Filtered Hamamatsu frequency divider C10658-02, see table 2 (mode 3).

(4) Filtered Optronis frequency divider, see table 2 (mode 3).

(5) Recently verified experimentally for BESSY II bunches in a negative low-a mode at extremely low beam currents [44].

(6) The given pixel value at the CCD/CMOS detector corresponds to the stated width at the entrance cathode of the streak camera.

(7) Estimated from the corresponding publications.

(8) The vertical peak resolution varies between 130 and 280 pum (depending on filter and polarization settings) and is thus close to
Abbe’s 1D-diffraction limit (170 um) of light. Incoherent ray-tracing results [17] including roughness and slope errors of all
mirrors yield similar data (160 pm horizontally and 280 um vertically). More accurate diffraction simulations including rough-
ness and slope errors are in preparation [46].
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