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Foreword

Helmholtz-Zentrum Berlin (HZB) operates two large-scale facilities, the neutron
source BER II (until 2019) and the photon source BESSY II for an international
user community. HZB scientists focus on research with photons and neutrons,
accelerator research as well as on materials and energy research. Guidelines for the
operation of the large-scale facilities and for HZB’s research were formulated and
reviewed in the Helmholtz Association’s program oriented funding (POF) process
in 2014.

HZB in future will focus on BESSY II and strengthen its materials and energy
research. HZB’s primary goal with regard to BESSY II is to maintain its position
among the international synchrotron sources. The midterm goal is to implement
a new concept for the operation of BESSY II: the BESSY Variable pulse-length
Storage Ring concept BESSY VSR. BESSY VSR is central to achieve HZB’s strate-
gic goal to be a scientific hub for developing methods, designing soft-X-ray instru-
ments and pushing accelerator technologies for next generation sources. This will
also in the long-term prepare for a future successor to BESSY II.

The concept of BESSY VSR finds the unanimous support of HZB’s Scientific Advi-
sory Council and the HZB Supervisory Board. The scientific case for BESSY VSR1

has been conceived by HZB staff and further discussed and developed in a dedi-
cated workshop with the international soft-X-ray user community in late 2013. The
BESSY VSR concept and the scientific case in an updated version were presented
to and discussed by the user community during a second workshop in early 2015.
In the Helmholtz Association’s POF evaluation in spring 2014, BESSY VSR was
presented to the reviewers as it represents the mid-term upgrade to BESSY II. In
addition the accelerator part of the BESSY VSR project was presented to the re-
viewers, due to its strong significance for future upgrades also of storage ring based
light sources other than BESSY II. The reviewers judged BESSY VSR as of highest
scientific interest to the accelerator physics community and being the ideal facility
to address the future increasing demands to study sub-picosecond, picosecond and
longer dynamics in complex systems, complementary to e.g. the E-XFEL facility.
The reviewers thus put strong emphasis on encouraging HZB to go further with the

1The BESSY VSR Scientific Case, as well as other relevant information on the project, is available
at http://www.helmholtz-berlin.de/zentrum/zukunft/vsr/index_en.html
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Foreword

BESSY VSR project, developing a Technical Design Study. Within the accelerator
community the BESSY VSR concept is seen as complementary to the development
of diffraction limited synchrotron radiation sources and many laboratories, includ-
ing SLAC (SPEAR III, PEP X proposal) and MAXLAB (compact MAX IV ring),
are eagerly following the progress of the BESSY VSR project.

HZB has taken up this recommendation immediately after the POF review was
finalized. In September 2014 an editorial team of HZB staff has been set-up with
the goal of finalizing the Technical Design Study latest in March 2015. This timeline
allows for an external review and expert feedback before HZB applies for funding
BESSY VSR from the strategic investment funds of the Helmholtz-Association by
end of June 2015.

With the present Technical Design Study, HZB will pave the way for BESSY VSR.
This upgrade of BESSY II will provide unique possibilities for BESSY II users to
choose the appropriate pulse structure for experiments requiring time resolution,
in particular in the picosecond time range. BESSY VSR will provide new insights,
for instance, into the function and the control of materials properties, into techno-
logically relevant switching processes, chemical dynamics and kinetics. We are very
much looking forward to the successful implementation of BESSY VSR for our user
community!

Prof. Dr. Anke Kaysser-Pyzalla
Scientific Director

Thomas Frederking
Administrative Director
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1 Project Overview

1.1 Introduction

Synchrotron radiation sources have developed into highly sophisticated and reliable
facilities that enable cutting-edge materials research which otherwise would not be
possible. From a user perspective, the photon beam-parameters of interest are
wavelength, flux, peak and average brilliance, coherence (longitudinal and trans-
verse), and pulse length. Depending on the experiment being performed, the focus
will lie on different parameters. For example, BESSY II users performing protein
crystallography requires high-flux X-rays while the pulse length is of no concern. On
the other hand, a large and growing fraction of BESSY’s user community focuses
on “functional materials” where dynamics in the picosecond and sub-picosecond
range are essential, for example in magnetization dynamics for future information
technologies.

At BESSY II, short pulses are provided during dedicated low α operation or with
the femto-slicing facility, albeit at only a small fraction of the photon flux provided
during standard operation. Other, flux-hungry users are then literally left in the
dark so that low α operation must be limited to few weeks per year. Nevertheless,
an extensive user community focusing on dynamics research in the VUV to soft-X-
ray range has established itself at HZB and the demand for increased short pulse
operation continuous to grow rapidly.

An important feature of future synchrotron sources will thus be the flexibility to
tune the beam parameters to the various user needs, while ideally maintaining a
high average flux. Since HZB’s users are multifaceted this aspect will certainly be
a key element of a next-generation facility to succeed BESSY II in the late 2020’s.
Several options exist and HZB is in the process of evaluating the merits of each.
For example, HZB is constructing bERLinPro, a high-current ERL demonstration
facility that is designed to evaluate the physics and technology as a suitable driver
for flexible future light sources.

Even at present, HZB faces the challenge to significantly improve the flexibility of
BESSY II to address the needs of its increasingly diverse user community. HZB

1



1 Project Overview

plans to perform a major upgrade by 2020 with superconducting RF cavities to pro-
vide high-flux and picosecond-pulse beams simultaneously. The world-wide unique
feature of the BESSY Variable pulse length Storage Ring (BESSY VSR) will be the
simultaneous operation of long (ca. 15 ps rms) and short (ca. 1.7 ps rms) pulses,
both at high bunch current, while still providing the average beam brilliance and
flux users have come to expect from 3rd generation facilities. The photon beam
appropriate for the individual experiments can be selected by each user at will.
Dedicated low α operation with 300 fs bunches or femtoslicing of high-charge pi-
cosecond bunches will even enable the study of femtosecond dynamics.

The concept of BESSY VSR was originally proposed in 2006 [1]. It relies cru-
cially on 1.5 GHz CW superconducting RF (SRF) cavities to provide 80 times more
longitudinal focusing than from the normal-conducting system in BESSY II. The
bunches are compressed by roughly a factor of

√
80 into the low picosecond range.

For some time the concept was considered technically doubtful: In particular, sta-
ble 300 mA operation is unfeasible with a beam whose spectral components extend
into the 100 GHz range and many special short-bunch shifts with reduced current
leave other users in the dark. In 2011 [2] a vital modification of the scheme was
proposed. The installation of additional 1.75 GHz SRF cavities generates a beating
of the voltages of the two SRF systems, thereby creating alternating buckets for
long and short bunches. One may then store many long bunches to provide the
standard high photon flux while only a few short-bunch buckets are populated with
high charge for short-pulse experiments. Thus one bypasses the impedance and
Touschek lifetime problems. Importantly, both short and long pulses are available
at every beam line. Of course, users must then be able to select the appropriate
photon pulses for their experiment—several schemes to do so have been identified.

Installation of the full BESSY VSR scheme and the start of user operation is
planned for 2020. Here, it will be essential to guarantee rapid transition to the
user operation which requires high risk issues to be retired well before 2020. These
include the operation of L-Band multicell SRF cavities in a high-current storage
ring that was not originally designed for such devices, the question of being able
to “park” the SRF cavities making them transparent for the beam in case of a
system failure and in general the question of beam dynamics/stability. Hence a
preparatory phase has been defined which will culminate in the installation of a
reduced number of cavities in the ring by 2018, operating at moderate voltage. This
prototype phase should allow most of the technical risks to be addressed at that
time and to provide feedback for the final system design.

Other options for short-pulse operation were also investigated. Argonne National
Laboratory pioneered a powerful scheme based on bunch rotation by supercon-
ducting deflecting cavities (SPX). Such a setup is well suited for high-beam-energy
facilities such as APS (7 GeV) whereas the BESSY VSR scheme would require the

2



1.1 Introduction

installation of significantly more SRF voltage than in BESSY VSR. But the con-
cept also requires the development of a whole new class of SRF cavities, adding
significantly to the technical risk. Importantly, SPX only provides short pulses at
limited number of beam lines and at reduced flux because only a fraction of each
bunch contributes to the photon pulse. HZB thus came to the conclusion that
BESSY VSR is better suited to BESSY II and its community than an SPX-type
system.

The CW SRF system for BESSY VSR is technically very challenging. Fortunately,
HZB is in a position to take advantage of the development currently underway for
bERLinPro. Many concepts and much of the technology can be directly transferred
to BESSY VSR, thereby shortening the development time. This parallel develop-
ment is also an ideal fit for HZB’s strategy in designing a successor to BESSY II.
While BESSY VSR addresses the immediate needs of the user community, together
with bERLinPro it also will provide invaluable insight in evaluating various op-
tions for HZB’s next-generation light source, e.g., the integration of a BESSY VSR
scheme in a diffraction-limited storage ring. As part of this strategy, BESSY VSR
and bERLinPro will ensure that the necessary know how, personnel and SRF in-
frastructure will be in place at HZB to quickly transition to the BESSY III design
& construction phase in the 2020’s.

In pursuing BESSY VSR, HZB intentionally has chosen an upgrade path that differs
from that of other facilities such as ESRF or ALS. Here plans call for the installation
of a diffraction-limited storage ring (DLSR) using multi-bend achromats. DLSRs
promise to reduce the beam emittance by nearly a factor of 100 and they provide
full transverse X-ray coherence into the keV range—features that are essential to
the ESRF user community. However, to maintain an acceptable beam life time,
the bunches must intentionally be lengthened to several 10 ps to 100 ps. Such an
operating mode runs contrary to the needs of many core BESSY II users. Beyond
this, a DLSR upgrade requires a nearly complete revamp of the ring and is difficult
to realize within a relatively small facility such as the BESSY II ring. The associated
cost and installation time (dark time for users — minimum one years for ESRF)
far exceeds that of the BESSY VSR proposal. While a BESSY VSR upgrade
of high-energy rings such as APS, ESRF, Spring8 is not feasible because a much
higher voltage must be installed (i.e., many straights used), BESSY II’s low energy
(1.7 GeV) allows the whole BESSY VSR system to fit in a single straight. HZB
considers the BESSY VSR upgrade to be a complementary development to DLSRs
that is the better choice for the BESSY II portfolio. It offers a cost effective and
minimally invasive option for a major improvement of BESSY II with a far-reaching
scientific impact.

3



1 Project Overview

1.2 Scientific Goals

With the novel BESSY VSR approach to create long and short photon pulses
simultaneously for all beam lines, pulse-picking schemes will allow each individual
user to freely switch between high average flux for X-ray spectroscopy, microscopy
and scattering and picosecond pulses up to 250 MHz repetition rate for dynamic
studies. Thus BESSY VSR preserves the present average brilliance of BESSY II
and adds the new capability of user accessible picosecond pulses at high repetition
rate. In addition, high intensities for THz radiation with intrinsic synchronization
of THz and X-ray pulses can be extracted.

For the scientific challenges of quantum materials for energy, future information
technologies and basic energy science BESSY VSR is the multi-user synchrotron
radiation facility that allows with the flexible switching between high repetition
rate for picosecond dynamics and high average brightness. This moves classical 3rd

generation synchrotron radiation science from the observation of static properties
and their quantum mechanical description towards the function and the control
of materials properties, technologically relevant switching processes and chemical
dynamics and kinetics on the picosecond time scale.

Scientific Drivers

BESSY VSR creates for the highly productive Synchrotron Radiation community
a uniquely attractive multi user facility. In particular investigations on reversible
dynamics and switching in molecular systems and materials are accessible in a non-
destructive way. The investigations with X-ray beams from BESSY VSR are highly
complementary and compatible to dynamic studies conducted by users with optical
lasers at their home universities and laboratories. BESSY VSR also represents a
missing link between the extreme average brilliance of ultimate storage rings like
PETRA III and free electron lasers.

Science with BESSY VSR will excel to correlate chemical function with molecular
dynamics on multidimensional potential energy surfaces and to determine prin-
ciples underlying functional materials for reversible processes such as switching.
The ability to determine through high quality synchrotron radiation spectroscopy,
scattering and microscopy the geometric and electronic structure as well as the
nanoscale composition is the first step to then create and investigate transient
states and their picosecond dynamics that govern materials’ function. For future
information technologies, BESSY VSR is a key facility for the science and technol-
ogy of efficient and reversible magnetic and all optical switching. X-ray probes in
combination with picosecond dynamics will elucidate phonon and magnon driven

4



1.2 Scientific Goals

processes, precessional magnetization dynamics, resistive switching dynamics, and
the switching of nanostructures relevant for information storage. In a more gen-
eral way, phase transitions determine materials functionality and BESSY VSR will
allow for the observation and the control of phases far from equilibrium in order
to answer the key questions of “What is the most efficient way to control proper-
ties?” And “How fast can properties be changed, and how stable are the states?”
Reversible switching extends far beyond the solid state toward molecular switches
through e.g. isomerisation, tautomerisation or spin-cross over excitations that are
the basis of molecular electronics. Here both X-ray probes and IR/ THz pulses from
BESSY VSR uniquely enable THz-EPR experiments with picosecond time resolu-
tion to reveal the structure-dynamic-function relationship of functional molecular
systems.

In basic energy science BESSY VSR will address challenges in photochemistry, pho-
tosynthesis, photovoltaics, catalysis and the basic reaction steps underlying solar
fuels. Understanding and controlling photochemistry, i.e., the correlated motion
of electrons and nuclei holds the key in controlling the reaction kinetics and moti-
vates the need for information on photoexcited electronic and structural changes in
molecular systems. Following the structural dynamics and the valence charge den-
sity in ground and excited transient states with time-resolved X-ray spectroscopy
at BESSY VSR uniquely addresses fundamentals of charge-transfer reactions in
metalloenzymes, photo-triggered proton-transfer reactions and nonequilibrium pro-
cesses in hydrogen-bonded systems. For photosynthesis, the key process for oxygen
regeneration on earth by photosynthetic water oxidation, BESSY VSR will en-
able explaining the reaction kinetics resulting from the dynamic pathways of the
photosystem II membrane protein complex in vivo in solution by X-ray spectro-
scopic characterization of the catalytic reaction center on nano- and millisecond
time scales. In photovoltaics, time-resolved X-ray spectroscopy will reveal the cou-
pling of charge carrier dynamics and interface properties, a key in understanding
and controlling the efficiency of photovoltaic devices. For catalysis in general,
time-resolved soft X-ray spectroscopy at BESSY VSR will be used to address the
pathways that govern chemical rate and selectivity in heterogeneous catalysis and
surface chemistry. The catalyst or the adsorbate will be driven through external
stimuli and the interplay between femtosecond charge transfer, local coordination
and the electronic or vibrational excitations present in the system will be probed
to pave the way towards insight-driven design of future catalysts with applications
to solar fuels, clean combustion and green chemistry. For solar fuels, finally, pho-
toelectrochemistry will be used to combine photovoltaic and electrocatalytic func-
tionalities within a single material or composite. BESSY VSR will be used to probe
the generation, recombination and charge-transfer dynamics and charge-carrier life-
times in solar fuel materials. In addition, BESSY VSR will allow addressing the
time scales and energy losses associated with charge transfer across semiconductor-
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1 Project Overview

catalyst interfaces to elucidate the complex four-electron proton-coupled electron
transfer process in water oxidation in solar fuel devices.

1.3 Major System Parameters and Basic Layout

To address the increasing request for time resolved measurements, BESSY VSR
presents an innovative new scheme of longitudinal bunch length manipulation. This
scheme allows to generate simultaneously 15 ps and 1.7 ps (rms-values)1 long pho-
ton pulses in the BESSY II user optics, emitted by long and short electron bunches
of corresponding lengths. These pulses are supplied to all dipole, undulator and
wiggler beamlines. The overall current of 300 mA, mostly stored in the long pulses,
ensures a continuation of the present user mode with high average brilliance in-
cluding the full operation of all undulators, wigglers, superconducting wavelength
shifter and the TopUp operation. In addition, the short pulses offer new possibilities
for time resolved X-ray and THz measurements.

The alternating bunch length schema is proposed, to avoid impedance heating
effects of the machine and to limit the Touschek loss rate. Both effects are strongly
dependent on the total currents in the short bunches and these are only a smaller
fraction compared to the current in the long bunches.

This new operating mode is achieved by installing longitudinally focusing super-
conducting (SC) radio frequency (RF) cavity systems of 1.5 GHz and 1.75 GHz in
addition to the normal conducting (NC) 0.5 GHz RF system into one of the low β
straights of the BESSY II ring, as sketched in Figure 1.1.

Figure 1.1: Schematic view of the BESSY VSR cavities straight.

1If not stated differently, always rms-values are used.
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1.3 Major System Parameters and Basic Layout

The two different frequencies cause a beating of the voltage creating fixed points
where the voltages add and others where they cancel. Short bunches are located at
the high-voltage gradient points and long bunches at the cancellation points. An
enhancement of the longitudinal, temporal focusing gradient, proportional to the
voltage gradient V ′ = dV/dt, by a factor of 80 compared to the present 0.5 GHz
cavities is achieved. The transverse beam optics and emittance remains unchanged,
the longitudinal focusing acts only on the length of the bunches. Methods to
separate long and short photon pulses are available, so that users can select the
different pulses at will.

BESSY VSR addresses several innovative topics of storage ring operation, specifi-
cally:

• the alternating bunch length scheme generated by voltage beating,

• the continuous wave (CW) operation of SC multi-cell cavities at high currents
of 300 mA in a storage ring,

• very short bunches of high currents in synchrotron radiation equilibrium in
the BESSY VSR user and low α optics:

– bunches of 1.7 ps length of up to 0.8 mA (0.64 nC)

– bunches of 0.3 ps length and currents of 0.04 mA (0.03nC).

For an overview of relevant BESSY II parameters see Table 1.1.

Beam Current Limit of Short Bunches

The promise of BESSY VSR lies in a significantly higher short-bunch current than
is presently feasible in the low α mode. Above a critical, bunch length depen-
dent “threshold current”, described by the “microwave” or “bursting” instability,
bunches become unstable but are not lost, see Section 2.1. These unstable bunches
emit bursts of coherent synchrotron radiation (CSR) in the THz range. These
threshold currents are used as a figure of merit for the upper limit for the vari-
ous bunch lengths. This is a single bunch effect, most likely not affected by other
bunches. The threshold currents for the different optics modes and bunch lengths
are summarized in Table 1.2.

There are two possible ways to produce short bunches: first, reducing the value of
the “momentum compaction factor” α or, second, increasing the focusing gradient
V ′, by applying the relation of the bunch length σz ∝


α/V ′. The relation between

the threshold current and the related bunch length can be described by a scaling
law. Within the validity of this law the threshold current for a fixed bunch length
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Table 1.1: Overview of relevant BESSY II parameters.

Parameter Value

Energy E 1.7 GeV
Emittance ϵ 5 nm rad
Coupling 2 %
Beam optics, DBA cells 2 × 8
Circumference 240 m
Max. beam current I 300 mA
Harmonic number h 400
RF frequency frf 500 MHz
RF sum voltage Vrf at 500 MHz 1.5 MV
Landau cavities frequency 1.5 GHz
Landau cavities sum voltage 0.225 MV
Revolution frequency frev 1.25 MHz
Momentum compaction factor α 7.3 × 10−4

Relative natural energy spread, rms δ0 7 × 10−4

Transversal tunes Qx, Qy 17.85, 6.74
Synchrotron frequency fs 7.6 kHz *
Longitudinal radiation damping time τz 8 ms
Transverse radiation damping time τx,y 16 ms

* without Landau cavities

is proportional to α. If V ′ is increased, α must increase by the same factor to
maintain a fixed bunch length. The benefit in doing so lies in the fact that the
threshold current increases by the same factor. For BESSY VSR with an 80 times
stronger focusing compared to BESSY II we expect to store 80 times more current
in short bunches, Figure 1.2. Note however that in the ps-bunch length range the
simple scaling could deviate from this law; this is discussed in Section 2.1.

Ultra Short Bunches - Low α Optics

The SC cavity fields of the π-TM010 mode have only minor effects on the trans-
verse beam optics parameters such as beta functions, natural emittance and energy
spread. The transverse optics of the present BESSY II user and low α optics is
not affected by the BESSY VSR scheme and it can be also applied to the well
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Figure 1.2: Schematic bunch length current relation of BESSY II shown by
the red line and for the short bunches of BESSY VSR with the
upgraded RF focusing by the blue line.

established BESSY II low α optics, Section 2.7. There are again alternating long
and short bunches, up to 150 bunches of 3 ps length with a current per bunch of
0.045 mA and 150 bunches of 300 fs length with 0.04 mA. This low α optics will
be operated with about 15 mA beam current, 20 times less compared to the user
optics. Therefore, this BESSY VSR operation mode has a small Touschek loss rate
and is very stable with respect to the later discussed high current instabilities.

Bunch Lengths and Currents

A summary of the expected bunch lengths and bunch currents is given in Table 1.2.
For the bunches the values are the expected single bunch stability limits with respect
to the bursting instability, see Section 2.1. The zero current bunch lengths σ0 are
modified by the potential well effect by up to a factor 1.5 to achieve the presented
bunch length values σz, see discussion in Section 2.1.
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Table 1.2: Bunch lengths and bunch threshold currents for the standard user
and low α optics of BESSY VSR.

Bunch length Threshold current
σz/ps Ith/mA

Standard optics
long bunch 15 1.8
short bunch 1.7 0.8

Low α optics
long bunch 3 0.045
short bunch 0.3 0.04

Photon Beam Parameter

It is the goal that BESSY VSR preserves the average brilliance of BESSY II undu-
lators as illustrated by Table 1.3. As an example, the maximum brilliance values
of the UE49 are given and compared to predicted values of BESSY VSR according
to the extended fill pattern of Figure 2.6, which also includes 150 short bunches of
1.1 ps length.

Table 1.3 shows that the peak brilliance of almost all bunches in the fill is of the
order of 1022, meaning that any time resolved application at BESSY VSR can be
performed always at the same peak brilliance regardless of the different repetition
rates.

When approaching very short bunches by combining BESSY VSR and the low α
mode, losses in brilliance due to increased emittance are partly compensated by up-
coming in-vacuum undulators, like UE30, which will deliver up to an order of mag-
nitude higher brilliance than the existing conventional undulators in BESSY II.

Bunch Fill Pattern

The beam current is limited by radiation safety requirements to 300 mA. Two
bunch trains of 300 ns each are chosen for the bunch fill pattern, separated by two
100 ns long gaps, see Section 2.3. In the example of Figure 1.3 the bunch trains
contain 150 long bunches of 1.8 mA each. For explicit time dependent measurements
there are additionally three short hybrid bunches inside the bunch trains for laser
slicing experiments and a short and a long bunch in the filling gap for time resolved

10
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Table 1.3: Photon beam properties of BESSY VSR compared to different
modes of BESSY II. Brilliance values refer to the UE49 undula-
tor in planar mode at the BESSY II design emittance of 5 nm rad
and 2% coupling.

Facility Peak Average Number Pulse
brilliance brilliance of bunches duration
ph/s/mrad2/mm2/0.1 %BW ps (rms)

(multi bunch curr.)

BESSY II
standard 6.1e21 4e19 (300 mA) 350 15
low α 1.9e20 2.5e17 (15 mA) 350 3

BESSY VSR
total varying 4e19 (300 mA) varying varying
std. long pulses 1.2e22 3.3e19 (248 mA) 150 15
std. short pulses 1.7e22 3.6e18 (27 mA) 150 1.1
long camshaft 3.95e22 1.3e18 (10 mA) 1 27
short camshaft 5.1e22 1e17 (0.8 mA) 1 1.7
low α 2.2e21 1.2e17 (7.5 mA) 150 0.3

measurements. The length of the gap is demanded by the mechanical chopper, as
discussed in Section 7.1, which separates photons of the single bunch of 1.25 MHz
repetition rate, suppressing all other X-ray pulses. By applying a different method,
the resonant bunch excitation, see Section 7.2, any chosen bunch can be excited and
the emitted X-ray pulses will be separated from the core beam spatially. Further
concepts for bunch separation are discussed in Sections 7.3 and 7.4. There is a
variant of this fill pattern, see Section 2.3, where additionally 150 short pulses of
1.1 ps length are populated for production of intense THz radiation and further
time resolved measurements.

Technical Realization

The key elements of BESSY VSR are SC cavities, cooled down to 1.8 K and op-
erating at two different frequencies, to shape the longitudinal phase space, see
Section 2.2. One set of the cavities operates at a frequency of 1.5 GHz and 20 MV
voltage amplitude and one at 1.75 GHz and 17.1 MV. These frequencies produce a
beating of the RF voltage and modulate the RF focusing, depending on the bucket
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Figure 1.3: Example of bunch fill pattern with long and short pulses. There
are 400 buckets with 2 ns spacing and a revolution time of 800 ns.

position. There are still 400 buckets, but divided into two different groups, located
2 ns apart in the fill pattern. At the odd numbered positions, where the voltage
gradients cancel exactly, 15 ps long electron bunches are generated. At the even
bucket position, the voltage gradients add up and generate a strong, longitudinal
bunch focusing, resulting in 1.7 ps short electron bunches, Figure 1.4. The longitu-
dinal RF focusing by the SC cavities at BESSY II is very efficient because of the
moderate beam energy of 1.7 GeV.

This alternating bunch length scheme for BESSY VSR was proposed [2], compared
to an earlier suggestion of only short bunches [1], to avoid impedance heating effects
by the beam and to relax the Touschek life time. In the BESSY VSR scheme, most
of the beam is stored in long bunches of 250 MHz repetition rate, nearly similar to
the present BESSY II operation of 500 MHz repetition rate.

The SC cavities are only used for bunch focusing; no source power is extracted
by the beam. Only a relatively small external RF power supply is required to
control the cavities, which simplifies the technical realization. The energy lost by
synchrotron radiation is recovered from the present 0.5 GHz cavities. An extended
vacuum section of the ring must be specially prepared to provide the cleanliness and
vacuum conditions required by the SRF system, Chapter 5. Two 1.5 GHz cavities
and two 1.75 GHz cavities, see Table 1.4 will be placed into one cryomodule that
fits into one straight of BESSY II. A second cryomodule will be assembled as spare
unit. An dedicated diagnostic beamline is installed to monitor and analyze beam
parameters, see Chapter 6, including streak camera, electronics diagnostics and
THz monitors.

BESSY VSR will not lead to a drastic change in beam size as expected, e.g., for
diffraction limited light sources. Most of the beam current is stored in the long
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Figure 1.4: Example of bunch fill pattern with long and short pulses, indicated
by the ellipses. The colored sinusoidal oscillations represent the
individual voltages, green 500 MHz, blue 1.5 GHz, red 1.75 GHz.
The black line shows the resulting sum voltage, which defines
bucket sizes and locations.

Table 1.4: Cavity systems for BESSY VSR.

Cavity Frequency Integrated voltage Number of
f/GHz V /MV cavities

NC 0.5 1.5 4
SC1 1.5 20 2 × 5 cells
SC2 1.75 17.14 2 × 5 cells

bunches, which are comparable in size to the present BESSY II bunches, but with
twice as much current. Since the upgrade to BESSY VSR will not lead to a strongly
increased loss rate of electrons, no special change in the radiation protection concept
is required, see Chapter 9. The loss rate, if required, can be further controlled by
a vertical transverse noise excitation of the beam, as presently applied for the
BESSY II TopUp operation.

Beam Cavity Interactions

A major challenge concerning the operation of SC multi-cell cavities in a high
current storage ring is the beam stability. Higher order modes (HOMs) are excited
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in the cavity and could destabilize the beam. However, the calculations presented
in Section 2.6 conclude that the presented cavity design in combination with active
feedback systems, which may need to be upgraded, suppresses the multi bunch
instability in all desired operation modes. The recent HZB design of the 1.5 GHz
cavity, shows a strongly damped HOM spectrum which relaxes the constrains for the
feedback systems, see Figures 2.10 and 2.11 and Section 3.2. The beam interaction
with the fundamental cavity π-TM010 mode, the “Robinson effect”, is controlled by
the low-level RF electronics, see Sections 2.6.3 and 3.6.

Parking of the cavities, i.e., making them transparent to the beam, is required in
case of problems arising during operation of the system. Even when the SC cavity is
maximum detuned in the cold state, the beam still induces a voltage in the order of
0.3 MV, and 3 times less if it is warmed up. But because there are two equal cavities
of each type, they can be detuned in such a way, that the fundamental accelerating
modes compensate each other, thus not affecting the beam, see Section 2.8.

Transient Beam Loading

The bunch pattern excites a periodic beam loading in the cavities. The gap in the
bunch fill pattern causes a particular strong transient, Section 2.6.2. This leads to a
modulation of the focusing strength and the bunch phase position along the filling.
Bunches pass the cavities at different phases of the voltage. For the short bunches,
where the SC cavity voltages add up, this has only a minor effect. But for the long
bunches, the exact canceling of the two strong RF voltage amplitudes becomes
disturbed. The phase position of the long bunch centers varies continuously from
−40 ps to 40 ps along the bunch train. Additionally, the focusing of the long bunches
is modulated in a similar way; the synchrotron frequencies could vary by about 30 %.
The overall result is that the long bunches on average are stronger focused than
expected, which leads to shorter bunches and enhanced Touscheck loss rate. For
averaging times longer than the revolution period, the phase and amplitude of the
SC cavity voltages stay constant.

Cavity RF Design

The higher harmonics frequencies chosen are a compromise between required high
gradient for longitudinal focusing, the limited available real estate space and limits
imposed by the BCS theory for RF superconductivity favoring lower frequencies
as this results in lower surface resistance. Also, a larger diameter structure is less
prone to any wake field driven instability of the beam. The chosen harmonics of
1.5 GHz and 1.75 GHz are well within the range of current operating SRF cavities.
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A five-cell design, see Figure 1.5 was chosen as a reasonable compromise between
conflicting requirements to maximize HOM damping while minimizing the instal-
lation length and operating field. Heavy HOM damping is achieved by waveguide
couplers originally developed at the Thomas Jefferson Laboratory (JLab) [3]. De-
tailed cavity end-group studies have been performed that resulted in an enlarged
beam tube design for the 1.5 GHz cavity. The HOM spectrum was used as basis
for beam stability calculations. The design for the 1.75 GHz system will be based
on the 1.5 GHz design.

Figure 1.5: Five cells 1.5 GHz cavity design with end-groups attached.

Cavity Control and Operation

Another aspect of BESSY VSR is given by the required high reliability and stability
of operating the cavities as they have to support a 24/7 running user facility. One
challenge is given by the rather high CW field level of about 20 MV/m at a high
loaded quality factor QL to allow operation at power levels within the 10 kW range.
The latter is of importance, as this is a power range where reliable coupler designs
are available and also the cost for RF transmitters can be kept within acceptable
limits.

Operating SRF cavities at high QL, thus narrow bandwidth necessitates a pre-
cise tuning and therefore compensation of microphonics and coupled Lorentz-force
detuning driven instabilities. Precise regulation of CW driven RF fields at high
loaded Q was already demonstrated and CW field levels of 20 MV/m are within
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reach [3, 4]. Nonetheless, routinely CW detuning compensation still needs to be
demonstrated.

Beam loading is a second major challenge the SRF system faces. As the cavities are
operated in zero-crossing of the RF field with respect to the beam, they experience
strong reactive beam loading leading to a phase shift of the field. This will be com-
pensated by proper detuning in the kHz range, so that only the power to maintain
the cavity field and some compensation for unwanted detuning is required.

Finally, given the high impedance of the SRF system and the high current stored
in the ring, special attention must be paid to DC and AC Robinson instabilities [5],
see Sections 2.6.3 and 3.6. In the BESSY VSR concept, the 1.75 GHz frequency
system is intrinsically operated in the Robinson unstable regime. However, the
combined system of all frequencies is stable again, but it needs to be studied how
robust this combined system is to any perturbation. To some extent, this effect can
be controlled by high gain amplitude and phase control, reducing any deviation to
a minimum, so that any rise towards this instability is suppressed.

Injection into Short Buckets

Presently, bunches extracted from the booster are typically 60 ps long, too long to
maintain a ≥ 90% injection efficiency demanded by radiation safety. For efficient
TopUp injection into the short buckets a bunch compression in the booster by a
factor of 6 is necessary. This can be achieved by improving the low α lattice of
the booster and/or by installing additional cavities, i.e., 3 GHz cavities of 4 MV,
for shortening the booster bunches. These cavities need to be redesigned, based
on existing cavities of the Institute for Nuclear Physics of the University of Mainz
(Germany). The other option, to ramp down the BESSY VSR SC cavities to low
fields just for TopUp injection into the short buckets seems not to be feasible. High
fields are induced in the SC cavities by the beam and there is no sufficiently fast
detuning possible to drive the fields to zero.

With the low current in the low α optics the situation is different. The beam has a
very low Touschek loss rate and operation in decay mode is possible. The injection
can be done by slowly ramping the SC cavities to zero fields or even a fast ramping
could be possible, because of the low current.

1.4 International Context

Over the last decades third generation light sources have evolved considerably.
Petra III has reached a record emittance of 1 nm rad with an energy of 6 GeV thanks
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to the large circumference of 2.3 km [6]. Most recently NSLS-II went into operation
and should achieve an emittance of 0.5 nm rad once all damping wigglers are in place
[7]. Modern synchrotron light source projects, like MAX IV in Sweden or SIRIUS
in Brazil, take advantage of innovative accelerator technologies in order to lower
the beam emittances by an additional factor of 2 to 3 down to the 0.2 nm rad-level.
New computing techniques are available to model the complex beam dynamics and
optimize the magnet parameters for maximum dynamic apertures. The resulting
high field strength leads to a small bore radius of the magnets and therefore to
small vacuum chamber cross sections which require distributed pumping by NEG
coatings. Today the accelerator community has the ability to build these very
compact magnet lattices and fulfill the tight alignment tolerances, including non-
linear elements like sextupole and octupole magnets. The improved emittance will
increase the brilliance of the source by orders of magnitude. The emittance can
be so small that the radiation from these sources reaches the diffraction limit,
ϵ ≲ λ

4π . . .
λ
2π , up to a few keV, with a much higher degree of transverse coherence

of the emitted radiation [8].

Nowadays, many of the existing light sources plan to develop into this direction and
reduce the emittance by changing their current magnet lattice configuration into
the more compact multi-bend achromat lattice (MBA) [9]. The increased number
of bending magnets is the key to achieve smaller emittance. The higher degree of
coherence and the increased brilliance of the radiation are the driving forces from
the user’s point of view. Examples are the major upgrades planned at the high
energy rings ESRF, APS and Spring8 as well as projects, for example at the ALS,
to reach an extremely small natural emittance on the order of only ∼ 50 pm rad
with a nine-bend achromat [10]. Elettra proposes an upgrade with an emittance of
300 pm rad [11]. The drawback of bunches approaching the diffraction limit is the
large bunch length needed to reduce the electron density in order to reach decent
Touschek life time and avoid beam blow-up due to the strong intra-beam scattering.
This can be achieved by using either much lower RF frequencies (MAX-IV uses a
100 MHz RF system instead of the more common 350 MHz to 500 MHz systems)
and bunch lengthening utilizing higher harmonic cavities (NSLS-II and other light
sources, among them BESSY II). In many projects the emittance is further reduced
by including damping wigglers in the lattice. Their radiation will increase the
natural energy spread of the electron beam which also leads to bunch lengthening
and a corresponding lowering of the particle density within the bunch.

The HZB has opted to not follow this upgrade path for several reasons. From the
very beginning the BESSY II lattice was very densely packed with magnets and at
the time of its construction it offered the largest ratio of straight section length to
circumference of all existing light sources. In order to maintain the circumference
and the footprint of the beamlines as well as the energy of the ring at least a
five-bend achromat would be required for the reduction of the emittance by only
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one order of magnitude [12]. The modification would not only be expensive but
would also lead to a dark time of at least one year. Additionally it would reduce
the available length of the straight sections similar to the upgrade plan at the
ESRF [13].

On the other hand, the light sources BESSY I and BESSY II have always supported
time resolved experiments by offering operation in the single bunch mode. With
the request for even shorter light pulses laser-slicing was introduced [14] and for
the first time 100 fs-long light pulses (FWHM) from an APPLE-II undulator were
offered to the user community during normal routine operation [15]. Over the years
the slicing facility was constantly improved and today, with the increased photon
flux per pulse, serves a growing user community [16]. At the same time, the short
bunch length mode based on a low α lattice configuration was developed and put
into operation at BESSY II [17] for the first time. This mode delivers bunches which
are 3 ps long and which are used for time resolved experiments and for experiments
requiring coherent radiation in the THz-region. BESSY II is operated for two weeks
in short bunch low α mode and during additional four weeks in single bunch mode
each year. With the introduction of the angular resolved TOF (time of flight)
set-up, ARTOF, the interest in the single bunch, short pulse mode operation has
increased even further.

HZB therefore is convinced that an MBA - low emittance upgrade is unsuited for
the wide portfolio of dynamic and THz experiments performed at BESSY II. Rather
HZB believes that the users are better served by upgrading the facility towards the
production of shorter light pulses with repetition rates up to the MHz-range while
keeping the emittance, brilliance, and flux at the level of today. Such a facility
would be complementary to the diffraction limited storage rings (DLSR).

BESSY VSR is only one of the possible paths to shorter and intense light pulses.
Other proposals are limited to either low intensity, low repetition rate, availability
at only few beamlines or all of those together. BESSY VSR promises to provide
short bunches with full intensity and at a high rate to all beamlines on demand,
and in parallel to the ’usual’ user operation.

Short bunches in the low α mode suffer from a very low threshold for the single
bunch longitudinal instability driven by the interaction with the coherent radiation
emitted by the bunch in the metallic surrounding of the dipole vacuum chamber.
More on this subject can be found in Chapter 2. Therefore, the low α mode is
best suited for producing many short, but low intensity bunches creating coherent
THz-synchrotron radiation and less suited if short and high intensity pulses are
requested for time resolved experiments with MHz-repetition. Nevertheless, short
bunches by operating in low α mode has become an attractive feature of many
other light sources and is offered to users on a more or less regular basis at ANKA,
BESSY II, CLS, Diamond, MLS, Soleil, SPEAR3, and others.
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Laser slicing produces light pulses as short as 100 fs (FWHM), however, since only
a small fraction of the electrons inside the bunch are contributing to the radiation,
the intensity is very low and the repetition rate is limited by the available average
laser power. Short pulses of radiation produced by laser slicing will be available at
the Swiss light source until the Swiss FEL becomes operational and in the future
at Soleil where the slicing set-up is in the commissioning phase [18]. Like the short
bunches produced in the low α mode laser sliced bunches can radiate all around the
circumference of the storage ring. In principle many beamlines can take advantage
of the short pulses which for the laser slicing tend to become longer the larger the
distance between the beamline and the location of the laser interaction.

Another technique to create short pulses on many beamlines and experiments along
the circumference of the storage ring would be the injection of short bunches as can
be delivered by a full energy injection LINAC [19]. Only a few light source facilities
have or potentially could use such an injector. Spring8 could employ the SACLA
LINAC or MAX-IV could utilize their injector LINAC. At SLAC part of the existing
infrastructure could be used for this purpose and detailed studies for injecting
short bunches into the SPEAR3 ring have been performed [20]. LINACs tuned
to be useful for FELs deliver the desired bunch characteristics: short length with
sufficient charge of ∼ 300 pC and small transverse emittance leading to very brilliant
light pulses in the ring. Bunches have to be injected on-axis and are useful for up
to 10 turns. With increasing number of turns the beam quality deteriorates quickly
through the microwave instability due to the coherent synchrotron radiation, the
same instability mechanism that limits the single bunch current in the low α mode.
With LINAC repetition rates of up to 100 Hz the overall pulse rate is far from
the desired MHz-region and rather similar to what is available by laser slicing.
CW LINACs to allow for higher injection rates would be very expensive to build
and operate and dumping the spoiled bunches puts high demands on radiation
protection.

Producing shorter light pulses down to the ps-range (FWHM) with deflecting cav-
ities [21] seems to be a more promising approach. The deflecting cavity produces a
vertical kick which varies along the length of the bunch. After the interaction the
bunch develops a vertical offset - time correlation in the insertion device, which can
be used to produce light pulses down to the ps-region either behind a horizontal
slit or with the help of suitably cut crystals. This reduces the intensity in the light
pulse to the percent level of the total intensity the bunch could deliver. The repe-
tition rates can be high. A second deflecting cavity has to take out the correlation
further downstream. This allows only some beamlines between the two cavities to
take advantage of the short pulses. The approach has been studied extensively for
an earlier upgrade plan at the APS [22] and an attractive science case was devel-
oped. Over the years a very promising SC transverse deflecting cavity was designed
and built [23] achieving a kick voltage of more than 2 MV. However, the project
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had been terminated and was replaced by an emittance upgrade project similar to
the ESRF [24].

BESSY VSR overcomes the deficiencies of the approaches mentioned above. It thus
supports a multi-user facility for high-flux time resolved experiments and compli-
ments DLSRs, in their quest for lowest emittance, very nicely. This upgrade project
is better suited for the BESSY II user community than an emittance upgrade of the
existing ring. BESSY VSR represents an ideal testbed for the concept and, given
its success, may be a strong candidate for implementation in future DLSRs for a
combination of low emittance and short bunch operation.

1.5 Project Phases

The realization of the BESSY VSR concept will be subdivided into two project
phases:

1. A preparatory phase and

2. The final BESSY VSR phase,

to guarantee a straightforward and smooth implementation of the SC cavities into
the BESSY II ring with the objectives of minimal dark time and first user operation
in 2020. The separation in two phases aims at decoupling the costly and time
consuming infrastructure installations, from studies needed to finalize the beam
dynamics issues, and to validate the design of the new superconducting RF system,
i.e., cavities with couplers and cryomodule.

In order to establish full BESSY VSR operation, a new cryo plant (L700) is needed
for cooling down the cavities to a temperature level of 1.8 K. To avoid time con-
suming purchase and setup of the cryogenic system, the preparatory phase will
be realized using the existing cryogenic infrastructure of BESSY II. By applying
only moderate modification to the available cryo system, the existing Linde TCF50
helium liquefier can be used for a proof of principle installation consisting of two
1.5 GHz cavitites operating at 4.4 K. The cryogenics needed for BESSY VSR and
the modifications for the preparatory phase are discussed in detail in Chapter 4
and Section 4.4.

Table 1.5 lists new hardware required for both phases and indicates components
which will be reused from the preparatory phase in full BESSY VSR.

The nonrecoverable investment costs for the preliminary phase amount only some
percent of the full BESSY VSR investment, mainly for adapting the existing cryo-
genic system, while the remainder flows into the final phase. Costs and schedule
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Table 1.5: Hardware for the two project phases. Most of the hardware of the
preparatory phase will be reused for the final BESSY VSR setup
(indicated by arrow →).

Preparatory phase Final BESSY VSR phase

1 cryomodule → 1 cryomodule + 1 spare
3 cavities + 1 spare → 5 cavites + 5 spare
2 transmitters → 4 transmitters + 2 spare
Diagnostics beamline → Diagnostics beamline
BESSY II cryogenics (4.4 K) 1.8 K cryo system

Upgrade feedback-system
Upgrade vacuum components

Partial booster upgrade → Final booster upgrade

for the BESSY VSR project are summarized in Section 1.6 and discussed in detail
in Chapter 11.

Preparatory Phase

The main objective of the preparatory phase is an early evaluation of the new SRF
components with stored beam. It has already been launched in 2014 and aims for an
installation of one prototype cryomodule hosting two 1.5 GHz cavities in BESSY II
in 2018. This will allow to investigate the interaction of the stored beam with SC
multi-cell cavities in CW operation. But already now studies and measurements
have been conducted and will be continued at the MLS and BESSY II preparing for
BESSY VSR, for example, studies of bursting thresholds, beam based damping of
CBIs, beam loading, fill pattern, and injection studies. The preparatory phase also
includes a partial upgrade of the booster synchrotron improving the injection into
short buckets, see Chapter 2.9. The following list summarizes the project goals to
be achieved in the preparatory phase with the installed prototype cryomodule.

From the perspective of the SC RF system:

• Design and production of two 1.5 GHz cavities with power and HOM couplers.

• Design and assembly of one prototype cryomodule equipped with two 1.5 GHz
cavities.

• Development of a 1.75 GHz cavity design.

• Purchase and testing of solid state transmitters, LLRF and waveguide system.

21



1 Project Overview

• Modification of the existing BESSY II cryogenic system based on the TCF50
liquefier.

• Machine integration of the prototype cryomodule equipped with two cavities
in BESSY II and operation at 4.4 K.

From the perspective of beam dynamics:

• Verification of transparent operation of the cavities when necessary.

• Phase and amplitude stability studies under full operation and the synchro-
nization of the NC and the SC cavities.

• Storage of 300 mA in BESSY II with respect to CBIs conserving the emittance
and the TopUp capabilities.

• Studying beam loading in the cavity system and consequences on bunch length
and Robinson instability.

• Injection into short buckets, which needs a partial upgrade of the booster
synchrotron.

• Setup up and commissioning of diagnostic beamline for short bunches.

• Tracking down and eliminate remaining noise sources.

In contrast to the full BESSY VSR installation with one cryomodule hosting four
cavities, the preparatory phase is reduced to two 1.5 GHz cavities. Contrary to
the scheme with two different frequencies there will be no alternation in the bunch
length anymore. Although the two 1.5 GHz cavities will act as classical, active,
3rd harmonic Landau cavities allowing for bunch lengthening or shortening of all
bunches, the CW operation of the multi-cell SRF cavities with high stored current
of 300 mA is an important step for the project.

The SC cavities, designed to operate at 1.8 K will be cooled to 4.4 K using the
existing TCF50 helium liquefier, providing a cooling capacity of 120 W. However,
losses on cryolines and other components will reduce the power to ≈ 80 W, i.e., 40 W
for each cavity, see Section 4.4. Due to the increased temperature, the quality factor
is only Q0 = 1.5 × 108, decreasing the accelerating field to 3.6 MV/m to remain in
the cryogenic budget. The cavity voltage seen by the beam is then 3.6 MV for a
setup with two 1.5 GHz cavities. The total RF gradient will be increased by a factor
of 8.1 compared to BESSY II, reducing the effective bunch length by a factor of
≈ 2.8 down to 5.4 ps. In the low α mode the effective bunch length will be even
reduced down to 1.2 ps. By further reducing the momentum compaction factor in
dedicated machine shifts, the zero current bunch length could be decreased down
to ≈ 0.3 ps.
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1.5 Project Phases

The threshold current for the 5.4 ps long bunches is 1.4 mA. In the low α mode the
bunch length reaches into the region of a weak instability, so that the prediction of
the threshold current suffers from greater uncertainty. The bunch current at the
bursting threshold is summarized in Table 1.6.

Table 1.6: Bursting threshold current Ith and bunch length σz for BESSY II,
the preparatory phase and the final BESSY VSR setup.

Standard mode Low α mode
Ith at σz

BESSY II 1.8 mA at 15 ps 0.045 mA at 3 ps
Preparatory BESSY VSR phase 1.4 mA at 5.4 ps 0.04 mA at 1.2 ps
Final BESSY VSR phase 0.8 mA at 1.7 ps 0.04 mA at 0.3 ps

Final BESSY VSR Phase

While the preparatory phase aims to verify the technical setup with beam and
to study open questions concerning beam dynamics, the final phase focuses on
upgrading the required infrastructure for full BESSY VSR user operation.

The outcomes and experiences gained at the prototype commissioning in the prepara-
tory phase enables further optimization of the final implementation. If necessary,
adaptations can be made at different points, i.e., the design of the SRF components,
such as cavities, couplers, tuners and others components can be optimized as well as
the process of assembly of the cryomodule and its integration into BESSY II. The
injection studies into short bunches will define the way of upgrading the booster
synchrotron.

The primary task of the final phase will be to setup the mandatory infrastructure for
realizing full BESSY VSR, which covers a 1.8 K cryogenic system and the required
RF infrastructure. The main field of activity will be the purchase and setup of
the new cryogenic infrastructure providing a temperature level of 1.8 K in the ring,
see Chapter 4. Compared to the preparatory phase, the reduced temperature will
enables focusing gradients that are larger by one order of magnitude.

In order to prevent performance degradation of the SC cavities due to dust, par-
ticle free operation at high gradients must be guaranteed. Therefore, a vacuum
upgrade of the ring is foreseen, including cleaning of the vacuum chambers near
the cryomodule, installation of new valves for particle free venting and ion pumps
with internal NEG cartridges, see Section 5.2.
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1 Project Overview

1.6 Costs and Schedule

Project Costs

BESSY VSR will be carried out in the two aforementioned phases: the preparatory
and the final BESSY VSR phase. Many of the components purchased for the
preparatory phase will be re-used during the BESSY VSR phase in order to mitigate
technical risks as well as best utilize the funds available for the project. In the
preparatory phase only two SRF cavities will be installed in a full size cryomodule.
The system will be operated at 4.4 K in lieu of 1.8 K as this will be possible utilizing
the existing cryogenic infrastructure with minor modification. The 1.8 K system for
the BESSY VSR phase will be entirely new and thus will take several years to be
designed and delivered.

The summary budget based on the hardware requirements in Table 1.5 is provided
in Table 1.7 with more details in Chapter 11.

Table 1.7: The cost breakdown for the two BESSY VSR phases.

Sub-system Preparatory Final project
phase phase

Cost/ke Cost/ke

SRF components 2464 ke 2728 ke
(cavities, couplers, absorbers, cryomodule)

Cryogenics 1460 ke 8270 ke
(TCF-50 upgrade, 1.8 K facility)

RF components 1468 ke 2468 ke
(transmitters, LLRF)

BESSY II modification 2143 ke 5823 ke
(booster, vacuum, BPM, Feedback system,
pseudo single bunch kicker, chopper)

Diagnostics 930 ke 1175 ke
(diagnostic beamline, X-ray diagnostic)

Subtotals 8465 ke 20 464 ke

Project total 28 929 ke
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1.6 Costs and Schedule

In addition to the project specific hardware necessary to realize BESSY VSR there
is also other testing infrastructure that must be installed. The two main items
needed for BESSY VSR are a new vertical testing dewar for the SRF cavities and
a Cryomodule Test Facility (CTF) where the BESSY VSR cryomodules can be
commissioned prior to installation into the storage ring.

Project Schedule

The schedule showing the key dates for the project is shown in Table 1.8, with a
more detailed schedule found in Section 11.2. Due to the compressed nature of
the project, there will be a great deal of overlapping orders being placed in order
to keep the project on track. This will be most critical for the SRF cavities, as
three different orders need to be placed for a copper prototype, the preparatory
phase cavities and the final BESSY VSR cavities. As noted on the schedule, there
are HZB infrastructure upgrades which are necessary. The construction of Testing
Hall 1 for the vertical testing dewar is underway, so its delivery date is established,
and therefore the date of the vertical testing dewar availability.
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1 Project Overview

Table 1.8: The summary BESSY VSR schedule.
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2 Beam Dynamics

The BESSY VSR proposal is a novel approach to manipulate the longitudinal
phase space to obtain simultaneously short and long bunches. The goal is, to have
about 80 times more current in the short bunches compared to what has been
achieved by the present BESSY II low α optics. Various beam dynamical aspects
are discussed in the present chapter. An analysis of the expected bunch current
limits derived from actual scaling relations, multiparticle simulations and measured
data is presented in Section 2.1. The voltage requirements to achieve the short and
intense bunches are discussed in Section 2.2, where the alternating focusing scheme
is presented and the specification of the voltage and frequencies of the cavities are
derived. The bunch fill pattern based on user demands and the related Touschek
life time are discussed in Section 2.3 and Section 2.4. Bunch separation schemes,
to allow a choice between short or long bunches at the user beam port are subject
of Chapter 7.

Interactions between beam and cavities are topic of Section 2.5 and Section 2.6,
where single particle und coherent high current effects are discussed. Section 2.6 on
coupled multi bunch instabilities (CBI), beam loading and Robinson’s instability
concludes that with a realistic longitudinal and transverse feed back system and
HZB’s recent cavity design, see Chapter 3, beam stability can be achieved. A mod-
ified low α optics is discussed in Section 2.7 with vanishing dispersion at the cavity
location, to minimize longitudinal-transverse beam coupling. Also the ultimate
bunch length limits achievable with BESSY VSR in radiation damping equilibrium
are discussed and a limit of about 300 fs is found for the present low α optics. A
discussion is presented in Section 2.8 on parking the cavities and transparent beam
operation in case a switch back to standard operation is required. The fundamental
cavity mode is easily compensated for cold cavities, if pairs of equal cavities are
installed.

Beam injection into the SC cavities, subject of Section 2.9, is feasible with the
present booster synchrotron for the long bunches, but for the short bunches special
care is required. The bunches extracted from the booster are too long. By bunch
rotation inside the short BESSY VSR buckets they will blow up in momentum
with enhanced particle losses. The presently favored solution is an upgrade of the
booster RF by additional bunch compressing cavities.

29



2 Beam Dynamics

2.1 Limits of Bunch Length and Intensitiy

One of the main promising features of the BESSY VSR concept is the increased
bunch current for short bunches. The presently applied BESSY II low α optics
can deliver short bunches of 3 ps length, but at low currents of 45 µA per bunch.
The goal of BESSY VSR is to deliver bunches of 1.7 ps length at currents of about
0.8 mA. To predict reliable values for bunch length and current requires an extrap-
olation beyond the presently achievable values by more than one order of magni-
tude.

In the limit of vanishing bunch currents it is quite reliable to predict the "zero
current" bunch length. With increasing current bunches will pass an instability
threshold, beyond which they are unstable. These bunches are not lost, but with
increasing current they gradually blow up in energy spread and bunch length1. This
threshold current has a well-defined value, it can be predicted by simulation codes
and detected by the sudden emission of intense bursts of coherent synchrotron radi-
ation (CSR) in the THz frequency range. This instability is called the “microwave”
or “bursting” instability. The relation between the bunch length and current at
the stability limit follows a “universal scaling law”, already suggested 1990 [1], but
needs to be refined for the short bunches discussed here. The most recent review
of the scaling law as presented by [2], together with recent simulations and mea-
surements for BESSY II [3–5], will be discussed to derive predictions of lengths and
currents of short bunches of BESSY VSR.

In the limit of low currents, the relative rms-energy spread δ0 of electron bunches
circulating in a storage ring is called "natural" or "zero current" energy spread
and follows from a Gaussian distribution. This energy spread is, apart from very
special optics tuning, independent of the beam optical parameters. Unlike the
energy spread, the rms-length σ0 of electron bunches in a storage ring is dependent
on the machine optics and given by the relation

σ0 = α δ0

2πfs
= δ0


E

efrev

α

V ′
rf

(2.1)

where f 2
s = (frevαeV

′
rf)/(4π2E) with the synchrotron frequency fs, the beam revo-

lution frequency frev, the momentum compaction factor α, the applied RF voltage
Vrf, the voltage temporal gradient at the bunch position dVrf(t)/dt = V ′

rf = 2πVrffrf
with the radio frequency frf, the total electron energy E, and the electron charge
e. This length σ0 is called "natural" or "zero current" bunch length and is valid
in the limit of low currents. Energy and position of individual electrons are the

1The BESSY II low α optics is presently running during half of its scheduled time at 100 mA by
user demands, which is 7 times above the bursting threshold of 15 mA (0.04 mA/bunch).
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2.1 Limits of Bunch Length and Intensitiy

result of quantum emission, radiative damping and longitudinal focusing, yielding
an equilibrium distribution of a Gaussian bunch shape.

The zero current values of bunch length and energy spread become distorted at
the onset of the instability, detectable as coherent bunch shape oscillations in the
kHz-range. The instability is a result of the interaction of the bunch current with
its impedance surrounding, including the interaction with its own emitted syn-
chrotron radiation. This radiation field in the sub-THz-range is the dominant
impedance contribution. The instability threshold can be shifted to higher cur-
rents by shielding the THz radiation by the metallic vacuum chamber, character-
ized by the dipole bending radius ρ (4.35 m, BESSY II) and the vacuum chamber
full height h (0.035 m, BESSY II). A recent version of the scaling law derived
from interactions with the radiation field [2] is shown in Figure 2.1. In the pre-
sentation two scaling parameters, χ and ξ, are applied. The first parameter is
defined as χ = cσ0ρ

1/2/h3/2, depending on the length σ0, height h and radius ρ
describing the strength of the shielding. The second scaling parameter is defined as
ξ = Inρ

1/3/(cσ0)4/3. Here In is a normalized current given by In = cσ0Ib/(αγδ2
0IA),

with Ib the bunch current and IA the Alfven current of 17 045 A. The figure is
divided into a lower and an upper part by the line resp. circles, representing results
from different theoretical models. A given bunch length fixes a position on the
horizontal axis, the value on the vertical axis is then proportional to the bunch
current. As long as the selected values of bunch length and current yield a point
located in the lower part of the figure the bunch is stable; in the upper part it
would be unstable. The predicted transition, the bursting threshold, is indicated
by the line or circles.

The red line in Figure 2.1 indicates a threshold calculation, based on the "coasting
beam" model. The functional relation is given by ξ = 3

√
2χ2/3/π3/2. More refined

calculations are based on "bunched beam" theory or the solution of the "Vlasov-
Fokker-Planck" (VFP) equation, marked by the circles. Results of the two last
methods can be approximated by the simple relation, ξ = 0.5+0.34χ. Additionally,
there is a dip at around χ = 0.25, ranging from about ξ = 0.1 to ξ = 0.5, indicating
a further instability mechanism, the "weak instability", which results from a mixing
of radial bunch modes. This is different to the microwave instability, described by
azimuthal bunch mode mixing.

A comparison of thresholds derived from measurements and simulations is shown
in Figure 2.2, with axis parameters σ0 and Ib/V , the bunch current divided by
the effective RF voltage applied for longitudinal bunch focusing. Results of the
coasting beam model of Figure 2.1 are transformed into the red line of Figure 2.2,
the bunched beam and VFP simulation of Figure 2.1 to the blue line. The dip of
Figure 2.1 is transformed into the blue hump in Figure 2.2. The hump is placed
at σ0 = 2.5 ps (zero current value) for BESSY II parameters, the shape of the
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2 Beam Dynamics

Figure 2.1: Instability threshold relation in scaled variables, reproduction of
Figure 5 of [2]. In this figure σz is given in units of a length, not
time.

hump is only a qualitative indication. For BESSY VSR cavities of different RF
frequencies and voltages are foreseen. An equivalent effective voltage is required for
the scaling parameter to take into account the combination of different voltages and
frequencies. BESSY VSR will achieve an 80 times stronger RF focusing, equivalent
to an 80 times enhanced voltage of the present RF voltage of 1.5 MV at 0.5 GHz
frequency. This equivalent, 80 times stronger voltage is applied for the scaling.

Additionally, in Figure 2.2 data points from measurements at BESSY II [3–5] are
shown and results of simulations [3, 4] derived from multi particle tracking and
solution of the VFP equation. The green line shows a simulation for the present
BESSY II parameters, the black line a simulation for BESSY VSR with the en-
hanced RF focusing. The data points agree well with the simulation for bunch
lengths longer than 3 ps, but differ in the range below 3 ps. Here, data points de-
viate from the green line, the reason is not understood. The coherent signals of
the THz bursts could indicate signals from different sources, like Schottky noise [3].
The bunch length and focusing voltage could also be modified by other impedance
contributions of the ring and their "potential well effect" [6], where the applied
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Figure 2.2: Instability threshold scaling relation with bunch current/voltage
on horizontal axis and zero current bunch length σ0 on vertical
axis. The comparison shows results of 1. BESSY VSR with the
enhanced, longitudinal focusing, 2. the present BESSY II optics
and 3. the universal scaling relation [2].

external RF voltage is superimposed by an additional voltage induced by the inter-
action of the bunch current with chamber impedances to an effective voltage Veff.
This would lead to revised scaling values σ0 and Ib/Veff.

The simulation takes into account only the potential well distortion from the
shielded CSR impedance, which does not generate a bunch lengthening. However,
this is different to the bunch lengthening found by streak camera measurements at
BESSY II, where bunches at the bursting threshold are nearly 50 % longer than
predicted by the zero current bunch length [7]. This was also observed at other
storage rings. A 2 ps long bunch, for example, would be lengthened to 3 ps at the
instability threshold. The potential well lengthening just below the bursting in-
stability is a static deformation and does not increase the energy spread, the zero
current value is preserved. These bunches are considered as stable. This effect is
not further studied here, but could shift threshold data and scaling relation if con-
sidered for the effective bunch length. For example, a 50 % longer bunch, as found
for bunches longer than 2 ps, will have an 2.5 times increased threshold current (see
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2 Beam Dynamics

below). Recent simulations by [3] include the effect of bunch lengthening by an
inductive impedance, characterized by the normalized longitudinal impedance of
|Z∥/n| = 0.2 W to 0.35 W [8], which fits well for bunches longer than 3 ps, but could
be 10 times smaller for short bunches. A bunch lengthening, depending sensitive
on the assumed value for |Z∥/n|, can be estimated. As a preliminary result, the
expected threshold current can be twice as large as the value derived from the CSR
impedance only.

There is some uncertainty in the resulting lengthening effect of short bunches. For
the following we will assume for buches longer than 1 ps a lengthening by 50 %,
indicated by the variable σz. For shorter bunches no lengthening is assumed and
the zero current bunch length is applied, indicated by σ0. The zero current bunch
length is additional dependend on the emitted radiation power by the insertion
devices, which increases the energy spread of the beam. The strongest device is the
7 T multipole wiggler, which could lead to a 30 % increased naturale energy spread
and to a bunch lengthening of the same amount. Bunch lengthening effects by the
insertion devices are not considered.

The range of the hump around 2.5 ps is only visible in the simulation for the
BESSY VSR threshold values. It is not so pronounced for the present BESSY II
machine parameters. In the range of the hump the instability threshold becomes
sensitive to the parameter β, the inverse of the product of synchrotron frequency
fs and the longitudinal damping time τz (8 ms for BESSY II), β = 1/(2πfsτz) [9].
An increasing synchrotron frequency yields smaller β-values and a larger hump
amplitude. The threshold current becomes reduced and scales like

√
β. With the

present BESSY II low α optics, bunches of 2.5 ps length could be achieved at values
of fs = 2.2 kHz, yielding β = 10 × 10−3. For comparison, at BESSY VSR short
bunches of 1.1 ps length, close to the critical area, are achieved at fs = 80 kHz
and β = 0.25 × 10−3, expecting a more pronounced hump. This parameter range
of small β-values is presently not achievable at BESSY II operated at 1.7 GeV.
The Metrology Light Source can be tuned to these small β -values and bursting
thresholds clearly show the hump, [5], as predicted by the theory [9] and [10].

Based on the bunched beam model the relation between bunch length, threshold
current and RF voltage is derived, [2],

(cσ0)7/3 = (c2Z0Ibρ
1/3)/(8π2ξ(χ)Vrffrffrev) ∝ Ib/Vrf (2.2)

where Z0 = 377 W is the free space impedance, for older versions of this scaling
see [11] and [12]. Applying this relation for a fixed bunch length, the bunch cur-
rent can be increased in proportion to the applied focusing voltage gradient. This
proportionality is the underlying property for the BESSY VSR concept, where the
current of short and stable bunches is enhanced in proportion with the upgraded
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2.1 Limits of Bunch Length and Intensitiy

RF focusing. However, in the range of the hump, this simple scaling needs to be
modified. Within the validity range of the scaling law, a simple rule of thumb can
be applied, predicting that a two times longer bunch can store five times more
current without loss of stability and a doubling of the bunch current will lead to
a bunch lengthening of 35 %. The detection of any coherent bunch motion by the
emitted THz radiation is extremely sensitive. The degrading of the beam quality
starts at this point, but the beam can still be used to some extend beyond this
point.

To derive the BESSY VSR performances as listed in Table 2.1 we proceed as follows.
To predict the threshold we assume a bunch lengthening of 50 %, which is very likely
an upper limit and changes the value of the bunch length from 1.1 ps to 1.7 ps, a
conservative approach from the point of time resolved experiments and for the value
of peak brilliance. To estimate the bunch current, we step back to a bunch length of
1.4 ps, the average between 1.1 ps and 1.7 ps, yielding less current compared to the
value at 1.7 ps, again a conservative approach. The scaled current of these bunches
vary in the range from 0.004 µA/kV and 0.01 µA/kV in Figure 2.2, depending on
the simulation models and data points, the average will be 0.007 µA/kV, or, 0.8 mA
per bunch.

Table 2.1: Bunch length and current threshold for the short bunches of
BESSY VSR.

Optics Bunch length Threshold current
σz/ps (rms) Ith/mA

User optics 1.7 0.8
Low α optics 0.3 0.04

These parameters of the short bunches can be compared with the corresponding
values of the present low α optics to estimate the emitted THz power. The current
value of 0.8 mA for the 1.7 ps long bunches is 20 times more, compared to the
0.04 mA at 3 ps of the low α optics. The expected THz power per bunch growths
with the square of the current, if the bunch shape is fixed and even more enhanced
if the bunches become shorter. Hence, at least 400 times more, nonbursting THz
radiation power is emitted, see also Table 5.2.

The bunch length can be further manipulated by a change of the optics parameter α.
The well established BESSY II low α optics can be combined with the BESSY VSR
scheme. Short bunches of 300 fs length, see Table 2.5, are below the critical hump
area. From Equation (2.2) the proportionallity σ7/3

0 ∼ Ib/Vrf and a scaling param-
eter ξ = 0.5 are applied to derive a threshold current of 40 µA and for 150 bunches
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an average current of 6 mA. These numbers are derived from scaling the present
low α optics experience, where bunches of σz = 3 ps at fs = 1.75 kHz and 1.5 MV
voltage are stable up to 15 mA stored in 350 bunches (0.04 mA/bunch). The low α
optics can be easily tuned to a “negative low α optics”, where the hump behaves
completely differently or even could vanish and leads to a different threshold. This
option is not further discussed here, but will be studied in the future.

2.2 Alternating Bunch Length Scheme

First ideas of a scheme to develop BESSY II into a variable electron pulse length
storage ring have been presented in [11] and [13]. This section reproduces the basic
concepts described in [13] with updated numbers and modifications according to
the most recent developments.

From Equation (2.1), it follows that the bunch length σ0 ∝

α/V ′

rf remains con-
stant, if the voltage gradient V ′

rf and α are increased by the same factor. For a
bunch length reduction by a factor of approximately 9 to get picosecond and sub
picosecond bunches, an 80 times stronger gradient is required. To achieve this
strong focusing, SC cavities operated in CW mode with high frequency and high
electric field gradients in the order of 20 MV/m are required. For a consistent set
of parameters for the BESSY II machine, two types of cavities are considered: en-
ergy replacement cavities and focusing cavities. The present fnc = 0.5 GHz and
Vnc = 1.5 MV cavities replenish the energy lost by the emitted synchrotron radia-
tion and provide a gradient of V ′

nc = 2π · 0.75 MV GHz. This RF frequency defines
the number of buckets to be 400. For the focusing cavities, there are several schemes
possible.

Since the publication of [13], the preferred setup is the choice of the following two
frequencies. The first one, the harmonic cavity, is chosen as fsc,1 = 1.5 GHz (fsc,1 =
n fnc, n = 3) and a voltage of Vsc,1 = 20 MV, a higher harmonics to 0.5 GHz, yielding
a gradient of V ′

sc,1 = 2π · 30 MV GHz. The second one is chosen as fsc,2 = 1.75 GHz
(fsc,2 = (m+ 1

2) fnc,m = 3) and a voltage of Vsc,2 = 17.14 MV, a higher harmonics
to 0.25 GHz, yieldings the same gradient of V ′

sc,2 = 2π · 30 MV GHz.

By labeling the buckets, or stable fixed points, from 1 to 400, the buckets are
divided equally in a set of odd and even-labeled buckets.

The fields produced by the two SC cavity systems are adjusted with respect to
phase and amplitude in such a way, that their temporal gradients V ′

sc,1 and V ′
sc,2

add up at even fixed points leading to an enhanced, strong focusing, and cancel at
the odd fixed points. At even points, the SC cavities provide a combined gradient of
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2.2 Alternating Bunch Length Scheme

V ′
rf = 2π · 60 MV GHz which is 80 times higher than the gradient of the NC cavities,
V ′

nc = 2π · 0.75 MV GHz. The total focusing gradient at the even points is

V ′
rf(t = 0) = 2π(fncVnc + fsc,1Vsc,1 + fsc,2Vsc,2) (2.3)

and at the odd positions, where fsc,1Vsc,1(t = 2 ns) + fsc,2Vsc,2(t = 2 ns) = 0,

V ′
rf(t = 2 ns) = 2πfncVnc. (2.4)

As the temporal gradient V ′
rf is proportional to the frequency, the amplitudes of the

voltage have to be chosen in such a way that |Vsc,1/Vsc,2| = fsc,2/fsc,1 to ensure a
complete cancellation. This temporal behavior of the involved cavity voltages leads
to alternating longitudinal positions with short and long bunches, independent of
the transverse beam optics. Figure 2.3 shows the voltages for the chosen cavities
as a function of time. Short bunches are placed at longitudinal positions of even
multiples of 2 ns, long bunches at odd multiples of 2 ns.

In addition, there is a second criterion of stability that needs to be satisfied in
order to keep particles with larger oscillation amplitudes inside the focusing poten-
tial. The bucket has to have a significant momentum acceptance which means that
the absolute value of the voltage of the sum potential should become large before
it crosses the zero voltage point again at the neighboring unstable fixed points.
This is achieved, if the sub harmonic cavity has a higher frequency than the har-
monic cavity, i.e. fsc,2 > fsc,1. The behavior is illustrated in Figure 2.4, for the
BESSY VSR parameters in the left panel and a case with fsc,2 < fsc,1 in the right
panel, where the bucket is characterized by a very low RF acceptance.

As can be seen in Figure 2.3, there are more stable fixed points, namely where
the sum voltage is zero and its gradient has the proper sign. However, only at
multiples of t = 2 ns it is ensured that the voltages of all cavity systems vanish
individually. At the other stable fixed points, the sum voltage vanishes, but the
individual contributions, especially from the SC cavities, are large. Storing current
in such a bucket could result in massive average power transfer from one cavity
system to another which should be prevented.

Choice of Frequencies

The present choice of the harmonics of the NC cavities with fsc,1 = 1.5 GHz and
fsc,2 = 1.75 GHz is a reasonable compromise between the following aspects. A set
of SC cavity parameters at lower frequencies compared to the present solution sat-
isfying all conditions mentioned above could be fsc,1 = 1 GHz and fsc,2 = 1.25 GHz.
In this case, the cavities become larger at the same focusing gradient and would no
longer fit into one straight section of BESSY II or would require operation at an
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Figure 2.3: Voltages as a function of time of the 0.5 GHz, 1.5 GHz and
1.75 GHz cavity systems are shown in green, blue and red, re-
spectively. The sum voltage is shown in black. Short bunches
are placed at the longitudinal position t = 0 and t = 4 ns, long
bunches are placed at t = 2 ns, indicated by blue and red ellipses
respectively. Top: Only NC cavities. Center: NC cavities com-
bined with the 1.5 GHz cavity system. Bottom: Full BESSY VSR
setup with all three cavity systems.
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Figure 2.4: Voltages of the cavities in the close vicinity of the stable fix point
of the long bunch. Left: BESSY VSR standard setup with fsc,2 >
fsc,1. Right: Hypothetical setup with fsc,2 < fsc,1 which leads to
limitation of the bucket by the additional unstable fixed points
(black dots) and very low RF acceptance.

unreasonably high accelerating field. In the other case, with frequencies higher than
the present ones, e.g., fsc,1 = 2 GHz and fsc,2 = 2.25 GHz, the structures become
smaller. This raises the concern of increased excitation of higher order modes,
leading to beam instabilities. Finally, technical aspects such as cryogenic losses,
availability, scalability and maturity of presently available SC multi-cell cavities
and RF generators favor the choice made for BESSY VSR.

2.3 Bucket Fill Pattern

The target fill pattern for BESSY VSR is mainly driven by user demands, which
are motivated by means of beam separation, see Chapter 7.

Figure 2.5 shows the basic layout of the fill pattern intended for BESSY VSR
operation. The total current stored corresponds to 300 mA. However, in contrast
to BESSY II roughly only half the number of the buckets is available to store
“standard-bunches” as discussed in Section 2.2. The major part of beam current is
distributed to 150 buckets divided in two trains of 75 buckets each, i.e. the bunch
current will approximately double compared to the present situation Therefore,
there are consequences for beam lifetime – see Section 2.4 and Chapter 9. Two gaps
of 100 ns separate the two bunch trains to allow pulse picking of single bunches by a
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Figure 2.5: Intended fill pattern for BESSY VSR operation with short bunches
(blue) and long bunches (red). Two chopper gaps are intro-
duced to enable photon beam separation. Overall beam current
is 300 mA.

mechanical chopper, see Section 7.1. In addition, three short bunches are populated
with high current of about 3 × 5 mA for slicing experiments, see Section 1.4.

Figure 2.6 shows a slightly different fill pattern, which may be applied. Trains of
short bunches are populated such to minimize the overall bunch current density.
Therefore, beam lifetime is improved by about 10 %, as sketched in Section 2.4. In
addition, this fill pattern supplies a large and adjustable amount of stable CSR in
the THz range as well as short x-ray pulses with high repetition rate.

2.4 Touschek Lifetime

Manipulation of bunch current or bunch dimensions leads to a change of electron
density. However, the electron density is an essential parameter for the scatter-
ing rate between electrons of the same bunch. Of particular interest is Touschek
scattering [14], which is a major effect limiting the lifetime at most storage ring
based synchrotron radiation sources. Within a single scattering process, significant
transverse momentum may be transferred to the longitudinal plane. Therefore,
the involved particles may be scattered from stable areas of the longitudinal phase
space or scraped at apertures in dispersive sections.

The average beam lifetime of the BESSY II storage ring in standard operation
is dominated by the Touschek effect [15]. However, one prerequisite for TopUp
operation is to sustain an average lifetime of τ > 5 h. In order to fight loss rate
due to Touschek scattering, the beam is widened by noise in the vertical plane to
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Figure 2.6: Possible fill pattern for BESSY VSR operation with short bunches
(blue) and long bunches (red). Trains of short bunches are added
to relax beam lifetime and to supply THz power as well as high
repetition rate short x-ray pulses. Overall beam current is 300 mA.

relax the electron density to some extent at the cost of brilliance. Maintaining this
TopUp condition will be a requirement for operation of BESSY VSR.

Predicting an absolute value for the expected Touschek lifetime is usually a difficult
task afflicted with considerable uncertainty. It involves explicit knowledge and
analysis of the bunch volume as well as apertures. These may vary over more
than one order of magnitude as a function of the longitudinal position around the
ring. However, one main premise of the BESSY VSR upgrade project is to preserve
the transverse optics, which have evolved from a decade long optimization process.
Therefore, a scaling of the loss rate due to Touschek effect seems to be the more
suitable approach, which is given by [14]:

τ−1 ∝ N

σz
, (2.5)

where N is the number of electrons in the bunch and σz is the bunch length. The
loss rate τ−1 will have to be analyzed on a bunch-by-bunch basis as BESSY VSR
will feature a complex fill pattern, as beam loading determines the effective RF
voltage for every single bunch, see Section 2.6.2, and bunch lengthening due to
CSR occurs. The algorithm to estimate the scaled loss rate for every bunch can be
sketched as follows:

1. determine Touschek loss rate for single bunch operation of BESSY II as a
function of bunch length and bunch current

2. bunch currents are given through the BESSY VSR fill pattern, see Section 1.3
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3. estimate bunch length while regarding beam loading and bunch lengthening,
see Sections 2.1 and 2.6

4. calculate the ratio of current densities (IVSR/σVSR) / (IBII/σBII) for individ-
ual bunches and apply the resulting factor to the Touschek loss rate of
BESSY II to obtain the Touschek loss rate of BESSY VSR.

As an estimation the Touschek lifetime of BESSY VSR will be reduced by a factor
of 3±1.5 in the presently intended operation mode compared to BESSY II standard
user operation. The large relative uncertainty is caused by the fact, that most of
the buckets will be populated with currents at or above the bursting threshold.
Therefore, the implications sketched in Section 2.1 apply with the corresponding
uncertainties in bunch length and bunch current. A fill pattern with short bunch
trains, as sketched in Figure 2.6, does feature a 10 % increased lifetime compared to
a fill pattern without short bunch trains – see Figure 2.5. Relative contributions of
the different bunches to the overall loss rate is visualized in Figure 2.7. In general,

(a) (b)

Figure 2.7: Relative contributions to the overall Touschek loss rate by different
bunches. (a) For the fill pattern given in Figure 2.5 and (b) for
the fill pattern in Figure 2.6.

the loss rate is dominated by the trains of long bunches, which generate more than
half of the total lost electrons. The second largest contribution is contributed by
the slicing bunches, which are placed in short buckets and populated with a current
well above the bursting threshold. It is worth noting, that the short single bunch
(SB) inside the gap as well as the trains of short bunch only generate a minor part
of the losses.

As Touschek lifetime is expected to decrease, this suggests the assumption that the
rate of intrabeam scattering may increase. Therefore, intrabeam scattering and its
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consequences for the quality of the photon beam delivered to users will be a field
of future studies.

2.5 RF Jitter

The ultimate bunch length in BESSY VSR will be as low as 300 fs rms, see Sec-
tion 1.3. If the synchrotron radiation from those bunches is used for time-resolved
measurements, it is essential that there is no longitudinal jitter that increases the
bunch length or energy spread or apparent bunch length by introducing an uncer-
tainty to the time of arrival.

Detailed studies published in [16] investigate the effects of amplitude and phase
jitter in the RF system on the electron bunch by means of single particle tracking. It
was concluded that phase jitter has a much stronger effect on the longitudinal phase
space compared to amplitude jitter, thus the latter is neglected in the following
discussion. The dominant effect of phase jitter is a modulation of the time of
arrival, causing an effectively longer bunch. At reasonable jitter amplitudes, the
bunch itself is neither elongated, nor increased in its energy spread.

If the synchrotron frequency of the bunches do not coincide with a strong line in
the jitter spectrum, it is plausible to simply add the bunch length and the RF phase
jitter in quadrature to obtain the effective bunch length.

Measurements at HZB [17] have demonstrated CW operation of a SC cavity at
high fields with high phase and amplitude stability, see Figure 2.8. The integrated
phase jitter corresponding to less than 50 fs rms at 1.5 GHz. This spectrum was
used in particle tracking studies. The result of the tracking simulation is depicted in
Figure 2.9 and summarized in Table 2.2 exemplarily for three representative values
of nominal bunch length and two values of jitter strength.

f / Hz
10

210
3

10 410

-2
 /

 d
e

g
 /

 1
0

φ
A

0
0.2
0.4
0.6
0.8

1
1.2
1.4

f / Hz
10

2
10

3
10

4
10

-4
 /

 1
0

a
c
c

/E
z

E
A

0

0.2

0.4

0.6

0.8

1
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It can be concluded, that the stability demonstrated in [17] is sufficient for all de-
sired modes of operation in BESSY VSR. An effective lengthening of the long bunch
is possible if a strong line of the jitter coincides with its synchrotron frequency, as
it does in the example described here. However this is not harmful because the
long bunch will not be used for timing experiments.
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Figure 2.9: Effect of RF jitter on the effective longitudinal phase space distri-
bution of bunches with nominal bunch length of 10 ps (top row),
1 ps (center row) and 300 fs (bottom row). Left column shows no
jitter applied, center column with realistic phase jitter (c.f. Fig-
ure 2.8) and right column with tenfold enhanced jitter compared
to the center column.

Some more words on the values of Table 2.2 are in order. Firstly, the numbers are
subject to statistical fluctuations due to the finite number of turns. The relative
size of the statistical uncertainty depends on the particular setup of the simulation,
e.g. the synchrotron frequency. Both, the enhancement and the contra-intuitive
fluctuation of the relative energy spread of the shortest bunch in Table 2.2 in the
first two rows of data are subject to a combination of the use of an sub-optimal
value for a parameter corresponding to integration steps in the tracking algorithm
of ring magnets and the use of a non-ideal low-α lattice with potentially strong
non-linearities in the higher order dependencies of tunes in all three planes. Those
effects are understood and resolved by now, and do not change the statements
drawn from the results of the simulations discussed here.
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Table 2.2: Summary of simulation results. The rms relative energy spread δ0
and the rms bunch length σz of the simulations depicted in Fig-
ure 2.9 are given.

Nominal bunch length 0.3 ps 1 ps 10 ps
σz

ps
δ0

10−4
σz

ps
δ0

10−4
σz

ps
δ0

10−4

No jitter 0.33 8.5 1.0 7.1 9.8 6.9
Spectrum ×1 0.34 8.0 1.0 7.0 13 9.3
Spectrum ×10 1.0 19 1.0 7.0 31 26

2.6 Multi Bunch Effects

This section focuses on the effect of the impedances of the SC cavities that interact
with the beam. The calculation of the impedance spectrum of the SC cavities
is discussed in Chapter 3. Essentially, it is the sum over several sharply peaked
resonator impedances which correspond to the fundamental and higher order modes
(HOMs) of the cavity.

2.6.1 Coupled Bunch Instabilities

Narrow-band, i.e. high Q, resonators with a high impedance, such as the HOMs of
a SC cavity, drive coupled bunch instabilities, a coherent motion of the bunches in
the transverse or longitudinal plane.

A detailed study of coupled bunch instabilities for BESSY VSR is presented in [18].
This section will review some of its aspects and present updated results.

The strength of the instability is typically expressed as a growth rate. To judge
whether an instability of certain strength poses a threat to beam stability, the
growth rate has to be compared to the damping rate of the beam. The strongest
damping is typically provided by active bunch-by-bunch feedback systems. The
performance of the present bunch-by-bunch feedback of BESSY II has recently
been evaluated for standard user settings [19]. The damping rate was found to
be 4 ms−1 and 1.33 ms−1 in the transverse and longitudinal plane respectively. It
exceeds the damping rate given by synchrotron radiation by more than 60 for the
transverse plane 0.0625 ms−1 and by one order of magnitude for the longitudinal
one 0.125 ms−1.
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Calculation of Coupled Bunch Instabilities (CBI)

In leading order, HOM driven coupled bunch motion can be described by bunches
approximated by point charges performing dipole oscillations in the longitudinal or
transverse planes. In this approximation, the bunches form a system of coupled har-
monic oscillators with a driving term given by the wake fields induced by previous
bunches in the HOM afflicted cavity. In the frequency domain, wake fields trans-
form into impedances and the solutions can be discussed as small perturbations to
the oscillation frequency.

Solutions to the equations of motion are called coupled bunch modes (CBMs). If the
amplitude of oscillation of a CBM grows exponentially, the phenomenon is called
coupled bunch instability (CBI). Derivations, both for the case of even fill and
uneven fill are presented in [20] and [21] respectively. The growth rate τ−1 of mode
µ with its complex angular synchrotron frequency Ωµ is given by τ−1 = Im(Ωµ−ωs),
with ωs the unperturbed synchrotron frequency. The case of even fill can readily be
solved analytically and the relation of growth rate τ−1 to the sampled impedance
Z at the frequency f can be expressed as:

τ−1 = frevI

2E/e ×

 βx,yRe(Z⊥,x,y(f)) transverse
fαRe(Z∥(f))/fs longitudinal

(2.6)

with e the elementary charge and βx,y the values of the betatron functions at the
position of the SC cavities. The longitudinal impedance Z∥ is defined as the quantity
Z

∥
0 in [20], namely the longitudinal impedance for the zeroth order transverse beam

moment in the so called circuit definition of the shunt impedance2. The transverse
impedance Z⊥,x,y is defined as the horizontal and vertical component of the quantity
Z⊥

1 in [20], namely the transverse impedance for the first order transverse beam
moment in the circuit definition of the shunt impedance. All other parameters
are explained in Table 1.1, together with the typical values that are used for the
calculations in this section.

The synchrotron frequency of the short bunch is about one order of magnitude
higher than for the long bunch. As a consequence, the coupling of long and short
bunches is suppressed. In addition to the low current in short bunches, the growth
rate of longitudinal CBI is reduced by the factor that the synchrotron frequency is
higher, making the short bunches less prone to CBI, see Equation (2.6).

2Shunt impedance Rc
s in circuit definition: Rc

s = V 2
acc/(2Pdiss) with Vacc the effective accelerating

voltage that a particle traveling at the speed of light experiences at most, i.e. the cavity is
phased on-crest, and Pdiss the dissipated power. On resonance, the impedance equals the shunt
impedance, Z∥ = Rc

s . Note that in most sections of this report, a different definition of the
shunt impedance is used, namely the shunt impedance in the “effective accelerator convention”
Rs with Rs = 2Rc

s .
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According to Equation (2.6), the effectiveness of transverse impedances to drive
transverse CBIs scales directly with the value of the beta function at the location
of the SC cavities. For this reason, a so called low β straight is favored as the
location for the cavities.

In all planes, the growth rates of CBIs depend primarily on the total (average) beam
current stored in the long bunches. The fill pattern is typically a small correction
to the expectations from even fill, unless the so called mode coupling is artificially
provoked, which typically means a fill pattern where significantly less than 50% of
the buckets are filled [22].

This study presents a comparison of recent HZB cavity designs, namely HZB1a and
HZB2c, see Chapter 3, and one other design, namely the JLab HC cavity [23].

A convenient way to visualize cavity models with respect to CBI is a comparison of
the longitudinal and transverse impedance spectrum with a threshold impedance
given by the aforementioned damping rates of the present bunch by bunch feedback
systems at BESSY II, calculated with the approximation given in Equation (2.6)
and the parameters in Table 1.1 and a conservative number of βx,y = 4 m. The
results are shown in Figure 2.10 and Figure 2.11, where stability is given when the
impedance lies below the threshold line. As a conservative approach, the quadrupole
modes (r4 scaling) are treated as dipole modes (r2 scaling).

It can be seen that the model HZB2c shows an outstanding performance compared
to other models with a maximum impedance that lies a factor of approximately 20
below the threshold line in both the transverse and the longitudinal plane. Note
that this model is not a final one as the fundamental power coupler is not yet
implemented and cross checks are ongoing, see Chapter 3. If those results are
confirmed in future calculations and the addition of the fundamental power coupler
has a minor impact, stability in BESSY VSR can be achieved with a significant
safety margin.

The same pass band modes (SPMs) which are characterized by low shunt impedances
but very high quality factors may have an impedance above the threshold line. How-
ever, their number is limited to four per cavity and their bandwidth is so small that
a small detuining is sufficient to avoid their excitation.

If, for the argument’s sake, it is supposed that the performance of HZB2c cannot
be confirmed after production and we assume a cavity with a HOM spectrum
comparable to HZB1a or the JLab HC cavity, a more detailed discussion of the
results can be done. In the transverse plane, the following can be stated. Note that
for the HZB1a cavity model shown in Figure 2.11, it is only due to the conservative
treatment of the quadrupole modes that there are points above the present bunch-
by-bunch feedback performance of BESSY II. Thus, the expected growth rates of
transverse CBI seem to be in a regime where bunch-by-bunch feedback systems are
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Figure 2.10: Comparison of longitudinal impedance of different HZB cav-
ity models with the JLab HC model. The dashed line indi-
cates the threshold given by the present feedback performance of
BESSY II. Solid lines correspond to the sum over the Lorenzian
functions of the HOMs while the dots depict their peak values.
Left: Fundamental pass band. Right: Higher order modes.

capable of suppressing the instability. If necessary, improvements of the transverse
feedback systems at BESSY II are possible with reasonable efforts, see Section 6.3.
In the longitudinal plane, it can be seen that the model HZB1a is slightly above
the threshold of the present bunch-by-bunch feedback performance of BESSY II.
The impedance of the JLab HC cavity exceeds the threshold by approximately a
factor of two. In such a case, the present bunch-by-bunch feedback performance of
BESSY II would be insufficient, especially considering that for routine operation
in the storage ring a significant safety margin between maximum performance and
necessary performance is recommended. Potential upgrades of the longitudinal
feedback systems are discussed in Section 6.3.

Further Notes

Further notes, valid for both the longitudinal and the transverse plane, need to be
given. Firstly, the calculations did neither include an uncertainty of the quality
factor nor of the normalized shunt impedance of the predicted HOMs. Secondly, it
is assumed that there are no HOMs other than those given by the HOM spectrum.
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Figure 2.11: Comparison of transverse impedance of different HZB cavity
models with the JLab HC model. The dashed line indicates
the threshold given by the present feedback performance of
BESSY II. Solid lines correspond to the sum over the Lorenzian
functions of the HOMs while the dots depict their peak values.

Especially, it is assumed that there are no major contributions from HOMs above
the limit of HOM calculations, which is typically around 3 GHz. The beam spec-
trum of a Gaussian bunch of length σz is Gaussian with an rms of σf = 1/(2πσz).
For a bunch length of σz = 10 ps one obtains σf ≈ 16 GHz or ∆fHWHM ≈ 18.7 GHz
which means the effectiveness to drive an HOM halves at a frequency of 18.7 GHz
compared to frequencies close to zero. Thirdly, the growth rate calculation was
performed for one SC cavity only. The final BESSY VSR setup will consist of four
SC cavities and the NC cavities. However, due to the frequency spread during
fabrication, it is unlikely that the strongest HOMs will exactly add up. If both, the
number of HOMs per cavity and their width are reasonably small, the over-all limit
for stability will continue to be given by one, most critical, HOM if the number of
cavities is increased.

2.6.2 Transient Beam Loading

If the fill pattern at BESSY VSR is uneven, e.g. if the bunch train is interrupted
by gaps, the cavity systems interact with a non-constant current along the bunch
train, which can be called transient beam loading. This section studies the effect
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of transient beam loading from a beam dynamics point of view, focusing on the
synchronous phase and effective length of the bunches. Further discussions on
transient and average beam loading can be found in Chapter 3.

The beam loading causes the phases and amplitudes of all cavities to vary along the
bunch train. Simulations show that for BESSY VSR this becomes a relatively large
effect for the long bunches while the short bunches are much less strongly affected.
The reason lies in the fact that long bunches in BESSY VSR are achieved by the
cancellation of two large gradients, see Section 2.2, making it particularly sensitive
to the momentary phases and amplitudes at the passage of the bunch. The result
is a strong phase transient and a variation of the focusing gradient and, in turn, a
variation of the bunch length and synchrotron frequency along the bunch train.

Most notably, no solution has been found where the average focusing strength of
the long bunches could be significantly reduced compared to the present values
of BESSY II. In other words, the majority of long bunches becomes shorter than
desired which is of consequence for the question of Touschek life time, see Sec-
tion 2.4.

Simulations for two different fill patterns are depicted in Figure 2.12 and Fig-
ure 2.13. Shown are optimized solutions with the attempt to minimize the over-all
focusing gradient of the long bunches and to comply with the constraint of ap-
proximately zero net power transfer per turn for all SC cavities individually. The
simulations are performed with a simplified tracking model. The NC cavities as
well as the SC cavities are actively powered and controlled by a feedback loop.
The feedback loop is programmed to be slow compared to bunch frequency (no
change during a revolution period) but fast in terms of turn-to-turn adjustments.
In terms of speed and power consumption, the simulated cavity feedback is not
realistic. However, after a reasonable number of turns compared to the damping
mechanisms, a self consistent equilibrium state is reached which clearly exhibits the
features of the transient beam loading with an individual synchronous phase and
length for each bunch. This equilibrium state is independent of the aforementioned
feedback parameters.

The observed effect can be described in the following logic. The bunches perform
beam loading on the cavities. As the SC cavities are operated at “zero crossing”,
the beam loading is mostly a phase jump. The long bunch is located on opposite
slopes for the 1.5 GHz cavity system and the 1.75 GHz cavity system. Thus, the
phase jump caused by the bunch is of opposite sign. As a consequence, the 1.5 GHz
cavity system and the 1.75 GHz cavity system obtain an increasingly large phase
difference along the bunch train. The phase and amplitude of all cavity systems at
the passage of each bunch is different. Hence, the resulting total cavity voltage has
an individual shape for each bunch, having its zero crossing at different times for
each bunch. This causes the phase transient. Furthermore, as the bunches are now
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Figure 2.12: Calculations with the basic BESSY VSR fill pattern shown in
Figure 2.5. Left: Focusing gradient, scaled to the nominal values
of BESSY II of V ′ = 2π · 0.5 GHz · 1.5 MV. Right: Synchronous
phase.

passing the cavity systems phases different from the nominal phase, the resulting
cavity voltage is significantly different from the nominal values. The bunches end
up at locations where the time derivative of the resulting voltage, i.e. the focusing
gradient, is significantly different from the nominal value. The effect is especially
large for the long bunches, causing most of the long bunches to be shorter than
desired.

As mentioned before, the short bunches are less prone to the effect of small changes
in the phases and amplitudes of the cavity systems. The phase transients are in
the sub-ps regime, cf. Figure 2.14.

2.6.3 Robinson’s Instability

Instabilities that arise from the interaction of the beam with the fundamental mode
of a cavity are often referred to as Robinson’s instablity. There are two kinds of
Robinson’s instablity.

Robinson’s Instability of the First Kind

The Robinson’s instability of the first kind, also known as “low intensity limit” or
“ac Robinson’s instability” is essentially a special case of the coupled bunch insta-
bilities discussed earlier in this section. The fundamental mode of the cavity is a
longitudinal resonator and behaves equivalently to any other longitudinal HOM. Its
frequency is very close to a multiple of the bunch frequency, thus the corresponding
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Figure 2.13: Calculations with the alternative BESSY VSR fill pattern shown
in Figure 2.6. Left: Focusing gradient, scaled to the nominal
values of BESSY II of V ′ = 2π · 0.5 GHz · 1.5 MV. Right: Syn-
chronous phase.
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Figure 2.14: Synchronous phase of short bunches for the fill shown in Fig-
ure 2.5 (left) for the fill shown in Figure 2.6 (right).

coupled bunch mode is the mode number zero (all bunches oscillate in unison). The
shunt impedance of the fundamental mode of a cavity is very large, consequently
the corresponding instability is expected to be equally large.

For small complex frequency shifts, the growth rate of the instability can be ap-
proximately estimated by [21]

τ−1 ≈ frevIfbeamα

2(E/e)fs
Re


Z∥(fbeam + fs) − Z∥(fbeam − fs)


(2.7)

where fbeam is the harmonic of the beam frequency close to the fundamental mode,
namely 1.5 GHz or 1.75 GHz. Basically, Equation (2.6) is evaluated at the frequen-
cies of the positive and negative synchrotron side bands of the carrier signal close
to the fundamental mode.
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The real part of a resonator impedance is described by a Lorentzian peak which
is a positive symmetric function around the resonance frequency. The sign of the
growth rate in Equation (2.7) depends on the sign of the detuning ∆f = fr − fbeam
between the harmonic of the beam frequency fbeam and the fundamental mode of
the cavity fr. For BESSY II parameters, namely positive momentum compaction,
the following general statement can be made:

τ−1 =

 < 0 , if ∆f < 0 damped
> 0 , if ∆f > 0 anti-damped

(2.8)

As described in Chapter 3, the values of ∆f are quite strictly determined if R/Q
and the accelerating voltage is fixed. In fact, the cavities providing a focusing
gradient for the long bunches need to be operated on the Robinson damped side
(∆f < 0) whilst the cavities providing a defocusing gradient for the long bunches
need to be operated on the Robinson anti-damped side (∆f > 0).

Studies concerning the stability of the combined setup with 1.5 GHz cavities and
1.75 GHz cavities are discussed in Chapter 3, taking into account the low level RF
feedback systems.

Robinson’s Instability of the Second Kind

The Robinson’s instability of the second kind, also known as “high intensity limit”
or “dc Robinson’s instability” is a criterion of phase stability. Violating the crite-
rion will place the particle in an unstable potential well where no oscillation occurs
[21]. The criterion can be calculated by knowledge of all cavity parameters in-
cluding beam loading, synchronous phase and the cavity detuning. Equally to the
Robinson’s instability of the first kind, a change of the sign of the cavity detuning
changes the outcome between stability and instability. More details are given in
Section 3.6.

2.7 Low α Optics

The BESSY II storage ring provides synchrotron radiation in two different modes,
bunches of 15 ps bunch length in the standard user mode and 3 ps short pulses in
the low α mode. In the following the values of “zero current bunch length” will
be used, i.e., 10 ps for the standard user mode and 2 ps in low α, not taking into
account the bunch lengthening factor of 1.5 (see Section 2.1), since limits from
single particle dynamics will be discussed.
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For BESSY VSR it is planned to maintain the low α mode as an operating option
aiming for shortest bunches in storage rings. As discussed in Section 1.3 and Sec-
tion 2.1, the SC cavities will enhance the longitudinal focusing gradient by a factor
of 80 allowing to store more current in short bunches and reducing the zero current
bunch length by a factor of ≈ 9, i.e., in the low α mode down to approximately
250 fs (rms) according to Equation (2.1). Table 2.3 compares lattice parameters,
zero current bunch length σ0 and bursting threshold current Ith of standard user
mode and low α operation, as a basis for the following discussion.

Table 2.3: Comparison of lattice parameters, bunch length in the zero current
limit σ0 (rms) and the threshold bursting current Ith of standard
user mode and low α operation.

Standard Low α

Emittance ϵ 5 nm rad 40 nm rad
Momentum comp. α 7.3 × 10−4 3.5 × 10−5

Ith at σBII
0 1.8 mA at 10 ps 0.045 mA at 2 ps

Ith at σVSR
0 (short bunch) 0.8 mA at 1.1 ps 0.04 mA at 0.25 ps

Following these numbers the total BESSY VSR low α current stored in stable
non-bursting bunches amounts to 13 mA, consisting of 150 bunches 2 ps long with
a threshold current of 0.045 mA and another 150 bunches ≈ 300 fs long with a
threshold current of 0.04 mA, taking into account single particle lengthing effects.
If operating with currents at or below the bursting threshold, the Touschek loss
rate will be smaller for the low α mode compared to the standard BESSY VSR
mode. Additionally, it will be less sensitive to multi bunch effects as discussed
in the previous Section 2.6. Beam loading will be reduced due to the lower cur-
rent and in addition with the smaller momentum compaction factor α the growth
rate of coupled bunch instabilities will be reduced at least by a factor of 50, see
Equation (2.6).

It is also an option to operate the machine with higher currents in the bursting
regime as it is already done in the present BESSY II low α mode on user demands.
A current of 100 mA is stored, which is 7 times above the bursting threshold of
15 mA. The threshold currents and bunch length for BESSY VSR have been already
listed in Table 1.2 and the bunch length scaling has been discussed in detail in
Section 2.1. There, it has been pointed out that at threshold a bunch lengthening
of 50% is taken into account due to the current dependent potential well distortion.
Besides this multi particle effect, different single particle effects may also provide
intrinsic bunch length limits becoming significant for the low α mode.
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Although the present BESSY II low α optics can be used for BESSY VSR, an
adapted optics have been developed increasing slightly the emittance, which is
discussed in Section 2.7.1. In order to push for very short bunches in a storage ring
with the BESSY VSR concept, relevant limiting single particle effects have been
evaluated [24] and will be discussed in Section 2.7.2.

Multi particle effects may also limit the bunch length but are not discussed here.
For example “intra beam scattering” of electrons within a bunch is a multi particle
effect, which might introduce a lengthening. However, because of only few µA beam
current in the low α optics, no lengthening effect is expected.

2.7.1 Low α Lattice

The low α optics used at BESSY II is discussed in detail in [25]. It provides
an emittance of 30 nm rad and consists of 16 equal, completely symmetric DBA
cells tuned to reduce the momentum compaction factor α by a factor of 20 from
7.3 × 10−4 to 3.5 × 10−5. This is achieved by balancing the dispersion function in
a way that its integral is reduced in the dipoles. In contrast to a standard DBA
lattice the dispersion function is non-vanishing in the straight sections.

In order to avoid additional coupling effects between the horizontal and longitudinal
plane in the straight section where the SC cavities will be installed for BESSY VSR,
the 16-fold symmetry was broken and a dispersion free straight was introduced in
the lattice. This modification increases the emittance to 40 nm rad. The optical
functions for the adapted BESSY VSR low α lattice are shown in Figure 2.15.

Simulations have shown that the low α optics might be further improved reducing
the emittance down to 5 nm rad. As a result all straight sections will have a low β
function, which would hamper the injection. These studies are still in progress.
However both optics, with and without dispersion in the SC cavities straight, are
an option for BESSY VSR.

2.7.2 Bunch Length Limits

Different single particle effects may provide limitations for the achievable minimum
bunch length. If these effects are independent of each other their contribution to
the total width will add up quadratically. Two mechanisms, discussed in [26–28]
drive the bunch lengthening:

• Longitudinal quantum radiation excitation and

• Horizontal-longitudinal coupling
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Figure 2.15: Optical functions of the adapted low α lattice for BESSY VSR.
The dispersion Dx was tuned to zero in the straight where the
SC cavities will be placed. The chromatic H function is a mea-
sure for a bunch length limit.

Longitudinal Qantum Radiation Excitation

The main idea of this limit [26] is based on the fact that the relative path length
change ∆L/L0 of a radiating electron in a storage ring depends on the place where
the photon emission took place. According to

∆L/L0 = α ∆p/p0 = α δ , (2.9)

the path length for one revolution depends on the energy deviation δ and the mo-
mentum compaction α, which is defined for the global ring. For a radiating particle
changing its energy, the partial momentum compaction ᾱ becomes important and
can be calculated for a storage ring by

ᾱ = ᾱ(si) = 1
L0

 L0

si

D(s)
ρ(s) ds , (2.10)

where L0 is the ring circumference and si the point of photon emission. That
means, when photon emission takes place the energy changes and the path length-
ening depends on the new energy and the partial momentum compaction ᾱ until a
further photon is emitted. Where the photon emission takes place is a stochastic
process provoking a smearing of the path length, i.e. a smearing in time. The
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stochastic photon emission is a direct measure of the variance of the momentum
compaction, named Iα defining the so called quantum radiation excitation bunch
length limit σre. As a result of the radiation excitation, the bunch length cannot
be reduced below [26]

σre = δ0
√
Iα

f0
with (2.11)

Iα = ⟨[ᾱ(si) − ⟨ᾱ⟩]2⟩ . (2.12)

This intrinsic limit depends on the revolution frequency f0, the natural energy
spread δ0 and the variance of the momentum compaction factor Iα.

Table 2.4 shows the numbers for the variance of momentum compaction Iα and the
associated bunch length limits at BESSY VSR when using a natural energy spread
of δ0 = 7 × 10−4 and a revolution frequency of f0 = 1.25 MHz.

Table 2.4: Variance of the momentum compaction Iα, the associated radiation
excitation bunch length limit σre and zero current bunch length σ0,
for standard and low α optics in BESSY VSR.

Standard Low α

Variance of mom. comp. Iα 4.5 · 10−8 1.3 · 10−8

Radiation excitation limit σre 0.12 ps 0.07 ps
Zero current bunch length σ0 1.1 ps 0.25 ps

The radiation excitation bunch length limit was calculated to be σre = 120 fs for the
standard user mode and σre = 70 fs for the low α mode, which is smaller than the
zero current bunch length and therefore negligible. In low α operation this effect
will increase the bunch length by only 4%.

Transverse Longitudinal Coupling

The zero current bunch length for ultra short bunches becomes additionally de-
pendent on coupling effects between the horizontal and the longitudinal plane (and
similar for the vertical plane), which can be distinguished in 1st order and higher
order effects with respect to x, x′.

A 2nd order nonlinear effects was discussed in [28] pointing out that the path length-
ening for one revolution ∆Lξ is dependent on the betatron oscillation amplitude:
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∆Lξ = −2π ξx Jx . (2.13)

It depends on the horizontal action Jx = ϵ/2 of betatron motion and can be tuned
by the chromaticity ξx. Using the emittance from Table 2.3 and the usual BESSY II
chromaticity of ξx ≈ 3 a bunch length limit of < 2 fs is expected and in comparison
with the zero current bunch length of BESSY VSR insignificant.

A 1st order, linear path lengthening effect is generated when a particle with horizon-
tal displacement is passing a dispersion producing section, e.g., dipole magnets [27].
Particle trajectories with different amplitudes and phases pass the dipole on differ-
ent trajectories resulting in a longitudinal displacement (a rotation in x− z plane)
and another bunch length limit σH given by [27]

σH =
√
ϵH/c with (2.14)

H = H(s) = γD2 + 2αDD′ + βD′2 . (2.15)

H is the chromatic invariant function, which in turn depends on the optical Twiss
functions γ, α, β and on the dispersion and its derivative D,D′. The coupling
strength and consequently this bunch length limit is a local property depending on
the emittance ϵ and the local H function. In case of a low α optics, the H function
is typically non vanishing, as the dispersion, but it can be tuned to zero in few
selected places by an appropriate optics. The H function is shown in Figure 2.15
for the adapted BESSY VSR low α lattice. It changes inside dipoles and stays
constant between dipoles in the straight sections.

Using the adapted low α lattice the H function is 21 mm in the DBAs between the
dipoles and nearly four times larger, 82 mm, in the straight sections where the IDs
are placed. By means of Equation (2.14), the bunch length limit was calculated
using an emittance of 40 nm. This limitation is then added up quadratically with
the zero current bunch length of ≈ 250 fs yielding the effective bunch lengths σeff
shown in Table 2.5.

Table 2.5: Bunch length limit from transverse longitudinal coupling and the
effective bunch length.

Trans. long. limit Effective bunch length
σH/fs σeff/fs

Cavity straight 0 fs 250 fs
Dipoles 100 fs 270 fs
ID straight 195 fs 320 fs
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The effective “zero current bunch length” increases by 8% in the DBAs to 270 fs
and by 28% in the straights to 320 fs. The tracking code elegant [29] was used to
verify these numbers with long term tracking, showing excellent agreement with
the analytical calculation. It seems feasible to reduce the horizontal-longitudinal
coupling in one straight by changing the optics avoiding this limit. However, for this
lattice, the residual bunch length given by limiting effects of coupling and radiation
excitation would be 210 fs in the ID straights. By reducing the emittance for the
low α lattice this limit may be further reduced.

In conclusion, BESSY VSR operated in the low α optics aims for shortest bunches
in storage rings in a regime of a few hundred femtoseconds, where additional bunch
length limiting effects have to be taken into account. For the current lattice, the
effect given by radiation excitation provides a global limit of 70 fs. Another effect
generated by transverse longitudinal coupling, gives a position dependent limit of
100 fs to 200 fs. This limit increase the zero current bunch length by nearly 30% in
straight sections from 250 fs to 320 fs. For simplicity we set the zero current bunch
length in the low α optics to 300 fs. Multi particle effects as the potential well
distortion may induce a further lengthening, as discussed in Section 2.1.

2.8 Transparent Operation of the SC Cavities

From the beam dynamics point of view, transparent operation, i.e. “parking” of
the SC cavities aims for two goals. Firstly, the influence of the cavities on the
longitudinal phase space should be minimal to have the possibility to switch back
to standard BESSY II operation. Secondly, other impedance effects, such as the
effect of HOMs should be negligible. Therefore, the study is divided into two parts.
First we discuss the interaction of the beam with the fundamental modes of the
cavities and second the interaction of the beam with HOMs.

2.8.1 Fundamental Cavity Mode

If the number of individually tunable cavities of each frequency is an even number,
the cavities can be tuned in such a way that they compensate each others fun-
damental mode. The imaginary part of the total impedance is then exactly zero
at the beam frequency. Thus, there is no net focusing or defocusing that would
influence the longitudinal phase space. The real part of the total impedance takes
a small finite value, corresponding to the power dissipated in the cavities. An ex-
ample illustrating this fundamental behavior is given in Figure 2.16. For a realistic
parking scenario in BESSY VSR, numbers may vary. Especially, the cavities would
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probably be detuned as much as possible to minimize the individual fields as well.
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Figure 2.16: Depiction of the real (top) and imaginary part (bottom) of the
impedances given by two 1.5 GHz cavities with a loaded quality
factor Q = 4 · 107 and Rc

s/Q = 250 W (circuit definition) tuned
at plus and minus 10 kHz respectively.

If the number of individually tunable cavities of each frequency is an odd number,
for example if only one cavity is brought into the ring, it is much more difficult to
reduce the effect of the fundamental mode. In this case, one would try to detune
the cavity as much as possible to minimize the induced voltage. Figure 2.17 shows
the induced field of one cavity at 300 mA at different temperatures of the cavity
and assuming a tuner range of ±350 kHz. The temperature dependent frequency
shift and change of quality factor is described in Section 3.2.4.

The calculation in Figure 2.17 was performed with the BESSY VSR hybrid fill
pattern, a fill pattern with significant spectral components one and two revolution
harmonics away from multiples of 250 MHz and 500 MHz respectively, owing to the
fact that it exhibits two gaps. The beam spectrum in the vicinity of multiples of
500 MHz and odd multiples of 250 MHz is depicted in Figure 2.18. Notably, the
fields induced by those spectral components oscillate at frequencies of the spectral
components, causing potentially unwanted disturbance of the longitudinal phase
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space along the bunch train. If a different fill pattern is chosen, the spectrum
might significantly change. For example, a homogeneous fill exhibits no spectral
components other than those at multiples of the bucket repetition frequency, which
would lead to a situation where the solid lines in Figure 2.17 are the only remaining
contributions to the induced voltages.

-2.5 -1.875 -1.25 -0.625 0
cavity detuning w.r.t. beam / MHz

0.001

0.01

0.1

1

10

100

1000

in
du

ce
d 

vo
lta

ge
 (|
V
|) 

/ M
V

1.8K
80K
180K

273K
80 kV

Figure 2.17: Induced fields of one parked 5-cell cavity at 300 mA with an
assumed tuner range of ±350 kHz at four different tempera-
tures. The induced voltage is drawn individually for the cor-
responding components of the beam spectrum at frequencies
500 MHz − h · frev with h = 0 (solid line), h = 1 (dotted
line) and h = 2 (dashed line). Each circular marker indicates
the minimal induced field for a specific frequency and tempera-
ture.

In order to ensure that during parking the NC cavities dominate the longitudinal
dynamics, an upper limit of the induced voltage of 80 kV is defined for any SC
cavity. This limit corresponds to a maximum change of the bunch length of ≈ 10%
per cavity. Looking at Figure 2.17, the limit of 80 kV can not be fulfilled in a
cold, superconducting state, where the induced voltage at 350 kHz detuning is still
approximately 300 kV. At 180 K and 273 K, there is a tuning setting where the
induced field of none of the frequency components is larger than about 80 kV.
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Figure 2.18: Beam spectrum in the vicinity of multiples of 500 MHz and odd
multiples of 250 MHz for the default BESSY VSR hybrid fill
pattern.

An alternative to the time consuming process of warming up the cavities is to
utilizes the existing 1.5 GHz NC Landau cavities to counter the induced fields of
the cold SC cavities. A beam of 300 mA induces a total voltage of 225 kV in the
Landau cavities, which provides an additional gradient for bunch shortening or
lengthening. At BESSY II the focusing gradient of the NC 500 MHz cavities is
reduced to V ′/(2π) = 0.4125 GHz MV (55%), increasing the bunch length from
15 ps to 20 ps [30].

According to Figure 2.17, the induced voltage of one SC cavity with full detuning
still yields 300 kV, only little more than the present Landau cavities. Thus, the
focusing gradients can compensate each other almost completely, resulting in a
gradient which affects the bunch length less than 10%.

If the cryomodule is equipped with only one SC 1.5 GHz cavity, it can also be oper-
ated like an additional Landau cavity providing a bunch shortening or lengthening
with a voltage of up to 1/3 of the NC cavities, i.e., 500 kV. This gives a nearly zero
slope for the total gradient at operation phase, leading to maximum lengthening
and accordingly a maximum lifetime.

2.8.2 Higher Order Cavity Modes

If the number of individually tunable cavities of each frequency is an even number,
the absolute value of detuing of each pair of cavities can be chosen quite freely
within the limits of the tuner range. By this, one could try to find a tuning where
the HOM excitation is minimal. However, this mitigation is limited by the fact that
strongly damped HOM are of low quality factor, thus broad and therefore hard to
avoid.
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If the temperature of the cavities is increased, the HOM spectrum is significantly
influenced, see Section 3.2.4 for details of this behavior. Most noticeably, the qual-
ity factor of the HOMs decreases with temperature, thus decreasing the shunt
impedance, cf. Figure 2.19. However, strongly damped HOMs already exhibit a
low quality factor at lowest temperatures which means little change with tempera-
ture is expected.
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Figure 2.19: Shunt impedance of various higher order modes (cavity model
HZB1a) as a function of cavity temperature. The dashed hori-
zontal lines indicate the threshold defined by the bunch-by-bunch
feedback of BESSY II, cf. Section 2.6. Note: As a conservative
estimate, the quadrupole HOMs in (d) are interpreted as dipole
modes, see text for details.

Figure 2.19(a) depicts the longitudinal HOMs. The decrease of the most harmful
HOM is minor. This is because it is already damped strongly by the HOM dampers
at the nominal temperature of 1.8 K. As this mode actually limits the over-all
stability, the over-all gain by warm parking is little from an instabilities point of
view.
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Figure 2.19(b) depicts the fundamental pass band. As expected, the shunt impedance
goes down strongly with the loss of superconductivity and the increase in temper-
ature. At room temperature, the fundamental mode is still strong compared to
the feedback threshold. This means, sufficient distance between a beam harmonic
and the resonance frequency must be achieved by means of the tuner, which is pur-
sued anyways to reduce the induced voltage, see Section 2.8.1. All other SPMs are
then below the feedback threshold, which is important to know as their increased
bandwidth increases the chance that they might be driven by the beam.

Figure 2.19(c) depicts the dipole modes. All modes are clearly below the threshold
line and change little with temperature. This represents the fact that those modes
are strongly damped, even at nominal operation temperature.

Figure 2.19(d) depicts the quadrupole modes (r4 scaling) but treated as dipole
modes (r2 scaling) in terms of CBI. This is a conservative estimate and likely to be
revised in the future. Those modes seem to be little damped at nominal operation
temperature, thus the dependence with temperature is large. In normal conducting
phase, this estimation predicts shunt impedances below the feedback threshold for
the dipole instability.

The calculations shown in Figure 2.19 are performed with the model HZB1a, see
Chapter 3 for details. As one can conclude from the figures, at room temperature
all modes except the fundamental one are well below the required threshold. The
more recent model HZB2c will certainly perform better due to its increased HOM
damping.

2.9 Beam Injection

The injection at BESSY II takes place at full energy by means of a booster syn-
chrotron that currently provides bunches with approximately 60 ps rms bunch
length. Radiation safety requires an average injection efficiency of more than 90 %
in order to operate in TopUp mode. The charge per injected bunch should be close
to the maximum value of 0.4 nC so that the interval between injections is as long
as possible and interruptions of the experiments by TopUp injections are reduced
to the absolute minimum. At a beam lifetime of 6 h, one shot with 5 bunches
every 180 s is necessary for an injected bunch charge of 0.4 nC. Experience shows
that the TopUp conditions for BESSY II in user operation are fulfilled, especially
maintaining an average injection efficiency in the order of 95 %. Preserving TopUp
capability for BESSY VSR will be one of the major challenges.

In Table 2.6 some of the longitudinal parameters are collected which are relevant
for the injection process. In the first row the longitudinal parameters of the current
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Table 2.6: Longitudinal phase space characteristics of zero current bunches in
synchrotron and storage ring.

Bunch length Relative energy spread
σ0/ps δ0

BESSY II synchrotron
Vrf = 780 kV 58 (measured) 0.57 × 10−3

Vrf = 390 kV 88 (measured) 0.57 × 10−3

BESSY II storage ring
standard mode without 7 T-wiggler 10 0.7 × 10−3

standard mode with 7 T-wiggler 15 1.0 × 10−3

low α mode 2 0.7 × 10−3

BESSY VSR
standard mode 1.1 0.7 × 10−3

low α mode 0.3 0.7 × 10−3

BESSY II synchrotron are shown for two cavity voltages, Vrf. The second row
contains these parameters for some of the operational modes of the storage ring.
Bunch length and energy spread depend on the status of the 7 T-wiggler. In the
low alpha mode bunches are shorter and even much shorter in the BESSY VSR
mode as presented in the third row.

Presently, bunches delivered by the BESSY II synchrotron have the appropriate
energy spread δ0, which is even slightly smaller than in the storage ring. However,
the bunch length is mismatched and even more so for BESSY VSR. In case of an
unmatched bunch length the injection efficiency suffers from two effects. Even if
the beam is injected on-axis, so that the injected particles do not oscillate with
large transverse amplitudes, after a quarter of the synchrotron period the energy
spread of the injected bunch would be increased by the ratio of the bunch length
of booster synchrotron and storage ring σSYN/σSR (or the ratio of the bunch length
of injected and stored beam).

With BESSY VSR this ratio becomes very large and the resulting energy spread
will be larger than the energy acceptance of the ring, which is approximately
δacc ∼ 2.0 % to 2.5 %. Therefore, the ratio of the bunch length in the synchrotron
and storage ring should not exceed: σSYN/σSR ∼ 0.33 · δacc/δ0 < 8. The factor
0.33 assures that almost all injected particles stay within the energy acceptance.
In addition, the injection efficiency will suffer from the off-axis injection in case the
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off-momentum transverse dynamic aperture is reduced. Usually, particles are lost
more easily if they possess both a large oscillation amplitude and a large momentum
offset at the same time.

Figure 2.20 shows a very recent measurement of the injection efficiency as a function
of the bunch length ratio between synchrotron and storage ring. The experimental
results support the above statement that both effects are important. The length of
injected bunches should not exceed the bunch length in the storage ring by more
than a factor of 8. Otherwise the injection efficiency will sharply drop below the
90 %-level.

Figure 2.20: Injection efficiency as a function of the bunch length of the in-
jected beam in relation to the bunch length in the storage ring.
Bunch length variation in the storage ring by α-tuning and vari-
ation of the RF voltage and in the synchrotron by Vrf = 390 kV
(green dots) and for Vrf = 780 kV in the synchrotron (black dots).

Ideally, a full energy linear accelerator providing picosecond bunches with suffi-
ciently low energy spread (as for the MAX-IV project) would be the best choice as
an injector into BESSY VSR. Cost and space requirements place this beyond the
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current BESSY VSR proposal. In the following a few alternatives and mitigation
strategies are discussed.

2.9.1 Ramping of the SC Cavities

The feasibility of a fast linear RF ramp for increasing the bunch length for injection
has been studied from the beam dynamics point of view [16]. The cavities were
modeled as kick-cavities with exact phase dependence without impedance, beam
loading or generator model. The main concern is loss of halo particles due to an
increased energy spread which is the consequence of a fast change of the longitudinal
phase space when the SC cavities are ramped up. The inverse, a reduction in energy
spread for fast down ramping of the cavities is also true but has no negative effect.
Both mechanisms are shown in Figure 2.21 for a number of ramp velocities, where
the ramping up starts at t = 0 ms and the ramping down at t = 15 ms. The
investigation showed that if an increase of energy spread by a factor of two is
assumed to be an acceptable limit, the SC cavities could be ramped up in as little
as 10 ms.

Figure 2.21: Bunch length (top), energy spread (center) and accelerating volt-
age (bottom) versus time for linear ramping of both SC cavity
systems in 1 ms (black), 2 ms (red), 5 ms (green) and 10 ms
(blue) [16].

However, ramping the cavities in a timescale of milliseconds seems to be impossible
from an RF operations point of view due to the low power constrains, see Sec-
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tion 3.6. Therefore, this method cannot provide high frequency TopUp injections
but may serve as an option for experiments in decaying beam operation in early
stages of the commissioning of BESSY VSR.

2.9.2 Short Bunches in the Booster Synchrotron

Without changing the circumference or the magnet lattice there are two possibil-
ities to shorten bunches in the synchrotron which will be discussed briefly: low α
operation and / or increasing the longitudinal gradient in the synchrotron.

The magnet lattice of the BESSY synchrotron is a missing magnet FODO-structure
with 16-fold symmetry. By giving up this symmetry and with new and additional
power supplies for the quadrupole magnets we could operate the synchrotron with
a smaller momentum compaction factor than the current value of α ≈ 0.033. The
optimization of this optics in terms of low emittance, injection and extraction of the
beam needs improvements and these requirements might turn out to be impossible
to meet. Moreover, if impedance issues of the vacuum chamber are ignored and only
the shielded CSR interaction is taken into account the rough estimates presented in
Table 2.7 indicate that the bunch length for stable acceleration of 0.4 nC per bunch
has to be longer than 10 ps with the current capability of the RF system. The table
also shows what could be achieved in terms of a stable beam in the synchrotron
by a combination of increased RF gradient and reduced momentum compaction
factor.

Table 2.7: Possible features of an upgraded BESSY II synchrotron providing
short and stable bunches with a charge of 0.4 nC.

frf/GHz Vrf/MV mom. comp. α σ0/ps

0.5 0.5 > 8.7 × 10−4 > 10
3.0 2.0 > 20 × 10−4 > 3.1

Table 2.8 collects some of the features of the current BESSY synchrotron optics and
the expected performance for an increased RF gradient to achieve bunch shorten-
ing. The emittance values quoted in parenthesis refer to the radiation equilibrium
which would be reached on the down-ramp of the energy in the fast cycling booster
synchrotron. Since we already extract the beam much earlier, on the up-ramp, the
emittance is ∼ 30 % smaller, because the beam has not yet reached the equilibrium
in the transverse dimensions. This value is quoted first. The transverse damping
times are twice as long as in the longitudinal plane and the longitudinal equilibrium
is reached already at earlier times.
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Table 2.8: Features of the BESSY II synchrotron with the current optics and
current working points (Qx = 5.9, Qy = 3.39) and longitudinal
parameters with old and new RF system.

ϵ/nm rad α/10−2 Vrf/MV frf/MHz σ0/ps Comment

50(70.9) 3.31 0.5 500 62.2 with < 10 kW
from old Klystron

50 (70.9) 3.31 1.0 500 44.0 with 38 kW from new
solid-state-amplifier

50(70.9) 3.31 2.0 3000 12.7 new cavities and new
RF power converter

50(70.9) 3.31 4.0 3000 9.0 new cavities and new
RF power converter

50(70.9) 3.31 8.0 1500 9.0 superconducting RF

With the existing 500 MHz, 5-cell-cavity and the solid-state amplifier (P = 38 kW)
the overall accelerating voltage can be doubled to 1 MV. This is still not enough
and the bunch length would be a factor of 5 too long. Similar to the BESSY VSR
case only the combination of a higher accelerating frequency and a higher accel-
erating voltage will deliver the desired short bunches. The required total gradient
corresponds to 12 MV GHz. One realization could be a 3 GHz-standing-wave RF
structures and suitable RF power sources.

In principle the White-circuits of the booster are working at 10 Hz. In TopUp
mode the repetition rate is reduced administratively to 1 Hz in order to comply
with radiation safety. This low duty cycle (100 ms/1 s) relaxes the demands on RF
power and cavity cooling. A couple of straight sections with a length of up to 2 m
are free to house the accelerating cavity structures.

There are a few issues with such a structure:

• An overall RF gradient of 12 MV GHz is required in order to reach the 7-fold
reduction of the bunch length down to 9 ps. In Section 3.5 some of these
issues with such an RF system are described in more detail.

• Most likely coupled bunch instabilities will occur due to excited HOMs in
the cavities. Longitudinal instability of that type is also observed with the
5cell-500 MHz-cavity today. Fighting the instability will require bunch-by-
bunch feedback systems. Space for suitable transverse or longitudinal kickers
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is available in the synchrotron. In case a feedback system against coupled
bunch modes cannot be realized a single bunch has to be accelerated in the
synchrotron. The permanent injection of only a single bunch will lead to
shorter injection intervals as of today.

• The installation of a 3 GHz-cavity string will reduce the available transverse
acceptance of the synchrotron. This could potentially have an impact on the
injection and extraction process. Such an aperture reduction should be mim-
icked by mechanical scrapers and investigated experimentally. The scrapers
need to be installed in the synchrotron in the location foreseen for the cavity
string.

• Once the aperture limitations turn out to be acceptable the installation of a
similar cavity-string for test purposes could be considered. The more closely
this cavity comes to the final design the better.

Conclusion

At the moment, the increase of RF gradient seems to be the best approach to
efficiently inject into the short bunches foreseen for BESSY VSR and still be com-
patible with the radiation safety requirements for TopUp operation. In addition, a
reduction of the momentum compaction factor in the synchrotron may be applied.
TopUp injections into the short bunches of the BESSY VSR low α mode seem to
be impossible without a dedicated LINAC. However, TopUp may not be needed in
this operation mode as beam lifetime is expected to be large.
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3 Superconducting RF Systems

The BESSY VSR proposal places highest demands on the operation and design
of the superconducting radio frequency (SRF) cavities pushing the limits to new
frontiers when comparing to existing projects and running particle accelerators. The
two higher harmonics systems will have to supply a high continuous wave (CW)
voltage, therefore experiencing high peak fields and interact with a high current
beam, which includes transients by one or more clearing gaps and some sets of single
bunches to cover the needs of a modern synchrotron based light source and user
facility. For example the BESSY VSR cavities will operate at an order of magnitude
higher voltage than the fundamental SOLEIL cavities while accelerating a similar
average beam current [1]. The same holds true for higher harmonic SRF systems
as presented in [2] or as they are in use at SLS and ELETTRA [3]. Proposals for
Super B-factories also discussed the layout of RF systems for high current storage
rings including uneven fill patterns. Also here, as discussed in e.g. [4], the required
gap voltage per cavity is smaller and huge RF power installations were foreseen.
For those the effect of transient beam loading and also Robinson instabilities could
be tackled by artificially reducing the cavity shunt impedance R/Q which is not an
option for an SRF system operating at high CW field level.

The RF design thus has to allow strong higher order mode (HOM) propagation and
following damping to mitigate transverse and longitudinal coupled bunch motions.
But it also needs to minimize the RF losses and peak fields on the superconductor’s
surface to avoid the danger of quenches, local heating and field emission to name a
few. Especially local heating and thus the possibility of reaching the limit of stable
stratified helium heat flow, poses the danger of additional microphonics and thus
trip of the field by Lorentz-force detuning coupled ponderomotive instabilities. This
effect was e.g. observed with a superconducting RF photo-injector cavity [5].

From the operations point of view any excitation of the same pass band modes
(SPM) of the fundamental mode’s passband has to be suppressed as they are of
similar loaded quality factor as the accelerating π mode and may strongly contribute
to a longitudinal beam instability. Due to the zero-crossing operation there is a
strong reactive beam loading contribution by the 300 mA long pulse beam and
the detuning of the cavity has to be kept close to the optimum in order to allow
operation at less than 10 kW. Any deviation from this steady state detuning by
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beam transients of the gap, bunch current decay and by the TopUp mode refilling of
the machine has to be taken into account to determine the cavity working point.

Table 3.1 summarizes the RF properties of the BESSY VSR scheme for the two
higher harmonic cavity (HHC) systems.

Table 3.1: Required SRF cavity parameters of the higher harmonic systems
for a factor of nine reduction in bunch length and assuming an even
filling of the high current long pulse buckets.

Parameter Expected value

RF frequencies 1.5 GHz, 1.75 GHz
Voltage at 1.5 GHz 20.0 MV
Voltage at 1.75 GHz 17.14 MV
Mean acc. field at 1.5 GHz 20.0 MV/m
Mean acc. field at 1.75 GHz 20.0 MV/m
Cell number at 1.5 GHz 2×5 cell
Cell number at 1.75 GHz 2×5 cell
Iavg. beam 300 mA
Cavity detuning for beam −11.25 kHz for 1.5 GHz
loading at even filled buckets 15.3 kHz for 1.75 GHz
Avg. Pforward per cavity (1.5 GHz, 1.75 GHz) 1.49 kW, 1.0 kW
Qloaded 5 · 107

R/Q per cell TM010,π ≥100 Ω
ϕacc 90°, −90°

Here the parameters1 are given assuming a constant filling of the ring without
clearance gap. For the more complex bunch patterns envisaged for BESSY VSR
the optimum tuning angle was determined by means of RF simulations shown
in Section 3.6. This is even more important, as it is intended to keep the capital in-
vestment costs as low as possible, to remain within the ≤ 10 kW fundamental power
level allowing the usage of existing solid state RF sources and power couplers.

1Throughout this Chapter the effective accelerator convention for the normalized shunt
impedance is used: R/Q = (V0Tr)2/(ωU), with V0 the integrated on-axis voltage, Tr the transit
time factor for a β = v/c ≈ 1 particle, ω the angular frequency and U the stored energy
within the resonator as given in [6] p. 43 Equation (2.55). The impedance Z is usually given
in circuit definition as in Chapter 2.
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Outline of this Chapter

To cover all aspects for the SRF system, this chapter is arranged in six Sections.
First an overview of the required SRF parameters is given (Section 3.1) including
aspects as optimum bath temperature of the helium system, followed by the Sec-
tion describing the RF design process of the cavities, especially with emphasis on
the damping of the HOMs (Section 3.2). Sections 3.3 and 3.4 describe the needed
ancillary components and the module design. Here, the tuning system and high
power RF coupler are of major importance as their designs set the boundary condi-
tions for the operating conditions. The module design has to take care of housing
the mechanically complex cavity and HOM damping into a rather limited available
space of 4.0 m including the cold to warm transitions and means to minimize the
deterioration of the cavity surface quality by the dirty storage ring environment.
Section 3.5 shows possible solutions and parameters for the RF sources which can
be utilized for this proposal. Finally Section 3.6 tackles most of the operational
aspects for the HHC systems and a possible layout for a low level RF control system
(LLRF).

3.1 SRF Parameters

For this project, two different higher harmonics SRF cavities will be developed in
order to accomplish bunch compression operating at zero crossing. Specifically, 3rd

and 3.5rd harmonics were chosen with 1.5 GHz and 1.75 GHz. As it was previously
pointed out, one of the main restrictive topics about the cavity design is CW
operation with high accelerating field of Eacc = 20 MV/m. This fact forces the
design to be extremely careful with the geometry of the cavity cell shape in order
to ensure acceptable field limits on the Nb surface that could potentially lead to
discharges or quenching (see Table 3.2). In addition, the beam current is high,
Ibeam = 300 mA, and thus, HOM damping becomes a key issue. The HOM damper
section has to be accurately defined so the maximum amount of HOM power can
be damped. A final cavity design must ensure stable beam operation, avoiding
couple bunch instabilities excited by HOMs, which has been studied in detail and
is presented in Chapter 2. Possible “parking” scenarios for the HHC must be also
considered when a failure occurs (e.g. tuner failure) or when no BESSY VSR
operation but normal storage ring operation is desired.

Due to the zero crossing operation of BESSY VSR close to zero net beam loading
is expected. Thus weak RF coupling and therefore high external quality factors
can be used (Qext ≥ 5 × 107) with relatively low power requirements P ≤ 10 kW,
see Section 3.6. When parking the cavity at increased temperature, a change in the
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coupling factor for the fundamental power coupler could be needed so the impedance
can be changed.

Low power requirements allows us to make use of a coupler concept similar to the
Cornell 60 kW power coupler [7] which is attractive because its coupling can be
adjusted. This fact will leave some additional power reserve for future upgrades.
Thus, such a coupler represents an advantage compared to standard waveguide
approaches since coupling can be changed in a way that the impedance for the
fundamental π-TM010mode will not compromise the parking mode. Nevertheless
for design convenience we have started by considering fixed coupling waveguide
power couplers that will be then replaced by the Cornell-type coaxial couplers.
Table 3.2 shows a summary of the target RF design parameters.

Table 3.2: RF design parameters.

Parameter Target value

Eacc 20 MV/m
Ibeam ≤ 300 mA
Epk/Eacc ≤ 2.3
Bpk/Eacc ≤ 5.3 mT /(MV/m)
R/Q ≥ 100 W
K for TM010 ≥ 3 %
µff for TM010 ≥ 97 %

The space available for the installation in the ring defines the number of cavities
and the number of cells per cavity. For BESSY VSR, the usage of one low β straight
section is foreseen. As a consequence, modules are restricted to a total length of
4 m. An optimum choice of real estate gradient and limited field level led to a
choice of two five cell cavities each (1.5 GHz, 1.75 GHz). A higher number of cells
increases the probability of trapped higher order modes within the inner cells.

In order to determine the suitable operation temperature the dynamic cryogenic
losses have been calculated using the cavity parameters reported in Table 3.3, where
the RF power dissipation Pdiss in the cavity walls for the fundamental π-TM010 mode
is given by:

Pdiss = (Vacc)2

Q0 · R/Q
. (3.1)

To compute the cryo-losses at different temperatures it is important to determine
the Q0 for any of those possible operation points. Thus, the Q0 factor can be evalu-
ated by means of the expression relating the geometry factor G, the RBCS resistance

76



3.1 SRF Parameters

(proportional to the frequency and temperature) and the residual resistance Rres
(material properties and cool down conditions [8]). Since G remains constant for
the operating mode, the set of different values for Q0 at different temperatures can
be easily evaluated:

Q0 = G

RBCS +Rres
. (3.2)

In order to obtain realistic values of RBCS for different cold temperatures and fre-
quencies, the code SHRIMP [9] has been used. Field emission effects are included
by accounting for Rres = 23 nW. This value is extracted from experimental data on
5-cell SRF cavities developed at JLab [10]. Figure 3.1 depicts the evolution of the
unloaded quality factor Q0 for the π-TM010 mode at the two harmonic frequencies
(1.5 GHz, 1.75 GHz) for a possible superconducting temperature range.

Figure 3.1: Evolution of the unloaded quality factor Q0 with temperature for
the two operating frequencies. An effective residual resistance of
Rres = 23 nW accounts for field emission [10].

Currently the project cryo capabilities allows a maximum of 35 W dynamic load
per cavity at 1.8 K. Table 3.3 shows a compilation of the main RF parameters
with the expected Q0 and dynamic load per cavity at the two possible operating
temperatures. Both temperatures, 1.8 K and 2 K, would be feasible with respect to
the dynamic losses. Nevertheless, the fact of having higher unloaded quality factors
for the 1.8 K case offers more stable behavior, since opeartion at lower pressure
reduces the microphonics detuning. Since the preparatory phase operation will
run at higher temperature of 4.4 K the Q0 is also stated leading to a maximum
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achievable accelerating field of 3.52 MV/m at dynamic losses of 35 W (no field
emission considered).

Table 3.3: Compilation of SRF parameters for the expected number of
cells and cavities at the two high harmonic frequencies (1.5 GHz,
1.75 GHz). (*) The values R/Q and G for 1.75 GHz cavity have been
assumed to be equal to the 1.5 GHz one for calculations (not yet
calculated).

Cavity parameter 1.5 GHz 1.75 GHz

Frequency 1.5 GHz 1.75 GHz
Number of cells 5 5
Number of cavities 2 2
Voltage 20.0 MV 17.14 MV
Accelerating field 20.0 MV/m 20.0 MV/m
Cavity length 0.5 m 0.43 m
(R/Q) 525 W 525 W *
G 280 W 280 W *

Q0 at Eacc (Rres = 23 nW)

@1.8 K 8.56e9 7.86e9
@2.0 K 6.1e9 5.2e9
@4.4 K 1.66e8 1.26e8

Dynamic losses per cavity

@1.8 K (Rres = 23 nW) 22.3 W 17.8 W
@2.0 K (Rres = 23 nW) 31.2 W 26.9 W

Total gradient 60.0 MV GHz
Module electrical length 1.86 m
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3.2 Cavity Design

The cavity design is currently focused on fulfilling the requirements for the 1.5 GHz
five cell high harmonic cavity. Once this step is completed, the conclusions obtained
will be used on scaling the model to the second frequency (1.75 GHz). Although
a higher frequency is needed in this case no major modifications are expected.
Nevertheless, the same design steps as for the 1.5 GHz case will be repeated. The
design procedure is divided in the following phases.

• Mid-Cell design. Parametric studies of the optimum mid-cell geometry ac-
complishing the RF specifications depicted in Table 3.2. Special attention
devoted to RF parameters: R/Q, G, Epk/Eacc, Bpk/Eacc and coupling fac-
tor K.

• Full five-cell design with end-cells tuning to obtain field flatness.

• End-Group design. HOMs couplers and power coupler studies for damping
and loading.

• If needed steps one and two are repeated to perform minor adjustments.

3.2.1 Mid-Cell Design

The current mid-cell design presented in this sections takes as starting point designs
from Cornell [11] and JLab [12]. As it was previously pointed out damping higher
order modes is an important issue when designing an SRF cavity and in particular
for the BESSY VSR project this aspect plays a crucial role. Thus it is vital to ensure
a proper damping and avoiding trapped modes inside the structure. A general
indicator of how easy the modes can be propagated along the structure is the
coupling factor K, characterizing the electromagnetic coupling between adjacent
cells. K is determined by the cell geometry, especially the diameter of the iris. The
coupling factor is defined by

K (%) = 2 fπ − f0

fπ + f0
· 100 , (3.3)

where fπ and f0 represent the resonance frequency for the π and 0 modes re-
spectively. In our design the iris diameter has been increased to � = 71.34 mm.
This value is slightly larger than in JLab and Cornell models in order to obtain
a higher cell to cell coupling factor for the fundamental mode as shown in Ta-
ble 3.4 [13]. This increase allows the most probable trapped modes to propagate
more efficiently through coupling from the inner cells to the outer ones. A final
set of mid-cell parameters fulfilling specifications has been obtained by performing
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parametric 2D/3D electromagnetic calculations in Comsol Multiphysics [14] with
the main figures of merit (R/Q, G, Epk/Eacc and Bpk/Eacc) as design goal. Com-
sol Multiphysics was chosen due to the possibility to perform fast electromagnetic
2D/3D calculations. Results have been validated with SUPERFISH [15]. Fig-
ure 3.2 shows the cell geometry for the two base models used with the fundamental
π-TM010 excited and can be compared to the mid-cell layout for the HZB design
depicted in Figure 3.3. As it can be observed the cell-shape obtained with enlarged
iris represents a transition in terms of roundness of the equator between the Cornell
and the JLab models.

(a) (b)

Figure 3.2: Electric field (vector) and magnetic field (solid) for the π-TM010
on the base mid-cell models. (a) Cornell mid-cell design, (b) JLab
low loss design.

A comparison of the results obtained on the HZB mid-cell design with the char-
acteristic parameters for the JLab and Cornel models are depicted in Table 3.4.
As it can be seen all the target RF specifications are fulfilled with a significant
improvement of the coupling factor K in comparison to the base models.

In conclusion, the mid-cell geometry obtained represents a good candidate as a base
model for the whole five-cell cavity design.
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(a) (b)

Figure 3.3: (a) Comparison between different base-model mid-cell and the
HZB base layout. (b) Electric field representation for the π-TM010
mode for the HZB mid-cell layout.

Table 3.4: Comparison between RF design goal parameters for the Cornell,
JLab and BESSY VSR mid-cells models.

Parameter Cornell JLab HZB

Epk/Eacc 2.06 2.43 2.29
(Bpk/Eacc)/(mT/(MV/m)) 4.66 3.95 4.18
(R/Q)/W 110 104.4 100.7
G/W 271.13 277.2 280.05
K for π-TM010 in % 2.01 2.01 3.3
Iris �/mm 62 68 71

3.2.2 Five-Cell 1.5 GHz Cavity

Once the optimum geometry for the mid-cell was found, the next step was to find
the correct five-cell cavity geometry ensuring again fulfillment of the RF specifica-
tions (Epk/Eacc, Bpk/Eacc, R/Q, and K) stated in Table 3.2 and maximizing field
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flatness µff. Field flatness in a mid-cell SRF cavity gives an overall view of how
homogeneously the accelerating field is distributed from cell to cell and has an im-
portant effect not only on the net accelerating voltage. Therefore, it represents a
key aspect in the design and is characterized by:

µff =

1 − E0,max − E0,min

1
N

N
i=1

E0,i

 100 %,

where the on-axis fields E0,max and E0,min are computed for the TM010 monopole
mode. Thus, in order to successfully complete the design of the five-cell cavity we
made use of the mid-cell geometry proposed in the previous section. The center-
cell geometry was then replicated five times and the end-cells parametrized so fine
geometry tuning can be made. Full 3D eigenmode analysis of the five cell model
has been iteratively performed in Comsol Multiphysics [14], Ansoft HFSS [16] and
CST Microwave Studio [17] and a final prototype candidate was found fulfilling the
specifications with maximum performance. These three software tools were used
in parallel for comparison of the results and validation of the solver accuracy for
different mesh sizes.

Table 3.5 shows a compilation of the final RF values obtained after the parametric
study. As it can be inferred, all the specifications are fulfilled and the design is
ready to step into the next phase: The design of the end-groups including couplers
for HOM damping and loading. A view of the field flatness is depicted in Figure 3.4
by plotting the longitudinal on axis field for the fundamental π-mode.

Figure 3.4: Layout of the final geometry after end-cell tuning. Field flatness
is depicted giving a value of 98.2%.
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Table 3.5: RF achieved specifications after end-cells re-design for the HZB
five-cell cavity prototype.

Cavity parameter Design goal HZB

Epk/Eacc ≤ 2.3 2.29
Bpk/Eacc ≤ 5.3 mT/(MV/m) 4.4 mT/(MV/m)
R/Q ≥ 500 W 525 W
K for π-TM010 ≥ 3% 3.3%
µff for π-TM010 ≥ 97% 98.2%

3.2.3 Modal Spectrum, End-groups and HOM absorbers

As it was previously pointed out, high order modes represent a main issue for
beam stability and thus they must be damped as much as possible. In order to
properly damp higher order modes, many techniques can be used [18] such as beam
pipe loads, coaxial coupler dampers or waveguide dampers. This latest have been
selected because of the power capabilities, ability to damp HOMs and the natural
cutoff to avoid leakage of the fundamental mode. In addition, the distance between
ferrite loads and the cavity is large and thus the risk of dust contamination is
reduced. To this end, a Y-shape waveguide system for HOM damping has been
studied. Both end-groups are identical with 3 waveguides each (120◦ separation)
and shifted 60◦ with respect to each other in order to cover for all possible HOM
polarizations.

Two different waveguide damping schemes are presented. The first one consists
on designing the beam pipe radius equal to the cavity iris (design termed in the
following as HZB1) and the second one uses a transition in the beam pipe to a
larger radius (termed as HZB2). The reason to establish a difference between the
two approaches relies on the beam pipe cutoff frequency. In the first approach
(HZB1), the cutoff frequency for the beam pipe is chosen to lay above the first
dipole band (2.46 GHz). This design should in principle ensure minimum power
from the fundamental accelerating mode (TM010) to be lost by leakage on the
dampers but might imply a worse HOM damping behavior. For the second scheme,
the beam pipe diameter is enlarged so the first dipole band can also be propagated
(fcutoff = 1.67 GHz).

In addition, two different scenarios have been considered for both designs: In
the first case, waveguide HOM dampers with standard dimensions of H = W/2
(44 mm × 88 mm) are used (standard waveguide) and in the second case the height
of the waveguide is slightly increased (H = 60 mm) (tuned waveguide). The reason
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for this two different waveguide sizes relies on the different H field orientations on
the damping regions and the desired frequency cutoffs as it is explained in [19].
In all the models, the standard waveguide length from beam pipe to load is set
to 200 mm. Figure 3.5 depicts a layout of the full cavity with waveguide loaded
end-groups attached and tuned waveguides. In order to offer a better visualization
of the results presented for the different models a description of the model with the
naming code is showed in Table 3.6.

Figure 3.5: HZB five cell cavity with enlarged beam pipe design with end-
groups attached (HZB2b).

Table 3.6: Naming code for the different models.

Design name Beam-pipe � Waveguides Length

HZB1 71.34 mm none —
HZB1a 71.34 mm standard WG 200 mm
HZB1b 71.34 mm tuned WG 200 mm

HZB2 105.2 mm none —
HZB2a 105.2 mm standard WG 200 mm
HZB2b 105.2 mm tuned WG 200 mm
HZB2c 106.5 mm tuned WG 400 mm
HZB3 71.34 mm (extension 104 mm) standard WG 200 mm

As it can be inferred from Figure 3.6, a good damping level can be obtained by
these techniques for higher order modes. In the case of the two HZB1 type models
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the damping of the modes such as TE011 and TM211 improves considerably (Qext
reduces) when switching from a standard waveguide to the tuned waveguide design
(HZB1a to HZB1b). Also, damping for the TE211 quadrupole mode (2.5 GHz band)
is slightly improved. Nevertheless, the TM011 monopole mode which seems to be
a limiting band for stability reasons (see Chapter 2) cannot be improved by this
technique.

Figure 3.6: Mode spectrum for the HZB five-cell design. Comparison of the
HZB1a and HZB1b designs.

On the other hand as shown in Figure 3.7, enlarging the diameter from � =
71.34 mm to � = 105 mm as in the bERLinPro case [20], represents a significant
improvement (HZB2). All the bands experience a significant drop in their Qext,
and especially the TE211 (2.5 GHz band) quadrupole mode. At the same time, the
limiting TM011 monopole mode (2.6 GHz band) damping is slightly increased when
compared to the HZB1 models. A comparison between the two enlarged beam
pipe models (HZB2a and HZB2b) and a standard beam pipe approach (HZB1a) is
depicted on Figure 3.7. The HZB2 models show a better performance regarding
higher order bands.
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Figure 3.7: Modal spectrum for the HZB five-cell design. Comparison of the
enlarged beam pipe models HZB2a and HZB2b with the HZB1a
model.

Taking a closer look to the fundamental band, the present design has a clear lim-
itation regarding the maximum achievable Qext = 1 × 108. This fact is attributed
to the short length of the waveguide dampers which in these designs has been set
to 200 mm from the beam pipe border to the load in order to save space into the
module. As it is following described, short damper lengths will result into a signifi-
cant decrease of the Qext for the fundamental band due to leakage into the damping
waveguides and thus reaching the loads. A view of this TM010 energy leakage is
depicted in Figure 3.8. As it can be observed, the relatively big dimensions of the
iris allow the fundamental mode to spread out of the cavity end-cell into the waveg-
uide dampers and thus affects the Qext value. In order to optimize the amount of
power dissipated by the load and after discussions with F. Marhauser from JLab
the decision of increasing the waveguide length to 400 mm was taken. This length
is still admissible and will not give any major obstacle for the cryomodule design.
Thus a new optimization procedure of the model was done by increasing the waveg-
uide damper length to 400 mm and slightly tuning the dimensions of the waveguide
dampers and their distance to the cavity obtaining very promising results (see Fig-
ure 3.10). This design is termed as HZB2c.
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Figure 3.8: View of the effective energy leakage for the TM011 π-mode through
the damping section when enlarged beam pipe is placed in the
vicinity of end-cell iris.

Figure 3.9 shows a layout of the optimized HZB2c geometry with increased length
of the waveguide dampers, tuned end-groups and tuned beam pipe diameter. The
new design HZB2c increases the isolation for the fundamental band while keeping
an excellent performance when extracting excited higher order modes, shown in
Figure 3.9 (b, c).

Nevertheless, the Qext value obtained for the fundamental π-mode (Qext = 4 × 109)
is still slightly below the expected value (Qext ≥ 1 × 1010). It is possible that the
reason of this low value is not because of physical reasons such as leakage but
attributed to computational problems in CST [17] when solving modes below the
beam pipe cutoff. In order to clear this issue, the same model was calculated in
HFSS [16] and results cross-checked giving a value of Qext = 8 × 1010 for the π-
TM010 mode. All the solved modes above the beam pipe cutoff show similar results
for Qext and R/Q both in CST and HFSS. Therefore the model can be assumed to
exhibit high isolation values for the fundamental band within the desired limits.

In addition, the new model exhibits high performance when damping higher order
modes, as depicted in Figure 3.10. By slightly increasing the beam pipe diameter of
the HZB2c model, the beam pipe cutoff is reduced to 1.65 GHz increasing damping
for the first dipole band TE111 with respect to the HZB2b model. Also Qext for the
dangerous TM011 monopole mode remains controlled exhibiting low values (≤ 70).
On the other hand the TM211 band shows some increase with respect to the HZB2b
but still remains under reasonable limits.
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(a)

(b)

(c)

Figure 3.9: Layout of the HZB2c design with enlarged beam pipe, tuned
waveguides and longer waveguide dampers. General layout (a),
TM010-π mode (b) and TE111 dipole HOM (c).
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Figure 3.10: Mode spectrum for HZB2c design compared to the previous
HZB2b and JLab model.

Although Qext shows a good damping performance we need to analyze the factor
R/Q ·Qext in order to get a realistic view of how good the model is in terms of beam
stability, see Figure 3.11. When computing coupled bunch instability thresholds,
the highest R/Q · Qext value of all modes is the one defining the final performance.
For that reason it is crucial to be able to keep this factor as low as possible for
every modal band and below the feedback threshold (∼ 105 for monopole modes,
∼ 107 for dipole and quadrupole modes ...). Notice that R/Q is always referred in
this section to (R/Q)∥, since it is extracted from the integrated on axis longitudinal
field for monopoles and off-axis field for non-monopoles. For a better comparison
with the JLab model the R/Q ·Qext values are depicted in Figure 3.11, where a 5 mm
offset is considered for non-monopole modes.

Nevertheless, these values do not make a statement regarding the ratio to the
feedback threshold. To do so, non-monopole modes must be normalized considering
the offset factor and their natural transverse component. This is done by applying
the Panofsky–Wenzel theorem relating V∥ and V⊥ by:

V⊥ = −ic
ωrm

·mV∥ , (3.4)

wherem = 1 for dipoles andm = 2 for quadrupoles. As it is shown in Figure 3.11(b)
there is a significant improvement in model HZB2c with respect to the previous
ones.
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Figure 3.11: Comparison of the R/Q · Qext for the models HZB2a, HZB2b,
HZB2c and the JLab design. Continuous lines show the maxi-
mum HOM value for every model. For non-monopole modes a
5 mm offset is considered.

Table 3.7 summarizes the maximum values of R/Q · Qext obtained for the modal
bands below 3 GHz.

Table 3.7: Maximum R/Q ·Qext values for most of the HOM bands below 3 GHz
for the HZB2c model. For non-monopole modes a 5 mm offset is
considered.

Mode (R/Q · Qext)/W Frequency f/GHz

TE111 66 1.72
TM110 610 2.13
TE211 7.4 2.56
TM011 3 × 102 2.73
TE011 3 × 103 2.79
TM211 10 2.8

To confirm the obtained results the modal spectrum up to 3 GHz was used to com-
pute couple bunch instability thresholds (see Chapter 2). R/Q · Qext calculations
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were done assuming the worst case scenario where the polarization angle for ev-
ery mode was checked in order to extract the longitudinal field at its maximum
(see Figure 3.12). Then fields were extracted and processed in MATLAB and re-
sults cross-checked with the CST post-processing tool with very good agreement.
Also, the same model was validated in HFSS [16] by computing and comparing
field patterns, Qext and R/Q for different modes (monopole, dipole and quadrupole)
with CST (see Figure 3.13).

Figure 3.12: Analysis of a mode polarization to export fields for R/Q calcula-
tions.

In conclusion, the model HZB2c represents a good candidate to become a final
cavity prototype as it has been confirmed by beam instability computations. More-
over and even when the present design waveguide dampers length is feasible, further
optimizations studies have been done in order to minimize the waveguide length
and distance to the end-cell iris and thus save space inside the module. Thus, to
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Figure 3.13: Comparison of the computed Eacc for two of the calculated modes
(TM011, monopole and TM111, dipole) both in HFSS (black) and
CST (red).

have a broader view of the leaking phenomena parametric studies regarding the
distance between the end-cells and the Y-shape damping waveguide groups have
been performed as shown in Figure 3.14.

It was demonstrated that the quality factor can be increased by sufficiently length-
ening the waveguides to reduce the energy leakage (Qext = 1 × 109 for l = 300 mm),
see Figure 3.14(c). Also, the distance from the end-cells to the damping section
plays an important role. Thus, if we want to reduce the distance from beam pipe
to flanges and save space in the module we must optimize these two parameters.
To this end, the end-group shape has been modified in order to obtain higher con-
finement of the fundamental mode while keeping HOM damping levels and reduced
dimensions.

The resulting layout is depicted in Figure 3.15 and named HZB3. The technique
used consists of implementing a first short 20 mm section of standard beam pipe
(�iris = 71.34 mm) followed by an enlarged beam pipe transition to dampers (� =
104 mm). The use of the short standard beam pipe sections serves as stopper
for some amount of leakage due to the lower cutoff, while the wider beam pipe
sections recovers the HOMs and transports them to the dampers. In this case, the
length of the waveguide dampers can be reduced to the original 200 mm and the
Y-section damper can be placed 30 mm away from the iris (measured from iris end
to waveguide wall).
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(a) (b)

(c) (d)

Figure 3.14: Parametric studies of the leaking TM010 mode for different lay-
outs. (a) Variation of the length of the waveguide and (b) vari-
ation of the longitudinal position of the waveguide damper. (c)
Results for the π-mode extracted from (a). (d) Results for the
π-mode extracted from (b).

As it is depicted in Figure 3.16, the Qext for the whole fundamental band is in-
creased by two orders of magnitude compared to the previous designs for the same
waveguide length (200 mm). HOM damping also shows in general a good perfor-
mance. Improvements of this design are currently under development which will
allow to improve HOM damping by modifying the section of the dampers.

As described, all the results previously shown have been computed considering 6
HOM waveguide couplers in the cases where the isolation of the fundamental mode
was under study. As it was introduced at the beginning of this chapter, this was
only done for design convenience when finding the suitable geometry. Nevertheless,
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since an adjustable coupler will improve the capabilities of the system, the next
step is to implement a new coupler design similar to the Cornell Injector 60 kW
Power couplers [7]. This design is currently under study and requires some extra
calculations to determine coupler kicks and further effects.

Figure 3.15: Five cell cavity design (HZB3) with end-groups attached for re-
duced damping of the TM010 mode.

Figure 3.16: Comparison between HZB3 and HZB2a. Isolation for fundamen-
tal band is raised to similar values as in the HZB2a for shorter
waveguides (200 mm).
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3.2.4 Transparent operation

System failures such as RF source or cryogenic plant failure must be considered
when designing the SRF cavities. Thus, it is essential that in case of failure
the BESSY VSR cavities can be “parked” so that it is transparent for standard
BESSY II operation without necessitating its removal. To do so, the cavity has
to be provided with the ability to be detuned enough so minimum cavity beam
interaction is obtained. As it is well known mechanical tuners are not able to cover
for wide frequency shifts (≃ 350 kHz) while temperature rise can lead to higher
frequency displacements. Thus, the frequency variation as a consequence of a tem-
perature rise for the fundamental TM010-π mode and HOMs must be evaluated. In
consequence, the frequency shifting in the cavity due to thermal shrinkage has been
evaluated for different temperatures from 1.8 K to room temperature by performing
eigenmode simulations in Comsol Multiphysics [14]. To do so, experimental ther-
mal expansion coefficients have been extracted from a material properties review
published by Fermilab [21].

In general, a temperature rise first induces a positive frequency shift due to helium
pressure (≃ 100 Hz/mbar). Nevertheless, when further increasing the temperature
mechanical expansion dominates the frequency shifting. As explained, since the me-
chanical tuners do not offer a sufficiently broad band frequency range temperature
can be used for this purpose while using the tuners to perform fine tuning around
the new resonance frequencies. A total frequency shift of −2.43 MHz is expected
when moving from cold state (1.8 K) to room temperature. As a consequence the
cavity voltage drops when moving away from the driving frequency.

Figure 3.17 shows the effect of the temperature variation on the resonance curves.
The voltage envelope for every temperature case is represented in the maximum
frequency tuning-range allowed by the mechanical tuners (≃ 350 kHz). The used
QL values come as a result on the quality factor analysis as it is later shown. Thus,
we use the Breit-Wigner distribution as the dependence of the cavity field amplitude
and phase where Ig represents the generator current and Zl the loaded impedance:

V∆(ω) = Zl Ig√
1 + tan Φ2

(3.5)

tan Φ = 2QL
∆ω
ω0

(3.6)

In addition to the frequency of the modes, another important aspect to be evaluated
is the mode impedance, which is proportional to the R/Q and the loaded quality
factor QL. Therefore the evolution of the loaded quality factor QL from 1.8 K to
room temperature has been carefully computed up to a frequency of 3 GHz.
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Figure 3.17: Normalized cavity voltage spectrum drop due to temperature
with an assumed mechanical tuner range of ±350 kHz.

Above Tc the same set of parameters have been calculated for the non-superconducting
state. As it is known, Q0 is no longer characterized by the RBCS but the surface
resistance RS as a function of the electric conductivity and the skin depth.

RS = 1
σ(T ) δ(T ) (3.7)

In this case, the correspondent conductivity values for the Niobium at different
temperatures have also extracted from [21].

Also, all the HOM impedance values have been calculated for both superconducting
and normal conducting states up to room temperature. These results are used to
compute beam instabilities for the HZB1a model. Figure 3.18 shows the impedance
values for all the π-modes up to 3 GHz in the superconducting state. All these
depicted parameters by themselves do not make a definitive statement of how stable
parking will be but the impedance value and the evolution of the loaded Q can help
in visualizing the possibility of an eventual problem. Thus, all these parameters
were used as input to compute more complex beam stability studies (Chapter 2).
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Figure 3.18: Computed loaded impedances for different temperatures.

3.3 Cryomodule Design

BESSY VSR will be accomplished using a single cryomodule that will contain 4
SRF cavities, two operating at 1.5 GHz and two operating at 1.75 GHz. A schematic
of the module layout is shown in Figure 3.19.

The module design has been chosen to make the best use of the available low β
straight section in the ring, where there is in total 4.6 m of space for installation
of the SRF cavities. The module concept is 4.0 m long and the critical beamline
components occupying this space are the four cavities, two RF shielded gate valves
and 7 bellows sections. The overall cavity and cryomodule parameters can be found
in Table 3.8.

The module design is based on the bERLinPro cryomodule concept where 3 unique
cryomodules are being built based on the Cornell Injector module[22, 23]. This
cryomodule design utilizes a 300 mm helium gas return pipe for support and align-
ment of the cavities and has been demonstrated as a robust and reliable design in
operation at Cornell. It is also the design the engineering staff at HZB are familiar
with, thus providing synergy between bERLinPro and BESSY VSR and allowing
BESSY VSR to leverage the experience and lessons learned from the bERLinPro
project since the first bERLinPro cryomodule will go into operation in 2016.
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Figure 3.19: The BESSY VSR cryomodule design concept showing the
1.5 GHz and 1.75 GHz SRF cavities along with bellows that will
be utilized to accommodate thermal expansion and contraction.

The BESSY VSR cryomodule will utilize only helium as the cooling media for the
cavities, thermal intercepts and shields. The reason for this is based on the fact
that a new cryogenic plant must be purchased for the BESSY VSR phase and it
will be ordered optimized for cooling of the module. Table 3.9 provides a list of the
cooling media, temperature and use in the BESSY VSR module. More information
on the cryogenic system is found in Chapter 4.

The choice of operating temperature for the SRF cavities has been described in
detail in Section 3.1. In summary operation at 1.8 K provides the best balance
between cavity performance and cost efficiency when a new cryogenic system is
being considered. By operating at 1.8 K versus 2.0 K there is an improvement in the
operating unloaded quality factor Q0 of approximately a factor of 2, thus resulting
in approximately the same factor of 2 decrease in the dynamic heat load into the
helium system. In addition the microphonic noise is reduced as the pressure is
reduced from 30 mbar to 18 mbar, providing a more stable operating environment.

3.3.1 Cryomodule Components for Preparatory Phase

As previously mentioned, the preparatory phase will be carried out using only
a limited number of components in comparison to the final BESSY VSR setup.
For the SRF systems and the cryomodule this means only 2 SRF cavities will be
installed in the module, thus reducing the total number of components that are
necessary, which in turn reduces the cost and risk. The plan is to install two
1.5 GHz cavities to allow for measurement of the performance of two cavities in the
module and more importantly in the BESSY II storage ring. This will also serve
as a demonstration of all the ancillary components required for the cavities, which
will reduce the uncertainty going into the BESSY VSR phase.
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Table 3.8: The SRF cavity and cryomodule parameters to gauge the efficient
use of the accelerating space.

Cavity parameter 1.5 GHz Cavity 1.75 GHz Cavity

Frequency 1.5 GHz 1.75 GHz
Cavity active length 0.5 m 0.43 m
Accelerating gradient 20.0 MV/m 20.00 MV/m
Accelerating voltage 10.0 MV 8.57 MV
Number of cavities 2 2
Total accelerating voltage 20.0 MV 17.14 MV
Total accelerating voltage of
cryomdule

37.14 MV

Total active cavity length 1.86 m
Cryomodule length 4.0 m
Real estate gradient
(Total Acc. Voltage / Cryomodule Length)

9.29 MV/m

The module itself will be identical to what will be used for the BESSY VSR phase,
unless a problem is found. After the preparatory phase has concluded the module
will be retrofitted with two additional cavities and the necessary ancillary compo-
nents to serve for BESSY VSR phase.

The largest difference in the two phases in terms of operations will be the fact that
the preparatory phase will be carried out at 4.4 K using the existing BESSY II
cryogenic infrastructure with limited modifications. This will mean significantly
reduced performance, as mentioned in Section 1.5, but will still allow for the key
demonstration of the BESSY VSR concept as well as the critical technical validation
of the module design.

Additionally, as the cryomodule test facility will not be ready in time for com-
missioning of the preparatory phase cryomodule, the current plan is to use the
bERLinPro accelerator hall for the cryomodule commissioning. This will in any
case allow for the cryomodule testing to take place independent of BESSY II oper-
ations.
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Table 3.9: A list of cryogenics which will be used in the BESSY VSR cry-
omodule.

Item to be cooled Media

SRF cavities 1.8 K liquid helium
Bellows between cavities 3 bar 5 K helium
Fundamental power coupler
cavity flange

3 bar 5 K helium

Fundamental power coupler
transition to room temperature

50 K helium gas

Thermal shield 50 K helium gas
Thermal transition between end
cavity and gate valve

3 bar 5 K and
50 K helium gas

3.3.2 Cryomodule Components for Final BESSY VSR Setup

In the final BESSY VSR setup of the project the complete 4 cavity module will be
constructed and tested in the new cryomodule test facility before relocation to the
BESSY II storage ring. The facility will allow for commissioning of the module at
1.8 K, albeit powering only one cavity at a time. Once the module is certified for
operation it will be moved into position in the storage ring, and the preparatory
phase module will be rebuilt with 4 cavities to serve as a critical spare in the event a
problem develops with the module in the ring. Having a fully assembled and tested
spare module will allow for rapid replacement of the module in the ring should a
problem arise during operation. It will also allow for testing of the spare module in
the test facility if there are any additional diagnostic experiments which need to be
carried out to understand behavior which is seen in the ring, but where there is no
opportunity to investigate the cause. In addition to the testing facility housing the
critical spare module, it will also house spare RF transmitters for both the 1.5 GHz
and 1.75 GHz RF system, along with spare LLRF components. More details on
this can be found in Section 3.5.

3.4 Ancillary Components

The main ancillary components required for the BESSY VSR cryomodule are the
cavity tuning system, the RF input power couplers, the higher order mode (HOM)
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absorbers, the magnetic and thermal shields as well as the RF shielded bellows and
gate valves.

The tuning system required for these cavities is planned to be a Cornell style blade
tuner, similar to what has been employed in the bERLinPro project. This style of
tuner is relatively compact and is a well proven design based on the DESY/INFN
design but with a modified piezo actuator assembly [24–26] which has been exten-
sively characterized by Helmholtz-Zentrum Berlin. Additionally no extra space is
required to mount the tuner at the end of the cavity, such as with an end lever
tuner. The helium vessel for both the 1.5 GHz and 1.75 GHz cavities will be pro-
duced with a bellows section in the middle of the helium vessel, and it is around
this bellows that the tuner will act to compress or lengthen the cavity. In this
design, the mechanical tuner is integrated with piezoelectric actuators to allow for
fine tuning and microphonics compensation. The challenge with the integration of
this tuner is positioning it such that it does not interfere with the magnetic shield
which must go directly adjacent to the cavity; nor with the HOM loads which will
be positioned around the cavity to best utilize the space available in the cryomod-
ule, similar to the Jefferson Lab (JLab) high current cavity design[27]. A model of
the JLab waveguide configuration is shown in Figure 3.20 for reference.

Figure 3.20: The JLab high current waveguide damped cavity design. The
blue section will be maintained at 1.8 K and heat intercepts will
be placed along the bent section of waveguide before the HOM
absorber, shown with the magenta cooling tubes.
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A model of Cornell style blade tuner is shown in Figure 3.21 so the reader can
visualize installation of the tuner around the cavity shown above.

Figure 3.21: The Cornell style blade tuner.

The RF input power couplers for both the 1.5 GHz and 1.75 GHz cavities will be
based on the design by Cornell University which has successfully been demonstrated
at 1.3 GHz up to 60 kW CW input power[7, 28]. The Cornell style coupler is a
variable coupling coaxial coupler which can provide a change in Qext for the coupler
of approximately one order of magnitude, allowing for the optimum coupling range
to be chosen based on the operating conditions of the machine, as well as to allow
for safe parking of the cavities above Tc when the cavities operation is not required.
The coupler design will have to be modified for operation at 1.5 GHz and 1.75 GHz
and thorough simulations carried out on the design prior to fabrication of the
couplers. Figure 3.22 shows the Cornell input coupler design.

The higher order mode (HOM) absorbers that will be used for the BESSY VSR
cavities are based on a design by Jefferson Laboratory, and is designed to handle
hundreds of watts of power dissipation in each absorber[29]. The HOM loads will
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Figure 3.22: The Cornell RF input coupler.

be attached to waveguide ports on the cavity, as described above and shown in
Figure 3.20, and will be arranged around the cavity in such a manner that they
will intercept all of the different polarizations of the HOMs. The HOM absorber
itself is designed to be water cooled due to the high power handling capability and
the anticipated HOM power that will be encountered in BESSY VSR.

There are several reasons to use waveguide HOM absorbers instead of beamline
absorbers in this application. The risk of particulate contamination is reduced
with the beamline absorber further from the cavity and not in direct line of sight
to the cavity. There is also no possibility of problems associated with electrostatic
charge buildup on the absorber as the electron beam does not “see” the absorber
material. Additionally, beamline absorbers must be cryogenically cooled in order to
reduce the static heat leak into the SRF cavity, while the waveguide absorber can be
water cooled due to the distance between it and the cavity. Due to the anticipated
power level cryogenic cooling of a beamline absorber would be challenging as well as
extremely expensive to implement if even possible. This results in significant cost
savings as well as risk reduction by reducing the demands on the cryogenic system.
Finally the waveguide absorber allows the cavities to be placed closer together,
thus improving the packing factor and the so called real estate gradient of overall
accelerating gradient per meter of space utilized. Most importantly in the case of
BESSY VSR it allows for the module to be designed to fit into the low β straight
section which is available for the module.

The magnetic shielding that will be employed in this module will consist of an
inner and outer shield. The inner shield will be designed to go adjacent to the
cavity and helium vessel and will be located inside of the aforementioned blade
tuner. This will be a cold shield designed and annealed for operation at less than
10 K, the anticipated temperature of the shield in poor thermal contact with the
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helium vessel. There are a great number of challenges in engineering this shield to
properly cover the cavity, taking into account the large number of discontinuities
introduced by the HOM waveguide ports. Horizontal testing of the cavities in the
horizontal test cryostat HoBiCaT will be critical in understanding the design and
building confidence that the cavity performance is adequate and the cavity Q0 can
be maintained.

The second magnetic shield will be a 50 K designed shield that will be located just
to the outside of the HOM loads, but still in close proximity to the cavity. With a
dual shield design the earth’s stray field should be reduced below 5 µT at the cavity
surface, more than adequate to attain the desired operating quality factor for the
BESSY VSR project. In addition to the two main shields, local shielding will be
placed around know problem components, specifically the motor on the tuner.

The 50 K thermal shield for the module will be a liquid helium cooled copper shield
located near the outer edge of the cryomodule. The shield will be designed to have
the cooling channels laser welded directly to the shield mass to improve the heat
transfer and thus the cooling efficiency of the shield. The shield plays an active role
in intercepting the heat loads from the fundamental power couplers as they are the
most direct link of the 1.8 K cavity to the 300 K exterior environment, an important
consideration in the design as this can have a very significant effect on the overall
5 K and 1.8 K cryogenic budgets if this heat load is not properly managed.

The final two components of note in the module are the bellows between the cavities
and the RF shielded gate valves that will be used to isolate the module from beam-
line. The bellows will be of similar design to what is currently used in BESSY II, a
copper plated bellows with RF shield on the inside to avoid heating of the bellows
from the wall currents of the 300 mA recirculating electron beam. The technical
challenges here are ensuring the bellows can move freely without generating any
particulate matter while also being designed to handle the thermal load introduced
by the beam. Both criteria are critical to the performance of the SRF cavities and
place very stringent demands on the quality of the fabricated parts.

The RF shielded gate valves will be a commercial product and a proven design
already in use in BESSY II and several other electron accelerators around the
world. The key to the RF shielded gate valve is ensuring the valve body does
not heat up due to the close proximity to the cavities at the beginning and end
of the module as well as due to the wake fields from the 300 mA beam. This will
be simulated in ANSYS® to ensure no additional cooling is necessary on the valve
body, as well to better understand the impedance this configuration introduces.
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3.5 RF Systems

In this section the RF power components such as transmitters, circulators and
waveguides are discussed while the amplitude and phase control loops as well as
RF power requirements are discussed in Section 3.6.

3.5.1 RF Transmitters

Each cavity will be powered by an individual transmitter so that individual phase
and amplitude control is possible. The required power level for each transmitter is
16 kW as discussed in Section 3.6 including losses in the RF distribution. The RF
power overhead is primarily required for microphonics compensation.

There are two options to generate this power: electron tube based amplifiers or
solid state amplifiers. At 1.5 GHz frequency there are 13 kW klystrons used at
CEBAF [30]. At 1.75 GHz no klystron is on the market. It has to be developed by
scaling a similar tube. An alternative choice is the use of solid state transmitters.
At a frequency of 1.3 GHz they are well established and already in use at ELBE
accelerator [31] and at HZB at the HoBiCaTtest facility, see Figure 3.23.

Figure 3.23: Solid state transmitter (1.3 GHz 15 kW) at the HoBiCaT test
facility of the HZB.
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For higher frequencies the transistor efficiency decreases and more transistors will
be needed, but transmitters for 1.5 GHz and 1.75 GHz can be developed for a reason-
able price. Solid state amplifiers have the great advantage that the noise generated
by the transmitter is very low, which helps meet the high stability demands for
BESSY VSR. Figure 3.24 shows the amplitude and phase noise of the operational
HZB 1.3 GHz 15 kW transmitter. There is only minor noise added by the power
transmitter to the noise of the driving source.

Figure 3.24: Phase (upper) and amplitude (lower) noise of a solid state trans-
mitter 1.3 GHz 15 kW. The light blue line is the noise of the
master generator, dark blue the output of the transmitter

3.5.2 RF Transmission Lines

At the required power level only waveguides can be used. Whether a single power
circulator in the output line or distributed circulators in the transmitter are a better
choice will be evaluated by the costs; either is possible and state of the art.
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3.5.3 RF System for the Booster Synchrotron

In order to produce shorter bunches in the booster synchrotron for efficient injection
into the short bunches of the storage ring a new RF system at a frequency of 3 GHz
delivering 4 MV accelerating peak voltage is proposed, see Table 2.7.

3 GHz Cavity for the Booster Synchrotron

The RF system of the booster is operated in long pulse mode. The accelerating
cycle is 45 ms and the de-accelerating cycle the same. The repetition rate is 1 Hz
(restricted by radiation protection). At this frequency only travelling wave struc-
tures are developed, optimized for short pulse application. There is a NC standing
wave structure at 2.45 GHz and a scaled version at 4.9 GHz by University of Mainz
available [32], see Figure 3.25 that would fit when scaled to the right frequency.
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Figure 3.25: 4.9 GHz standing wave RF structure from University Mainz [32].

3 GHz Transmitter for the Booster Synchrotron

To achieve a peak voltage of 4 MV and using scaled University Mainz cavity struc-
tures the required total power level at the cavities is 69 kW when using two cavity
structures or 46 kW when using three cavities. 30 % power has to be added for
losses in the waveguides and circulators. A klystron developed for a frequency of
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2.45 GHz and 50 kW power level exists [33]. This klystron needs to be scaled in
frequency. Alternately the use of solid state technology is an option. But at a fre-
quency of 3 GHz each transistor can only deliver 30 W to 40 W of power compared
to 150 W to 250 W in L-band. To build a transmitter of some 10 kW power a high
number of transistors is needed. Due to the fact that the technology for solid state
amplifiers is strongly progressing and the prices are slightly falling, the final setup
of the RF system for the booster meaning the choice of transmitter technology and
the choice of the number of installed structures will be made by optimizing the
price at the time when the budget is available.

3.6 RF Control and LLRF, Microphonics

The task of the low level RF field control (LLRF) is to maintain a stable amplitude
and phase of the longitudinally focusing TM010-π mode of the higher harmonics
cavities with respect to a reference given by a multiple of the beam revolution
period ωrf = νω0.

On the one hand this means to deal with the challenge to operate a high loaded Q
SRF cavity in CW mode. Typical error sources contributing to cavity field ampli-
tude and phase jitter are microphonics detuning and the coupling of the Lorentz
force detuning to any deviation in field amplitude. Other noise sources include
phase noise from the RF source and the reference distribution system. Those noise
sources have been studied in detail at various labs including the work done at
HZB’s HoBiCaTcavity test facility [23, 34]. Using Cornell’s LLRF system it was
demonstrated that operation at high QL of 5 × 107 to 2 × 108 is feasible achieving
residual phase errors of ≤ 0.01° − 0.02° and a relative amplitude jitter of 1 × 10−4

or even lower [35]. The peak detuning measured at that time at Eacc of 12 MV/m
was 15 Hz. At 20 MV/m probably a larger peak detuning will be observed by the
increased Lorentz force detuning. The measured jitter data were also used for the
single particle dynamics shown in Section 2.5. This part of field control is still a
challenge, especially in the case of strong microphonics, but seems to be manage-
able.

On the other hand, the synchronous phase of the HHC is set to zero-crossing and
the cavity experiences a mainly reactive beam-loading. This leads to an additional
in quadrature cavity voltage, resulting in a phase shift [36] of the RF voltage. In
steady state this can be easily compensated by the correct amount of cavity tuning
and phase adjustment, but in the case of BESSY VSR there will be one or two gaps
within the bunch train and also several single bunches contributing to a transient
beam loading effect. Thus the induced beam loading voltage cannot any longer
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be considered as constant [37]. The shifted optimum detuning has to be carefully
determined by RF simulation assisted calculations.

Each beam gap comes with a repetition rate of 1.25 MHz. Even if enough power
overhead to compensate for the full beam transient was available, this gap width
of ∆Tgap = 200 ns would be far beyond the bandwidth of any LLRF loops. It will
be detected by the high sampling rates offered by modern digital signal processing
(DSP) systems, but the loop gain will be small due to needed suppression of the
other passband modes and the need to avoid feedback instability.

By the zero crossing synchronous phase the optimum cavity coupling βc is in theory
unity, which is not feasible for a high Q0 resonator with a sub-hertz bandwidth.
Therefore the fundamental mode’s external Q is chosen to adapt the bandwidth to
the expected peak detuning as:

Qext,opt = 1
2

frf

∆fpeak
(3.8)

which is a direct consequence of Equation (3.11) to minimize the required power.
Assuming that the transient beam loading and tuning to compensate for Robinson
instability can be controlled, a loaded Q of 5 × 107 seems within reach allowing
operation at the few kW level at a peak detuning of 15 Hz.

As already discussed in Chapter 2 the LLRF feedback system cannot be considered
as a standalone system only compensating unwanted modulations of the accelerat-
ing voltage in the cavity gap. In a storage ring a bunched beam performs several
damped motions in both longitudinal and transverse planes, as ,e.g., the coupling
of the bunch’s synchronous phase and energy via the synchrotron oscillations. The
voltage Vbr excited by the beam’s image current Iim in the cavity depends linearly
on the cavity’s shunt impedance Rshunt and is on resonance given by:

Vbr = IimRshunt

(1 + βc)
. (3.9)

Here, βc is the coupling between the cavity and the external RF source and the effec-
tive loaded shunt impedance is given by RL = Rshunt/ (1 + βc). Any beam induced
voltage, if not compensated for by extra generator voltage, alters the restoring po-
tential which is available to achieve a phase stable synchrotron motion. By detuning
the cavity the excited voltage is reduced according to the relationship

Ṽb = Ĩim
RL

1 − iQL

ωr
ωrf

− ωrf
ωr

 (3.10)

= Ĩim RL cosψeiψ  
Z̃cav

,
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with the tuning angle ψ for small ∆ω2 given by tanψ = 2QL∆ω/ωr. Optimum
detuning is obtained when the sum of the ψ shifted beam loading induced and
generator voltage add up to the desired cavity voltage at the desired synchronous
phase with respect to the beam at minimum required generator power. The needed
forward power at a given coupling βc for a cavity voltage Vcav and synchronous
phase ϕacc, can be derived from the beam and generators phasor relation to [37]:

Pf = V 2
cav
RL

βc + 1
8βc


1 + 2RLIb0

Vcav
cosϕacc

2
+


tanψ + 2RLIb0

Vcav
sinϕacc

2

Here, ϕacc is ±90 degree at zero crossing. For SC cavities with βc ≫ 1:

Pf ≈ V 2
cav

R
Q
QL

1
4


1 +

R
Q
QLIb0

Vcav
cosϕacc

2

  
resistive

+
 ∆f
f1/2

+
R
Q
QLIb0

Vcav
sinϕacc

2

  
reactive


. (3.11)

Here the approximation was used, that for short Gaussian bunches the image
currents Fourier component at the cavity’s RF is twice the DC beam current
(Iim = 2Ib0). The cavity 3 dB half-bandwidth is given by f1/2 = frf/(2QL). Com-
pensating for the beam loading means to detune the cavity so that the reactive
term vanishes:

∆f = −R

Q

frfIb0

2Vcav
sinϕacc (3.12)

Ramping of Cavities and Injection Issues

Figure 3.26 shows the dependence of the required detuning for a given beam current
and cavity impedance versus the cavity voltage. The BESSY VSR working point
is depicted by the blue circle, the dashed brown curve shows an alternative with
reduced R/Q and beam current. Generally, the ramping of the HHC with the beam
being stored requires a tuning of the order of tens to hundreds of kHz, that only
a coarse tuner system will be able to cover that range. E.g. reducing the cavity
voltage from 10 MV down to 600 kV demands a tuning by about 176 kHz. Typical
tuning systems cover a range of ±350 kHz with a stepper motor based system and
in addition only 1 kHz to 2 kHz using fast piezo based systems [23]. The solid linear
curves depict the required forward power at optimum detuning for different loaded
QL. To stay within the 10 kW level QL ≥ 5 × 106 is required. As discussed later,
this will already limit the range of impedance reduction for the beam and has a
direct influence on the level of the Robinson instability threshold.

2Small detuning with respect to the radio frequency or ωrf/ωr ≈ 1. ∆ω = ωr − ωrf. Here, ωr is
the cavity resonant frequency.
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Figure 3.26: The blue line depicts the required detuning at zero-crossing op-
eration for the 1.5 GHz system versus the cavity voltage. The
BESSY VSR working point is shown by the blue circle. The
yellow, green and black solid lines denote the required forward
power at the coupler for different coupling strengths or QL at
optimum detuning. The solid horizontal lines give an estimates
of the upper tuner and power source limits. The dashed brown
curve shows the tuning for a lower beam current, lower R/Q sce-
nario.

For injection into the short buckets using the existing booster synchrotron the HHCs
have to be ramped down in field as the bunches from the booster need to be injected
in rather standard long buckets for high injection efficiency (see Section 2.9.1).
During that process the cavity still experience the high reactive beam loading of
the main long bucket beam. The coarse tuner will need rather order of minutes for
tuning the cavity for the minimum acceptable field limit. The fast piezo tuner does
not offer the needed tuning range. Thus the fraction of dark time for short pulse
users may reach the order of 50%. As shown in Figure 3.27 a deviation from the
optimum tuning is not a choice as well, because it would mean to foresee a huge
power overhead of the order of hundreds of kW (out of the range of this plot). A
third possibility might be artificially reducing the impedance and beam current as
given by the dashed brown line of Figure 3.26. This would reduce the reactive
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beam loading and such the required tuning. Reducing the R/Q by a factor of two
and the beam current to 200 mA still require a range only covered by slow coarse
tuning systems. Further, such a low impedance superconducting cavity will quite
probably operate at 20 MV/m close to or even above its quench limit.
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Figure 3.27: For different cavity voltages at and below the BESSY VSR design
voltage the required forward power is plotted against a deviation
of the cavity tuning away from the optimum tuning. Here a QL
of 5 × 107 was assumed.

Summing up, with the existing synchrotron TopUp injection into the short buckets
or even only an injection a few times per hour to compensate the decay mode is not
feasible with the given boundaries. Besides the power overhead needed to compen-
sate for detuning deviation while ramping the field level and thus the necessity for
high power couplers and transmitters, a high tuning duty cycle increases the risk
for tuner mechanics failure and even cavity leakage by mechanical stress. Further,
to prohibit a runaway of the beam induced cavity fields the tuning curve vs. voltage
has to be tracked to high precision during e.g. a ramping of the field level while
the beam is already stored or vice versa. Any deviation has to be compensated
by large amount of RF power, an investment not foreseen for this project. A fast
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ramping of the cavity fields under full beam loading as e.g. by the top up operation
and being mostly a question of short bunch Touschek lifetime is nearly impossible
within the envisaged boundary conditions of a SRF low power operation.

Choice of Required Forward Power

As given in Figure 3.27 at the operating cavity voltage of 10 MV and 300 mA
beam current a deviation from the optimum detuning of 58 Hz leads to a required
power of 13 kW. To keep capital cost as low as possible, we aim to limit the
power overhead to as low as possible without posing too much risk on the final
stability of the BESSY VSR mode of operation. Thus, the required forward power
of 16 kW, resulting in about 13 kW available power at the coupler after subtraction
of transmission line losses, is given by the following assumptions:

• Measured peak detuning levels of CW operated cavities are between 15 Hz to
20 Hz. Those measurements were done at intermediate field levels between
10 MV/m to 12 MV/m. At higher fields increased microphonics by higher RF
losses in the helium bath and ponderomotive instabilities may be expected.
An overhead of about a factor of three should leave enough safety margin,
especially taking into account that other effects contribute as well.

• The detuning overhead of 58 Hz at 10 MV cavity voltage allows a beam current
deviation of 1.55 mA which can be given by non properly synchronized TopUp
injection events or a mis-calibrated beam current measurement. The latter
might be compensated by the tuning algorithm anyway.

As we decided to use the Cornell 60 kW power coupler design (see Section 3.2.2
and Section 3.4), there is still head room to later upgrade the existing solid state
amplifiers.

Robinson Stability and High Intensity Beams

A critical limit for high intensity beam operation is given by the DC and AC
Robinson stability criteria as explained in [38]. The AC instability results from the
interaction of the beam’s synchrotron sidebands with the cavity impedance. In an
above transition machine like an electron ring damping of synchrotron oscillation
occurs if an e.g. lower momentum particle having a higher revolution frequency
sees a lower detuning angle ψ and thus gains more energy than the synchronous
particle. This is true for the condition:

ψ > 0 or ω > ωRF below transition
ψ < 0 or ω < ωRF above transition
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This criterion is obviously not satisfied for the 1.75 GHz system which operates
for the long pulses at π/2 thus requiring ψ > 0 in order to satisfy the minimum
power requirement by Equation (3.11). In the DC case, matters are even more
severe because the restoring potential does not even exist. This means that any
extra accelerating voltage imposed by perturbed phasing due to the beam loading
voltage has to be compensated such by the RF and proper tuning that the stable
potential is still maintained. This is satisfied if:

Vbr

Vcav
<

cosϕacc

sinψ cosψ


ψ > 0 or ω > ωRF below transition
ψ < 0 or ω < ωRF above transition

(3.13)

This is again not the case for the 1.75 GHz system. Figure 3.28 shows the stability
criterion from Equation (3.13) for the 1.5 GHz cavity for two different couplings. A
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Figure 3.28: Threshold limit of beam current for the 1.5 GHz system accord-
ing to the DC Robinson stability criterion at two different cavity
couplings βc versus tuning angle ψ. The black line denotes the
beam injection into a 10 MV cavity assuming optimum detuning.
For a comparison the SOLEIL fundamental system is shown.
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stronger coupling reduces the cavity impedance and hence Vbr. This would increase
the stability margin to the threshold limit, but as mentioned above that would have
to be paid for by a factor of ten increase in RF power. Also it has to be checked
whether the ramping of the cavities while the beam is already present can be done
in a stable way or if the beam has to be injected into already fully powered cavities,
as it is shown by the solid black line. Here, also an optimum tuning with respect to
the beam current was assumed. Nevertheless, RF feedback methods, like direct RF
feedback, amplitude and phase control and tuning loops also change the impedance
the beam couples to [39, 40]. In case of direct RF feedback and amplitude/phase
control the stability threshold scales by 1 + G with G being the loop gain. But
it can already be stated, that a passive operation of the 1.75 GHz system alone
is unstable as it violates the Robinson criteria. The 1.5 GHz system alone can be
operated as a passive harmonic system in BESSY II. The combined system of all
frequencies is stable again, as there is a cancellation of the unstable regime by the
3rd harmonic system, but it needs to be studied how robust this combined system
is to any perturbation.

However, to evaluate the impact of the LLRF feedback system and gain on the
effective impedance experienced by the beam, one not only needs to consider the
synchrotron sidebands. The non-uniform beam filling further complicates the sit-
uation. Transient beam loading by a complex beam pattern including ion clearing
gaps and single bunches for different user applications further deviates the bunched
beam Fourier components, adding contributions at the gap’s revolution frequency.
Thus the beam threshold current has to be analyzed in frequency domain (Laplace
domain) to consider the variable loop gain as a function of sideband frequency. Also
the optimum tuning is additionally influenced by the gap as it induces a phase vari-
ation across the bunch train and thus different voltages experienced by the bunches
within the train.

Summing up, a frequency domain analysis of the LLRF-cavity system is mandatory
to determine the loaded impedance and gain at the sidebands and finally the DC and
AC Robinson instability thresholds. Also the correct detuning has to be determined
by simulations. A starting point was estimated by Equation (3.12) by composing
the beam into the long and short pulse components which have different phasing
for the 1.75 GHz cavity. An approach to study this problem by combined LLRF-
cavity and longitudinal beam dynamics simulation will be presented in the following
sub-section.

3.6.1 Combined LLRF-Cavity Beam Dynamics Simulations

To test the BESSY VSR operation from the cavity point of view a combined RF
cavity, LLRF feedback and longitudinal beam dynamics simulation was started
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based on the well known LCR circuit model to describe the cavity field envelope of
the fundamental mode evolving under given perturbations, like e.g. microphonics,
tuning, Lorentz-force detuning, phase noise, feedback loop delay times to name a
few. An overview is given in Figure 3.29.

LLRF+
external

Generator

Long.
dynamics

LRC

Ig Ib

Vc

Figure 3.29: LCR circuit model for an accelerating cavity including an RF
generator with a feedback system and the longitudinal beam dy-
namics for the synchrotron oscillations. Here, for the cavity also
modeling of the various cavity detuning sources are included.
The lower figure displays the full LCR model in more detail.
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The lower subfigure depicts the LCR circuit for the cavity impedance as well as the
transformer to model the coupling of an external load by the RF generator. This
model is extended by several detuning and error sources as described in [41] and
features a second order mechanical model. Different LLRF feedback schemes can be
implemented for the RF loop and the tuning loop. This model was further extended,
as demonstrated in the upper subfigure, by a beam creator for the foreseen bunch
pattern including charge and injection jitter and also the longitudinal dynamics for
the storage ring.

In Figure 3.30 the outcome of a long-term simulation of about ten thousand turns
is shown. An operation of both HHC systems in active mode was possible with
about one kW of forward power in steady state by operating the bunch train in a
quasi zero-crossing operation, that at the end only one bunch experiences a real
zero-crossing gradient, which will lead to variations of the synchronous phase and
voltage gradient across the train and thus of the bunch length as discussed in
Section 2.6.

The upper plot depicts the variation of the cavity RF phase of the 1.5 GHz structure
and the resulting variation of the gap voltage, as the tuning is constant. The color
coded circles show the relative energy deviations of the macro-particle bunches.

Table 3.10 summarizes the simulation parameters and the outcome of the simula-
tion regarding the field stability and the gap induced phase transients across the
train. First simulation show stable solutions, but more detailed studies are ongoing.
Not included so far (but implemented in the code) was, except the Lorentz-force
detuning, the microphonics detuning and its compensation as those time domain
based calculations are very time consuming. The time scales range from ns beam
macro particles up to ms regime regarding damping time constants of the second
order mechanical system.

But first short term simulations already showed that precise microphonics control by
piezos is mandatory to keep the loop within the limit of the available forward power.
The latter being especially important to avoid Lorentz-force induced ponderomotive
field oscillations or decay, which would immediately lead to unstable synchrotron
oscillations. Further, a more realistic fill pattern with individual current levels
within the buckets to account for injection charge jitter and the decay and refilling
process of the TopUp mode (see e.g. Figure 7.2) needs to be implemented.

Recently, the fundamental 500 MHz system, quantum excitation and synchrotron
radiation losses per turn were included, so that finally these simulations can be
compared to the outcome of the tracking studies discussed within Chapter 2. First
attempts show again a stable behavior, but those simulations are still under study.
Also, a more detailed analysis of beam decay and its compensation by the tuning
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Figure 3.30: The upper plot shows the transient in the cavity voltage (black)
and RF phase (red) for the 1.5 GHz cavity. The color coded
scatter plot shows the relative energy deviation operating both
RF systems using the fill pattern depicted below. Each cavity
is operated at QL of 5 × 107 and the LLRF settings described
within the text. Longitudinal beam dynamics are included.

loop as well as the handling of additional beam transients by the TopUp injection
will be performed.

A further topic is to determine optimum loop parameters and the stability margin
and maximum gain to avoid the unstable Robinson regimes. An example of the
influence of loop gain on the longitudinal stability is presented in Figure 3.31. It
shows the longitudinal phase space of the same set up of both HHC operated with
active feedback loops but different loop gains. As can be seen a low loop gain leads
to the expected onset of the DC Robinson instability. Similar simulations also need
to be done for injection phase errors.
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Table 3.10: Parameters set and simulation results obtained by LLRF-cavity-
beam dynamics simulations. The sampling time was 1 ns. The
obtained detuning for minimum power includes Lorentz force de-
tuning. The simulation ran for 10000 turns. Here, only one cavity
per frequency was simulated.

Parameter Simulation value

HHC

RF frequencies 1.5 GHz, 1.75 GHz
Voltage at 1.5 GHz 10 MV
Voltage at 1.75 GHz 8.7 MV
Mean acc. field at 1.5 GHz 20.0 MV/m
Mean acc. field at 1.75 GHz 20.0 MV/m
QL 5 × 107

R/Q TM010-π 500 W
ϕacc 90, −90°

LLRF loop

Feedback gain KP 3500
Loop filter f cutoff 50 kHz
Loop latency τ loop 800 ns

Long. beam dynamics

α 7.3 × 10−4

τ rad 8 ms

Results

∆f for 2nd bunch −11.26 kHz
Pattern at 1.5 GHz, 1.75 GHz 9.969 kHz
Average Pf per cavity (1.5 GHz, 1.75 GHz) 1.07 kW, 1.12 kW
∆ϕRF by gap ±0.2°
∆Vcav/Vset 3 × 10−4

∆γ/γ across train (long bunch) 2.8 × 10−4 - 3.2 × 10−4

∆γ/γ across train (short bunch) 2.6 × 10−4 - 3.4 × 10−4
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Figure 3.31: Longitudinal phase space for the high current long pulse bunch
for high gain case of KP = 3000 (a) and KP = 30 (b). While
the high gain case damps to a stable steady state solution, for
the low gain case the bunch experiences a DC Robinson decay.
The color code denotes the energy deviation from the reference
particle without scaling.
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3.6.2 A Generic LLRF System

Within the L-band regime modern digital LLRF control systems mostly rely on the
analog down-conversion by mixing with a shifted local oscillator frequency (LO) in
order to sample the field components at an intermediate frequency signal (IF) to
still obtain the needed bit resolution. Modern digital LLRF systems operate at IFs
of 20 MHz to 80 MHz using four times oversampling or odd sampling techniques to
determine the field’s amplitude and phase information acquired via in-phase and
in-quadrature (IQ) sampling.

The signal conditioning takes place in an analog front-end system down-converting
the different probe signals as forward, reflected and transmitted power to the IF
which are then digitized and decomposed into the I and Q components. Those
signals are used to reconstruct the current field vector, compare it to reference
and wanted set point value and feed back an amplified and/or integrated differ-
ence signal to the RF source in order to minimize the field deviation by a counter
modulation of the forward signal.

This process has to be fast and is usually programmed within an field programmable
gate array environment to keep the system latency small to allow for high gain
operation without the danger of control loop instabilities. The only additional
features of those loops are filtering, mainly to avoid excitation of the neighboring
passband modes and feed-forward and set point tables to cover special modes of
operation, as e.g. to ramp the field. Current systems reach an ADC to DAC time
delay of 600 ns [42].

The field components are also processed on a slower time scale on any other kind
of digital signal processing (DSP) board to calculate the cavity tuning and to im-
plement detuning compensation schemes to suppress microphonics in CW mode,
counteract ponderomotive Lorentz-force detuning and to detect cavity field trips.
Further bundling all available cavity signals, as e.g. vacuum and temperature sen-
sor information, once can program a state machine like system in order to control
the cavity within the BESSY VSR scheme and to perform quench detection and
other exception handling.

Because of the need for precise tuning, microphonics has to be recorded as well
as the beam current to track the needed tuning angle and remain within the tight
power margin of 13 kW. The system will foresee different loops as already discussed
within this Section:

1. Fast LLRF loop with high sampling rate and high gain IQ control including
filtering of the neighboring 4/5π passband mode, proportional integral control
of the field variations
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2. Direct RF feedback loop including comb filter to reduce all 1/5π − 4/5π
passband mode’s impedances

3. Beam current and cavity voltage tuning loop using the motor tuner for coarse
tuning and the piezo tuner for fine adjustment of optimum tuning

4. Microphonics and Lorentz-force detuning compensation loop recording devi-
ation of the set tuning angle with time and deviations from field set point
and currently measured field level

5. Feedforward signal triggered by TopUp injection to reduce beam induced
transient

6. Measurement of HOM excitation by recording the signals for given dipole
modes in the HOM waveguide dampers to allow reconstruction of the beam
position and detect for coupled bunch instabilities

It has to be assured that no unwanted cross-talk within these loops or to the beam
based feedback schemes occurs.

Feedback Stability and Gain Margin

A first glance at analyzing the LLRF system was done by calculating the open loop
transfer function in the Laplace domain including the complete TM010 passband
as reported in e.g. [43]. The transfer function of the loop contains the continu-
ous description of the cavity passband for the on resonance case with the Laplace
transform F (s) =

 ∞
0 f(t)e−stdt with s = δ + i · ω:

Hπ(s) = 1
1 + s

ω1/2

H(n/5)π(s) n̸=5= (−1)n+1 2 sin2

nπ

10

 ω1/2

s+ ω1/2


∆ω2

n +

s+ ω1/2

2

Hcav(s) =
5

n=1
H(n/5)π(s). (3.14)

Here ∆ωn = 2π

f(n/5)π − fπ


for a system tuned to π-resonance and ω1/2 =

2 sin2

nπ
10


πfn/5π

QL,π
. The sin2 term accounts for the field level of the individual pass-

band mode in the end-cell coupling to the power coupler. The RF transmitter’s
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low pass behavior (3 dB cutoff = f3dB), the loop delay τloop and the loop gain KP
are modeled as:

Hkly(s) = 1
1 + s

2πf3dB

similar to a cavity

Hdelay(s) = e−sτloop

HP-gain(s) = KP for the complete loop gain (3.15)
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Figure 3.32: Bode plot of the continuous open loop transfer function of a
tuned 5-cell cavity including loop delay of 800 ns, RF transmit-
ter bandwidth, proportional feedback gain and first order low
pass filtering. The solid black lines denote the π phase shifted
unity gain stability limit, the vertical dashed lines the expected
sampling rate.

To investigate the stability margin of the total transfer function the frequency
sideband is analyzed by propagating a modulation signal through the complete
chain given by the product of the sub-components. The outcome is then plotted in
amplitude and phase response as given in Figure 3.32 for various feedback gains,
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filter settings and control loop delays. The passband parameters were taken from
the calculations presented in Section 3.2. The parameters used for the simulations
shown in the previous Section 3.6.1 are given by the dashed blue curve. Instability
can be determined roughly by the error frequency at which a phase shift of more
than 180 degree occurs with a minimum gain of one. This leads to an increase of
the unwanted modulation rather than damping. The maximum stable gain here
is about KP = 7000, leaving a margin of a factor of two, 3500 should achieve a
stable solution for QL = 5 × 107. This was also demonstrated in simulation, but
there without modeling of the closest passband mode, which will be done in future
studies.

On the one hand in order to damp the 4/5π mode a low pass filtering is mandatory,
if not a more sophisticated notch filter based system, as a general low pass reduces
the bandwidth of the whole loop. On the other hand, for BESSY VSR there are
major components within the beam spectrum and thus transient beam loading at
the revolution frequency. Compensating for the beam transient with high gain
leads to high peak power level above the envisaged power limit. In contrast a high
damping of the synchrotron sidebands is favorable, as to reduce the impedance for
the Robinson instability. Thus, there needs to be a rather steep slope for frequencies
beyond the synchrotron sidebands. This topic needs to be analyzed further and a
complete frequency domain analysis as given in [44] will be a useful tool.

LLRF System Parameters

It is already envisaged for the ERL project bERLinPro [45] to use microTCA based
LLRF hardware components which were developed by DESY for the European
XFEL [46]. Except for the reactive beam loading requirements the cavities for
bERLinPro face similar CW operation stability requirements as for the BESSY VSR
project. The same type of hardware extended by additional loops can be used for
the HHC systems as well. A listing of the LLRF system parameters of DESY’s
microTCA is given in Table 3.11.
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Table 3.11: LLRF system parameters for a mTCA based system.

Parameter Range

IF 54 MHz
Sampling rate 81.25 MHz
Bit resolution 16 bit at 125 MSamples/s
Phase resolution 0.0015°
ADC to DAC latency ≈ 600 ns
Short term noise stability ADC ≤ 10 fs (10 Hz to 1.0 MHz)
Downconverter RF bandwidth 700 MHz up to 4.0 GHz
Downconverter modulation bandwidth 50 MHz
Short term noise stability Downconverter ≤ 4 fs (10 Hz to 1.0 MHz)
Piezo driver bandwidth 50 kHz at 0.1 µF
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4 Cryogenics

In total, 4 cavities must be cooled with liquid helium to 1.8 K. This temperature
can be achieved by operating liquid helium at a sub atmospheric pressure of 16 mbar
using a set of cold and warm vacuum pumps. Three temperature levels are used in
the module: 1.8 K for cooling the SC cavities, 5 K for thermal intercepts and 50 K
for thermal intercepts and the thermal radiation shield of the module. Furthermore
the cryogenic plant has to provide LHe for the weekly filling of the superconducting
wave length shifter magnets (WLS) installed at BESSY II.

The basic components of the cryogenic installation are:

• a coldbox hosting:

– a helium refrigerator to produce LHe out of pressurized warm gaseous
helium (GHe)

– cold compressors (cc)

• a set of warm vacuum pumps

• a set of helium compressors

• a helium dewar to store liquid helium

• a helium buffer to store GHe at medium pressure (2 bara to 12 bara) at room
temperature

• cryogenic transfer lines

• and a valve box

In Figure 4.1 the layout of the cryogenic system is shown. The components will be
discussed in the following section.
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Vacuum pumps Helium cycling compressors

Dewar

Existing superconducting WLS magnets

Buffer tank

Coldbox

Cold compressor

Valve box

Multi transfer line

BESSY-VSR module

Figure 4.1: Layout of the cryogenic system for the BESSY VSR cryomodule.

4.1 Cryogenic Loads

The cryogenic installation has to serve the losses of the SC cavity module and has
to deliver the helium for refilling the SC wave length shifter magnets installed in
the BESSY II storage ring. The cryogenic loads are given by the losses of:

• the SC cavities,

• heat conduction from the room temperature HOM loads,

• the fundamental power couplers,

• the thermal transitions of the beam pipe at the end of the module,

• the thermal shield,

• and the transferlines including the valve box.
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4.2 Cryogenic Plant

Values are taken from calculations assuming a gradient of 20 MV/m for all cavities
and Q0 = 8 × 109 at 1.5 GHz and Q0 = 7 × 109 for the cavities at 1.75 GHz. The
Q values are related on specifications of CEBAF [1] including expected losses due
to field emission.

The estimated cryogenic loads based upon [2–7] are listed in Table 4.1. The HOM
power is dumped in water cooled absorbers at 300 K not included in this table.

Table 4.1: Cryogenic loads for the BESSY VSR SRF installation.

Heat leaks in Watt 1.8 K 5 K 50 K
Load static dynamic static dynamic static dynamic

Components
4×Cornell Coupler 0.2 1 7 8 10 40
2×1.5 GHz cavity 48
2×1.75 GHz cavity 40
20×HOM dampers 40 40 200
4×Beampipe 2 4 20
Cryomodule 10 60 200

Total cryomodule 52 89 111 8 430 40

Cryo distribution 5 0 45 0 550 0

Total cryoload 57 89 156 8 980 40
146 164 1020

4.2 Cryogenic Plant

For BESSY VSR the cryogenic plant has to cover three temperature levels to be
cooled in the module:

• 1.8 K for cooling the cavities

• 5 K for thermal intercepts at the beam pipe, the RF couplers and the HOM
dampers

• 50 K for thermal intercepts and a thermal shield of the module and the
transfer-lines
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4 Cryogenics

The required capacity of the coldbox is dominated by the power level at 1.8 K
temperature. Additional an overhead of 50 % is foreseen for a total 1.8 K capacity
of 220 W. A modified version of the coldbox L700 used for the bERLinPro project
fits to the requirements. In Figure 4.2 the coldbox type L700 is shown using three
turbines and two compressors.

Figure 4.2: The coldbox L700 for bERLinPro currently installed at the HZB
"Schwerlasthalle". The coldbox including the three turbines is
seen in the foreground and the two compressors (yellow) in the
background.

The coldbox will provide 5 K and 50 K helium. There will be a short transferline
to a valve box and the helium dewar. Due to space restrictions in the tunnel, there
will be no dedicated cryogenic feedbox at the module. The heat exchanger for
subcooling of the helium will be located in the valve box. There will be a 14 m long
multi transfer line to the cavity module (see Figure 4.3).

To produce helium with a temperature of 1.8 K vacuum pumps are required to
pump down the gas phase in the cavity vessels to a pressure of 16 mbar. There are
two choices that are at this time available at roughly the same cost: One choice is
to warm up the helium and use conventional warm vacuum pumps and the other
possibility is to use one cold compressor located in the coldbox giving a compression
factor of four and warm up in a heat exchanger recovering the "cold energy". The
subsequent final compression then uses conventional vacuum pumps. Both methods
are viable solutions and a final decision will be made when ordering the cryoplant.
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4.3 Cryogenic Transferlines

Cryogenic Installation in the BESSY II Building

To reduce cryogenic losses and to keep the costs low, the coldbox should be placed
close to the cryomodule but outside of the radiation area of the accelerator tunnel.
Due to the fact that the piping at room temperature is less expensive compared
to cold transfer lines, the compressors and warm vacuum pumps can be located in
quite a distance if necessary. This is useful with respect to storage ring operation
since both units are noisy and cause vibrations.

With respect to these criteria, the coldbox will be placed in the experimental area
close to the radiation wall next to the straight where the module is installed, see
Figure 4.4.

A radiation protection concrete plate covers the ceiling opening straight above the
module. This plate will be lifted and a new labyrinth will be constructed for the
passage of the cryoline, see Figure 4.3. While the coldbox and the He-dewar are
located at ground level, the valve box will be located on top of the storage ring
ceiling but close to the coldbox.

Valve
box

Cold box
Cold compressor

Dewar

Multiple Transfer Line

VSR cryomodule

Labyrinth

Transferline s.c. magnets

Warm piping
compressor / vacuum pumps

Figure 4.3: Layout of the cryogenic installation.

4.3 Cryogenic Transferlines

The main criteria for the design of the cryogenic lines are the space restrictions given
by the existing accelerator tunnel and fast disconnection of the cryolines from the
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Warm piping compressor / vacuum pumpsWarm piping compressor / vacuum pumps

Multi transfer lineMulti transfer line

ValveboxValvebox

DewarDewar ColdboxColdbox

Radiation protection labyrinthRadiation protection labyrinth

VSR cryomoduleVSR cryomodule

Warm piping compressor / vacuum pumps

Multi transfer line

Valvebox

Dewar Coldbox

Radiation protection labyrinth

VSR cryomodule

Figure 4.4: Topview of the cryogenic installation. The BESSY VSR cryo-
module is shown in yellow, the cryo-transferlines in black and the
cryo plant components in blue.

module in case of removal of the module. The connection of the cryo module to the
cryogenic line will be from the top. To provide maximum accessibility the interface
is located directly below the ceiling on the radiation labyrinth exit. A rigid multi
transferline for seven media will be used to connect the cryogenic plant and valve
box to the cryomdoule. The Joule Thompson valve will be located in the module.
By using a vacuum barrier between the cryoline and the cavity module and flanges
at the connection of the cryoline to the module the time for disconnecting the
module in case of trouble is minimized.

4.4 Cryogenics for Preparatory Phase

For the preparatory phase a cost effective solution is planned. This can be realized
by mostly using existing cryogenic infrastructure of BESSY II. The cavities will
be cooled at a temperature level of 4.4 K by using the existing cryo plant TCF50
currently in use for WLS filling. Due to the high temperature level the Q0 values
of the cavities will be poor and operation will be possible only at reduced voltage.
The capacity of the TCF50 cryoplant is 120 W. Subtracting losses on the cryolines

136



4.5 Warm Operation of SC Cavities

and thermal intercepts 80 W is availiable to cool the cavities. Assuming realistic
Q0 values including field emission of Q0 = 1.6 × 108 for the 1.5 GHz cavity a field
gradient of 3.5 MV/m can be realized. The cryogenic piping will be done by using
flexible cryolines by NEXANS.

4.5 Warm Operation of SC Cavities

In case of loss of operability, it is essential to detune the cavities. If it is not possible
to stay cold on helium temperatures, the cavities will be warmed up, but machine
operation must be able to continue in standard BESSY II mode without the SC
cavities affecting the beam. Warm cavities will have Q0 values of about 10.000 or
less. The induced voltage by the beam will result in heating of the cavity walls on
the order of 1 kW, even if the cavity is detuned. To cool the cavity walls in warm
operation, the He-vessel will be flooded with He-gas at 300 K cooled by a separate
compressor system.
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5 Machine Integration

An overview of the straight section with the designated cryogenic module is pre-
sented in Figure 5.1. All of the vacuum parts between the upstream storage ring
magnets and the cryogenic module and in downstream direction after the cryogenic
module and the storage ring magnets have to be reworked. It is assumed that
for a successful operation of BESSY VSR average vacuum pressure values in the
low 10−10 mbar range are sufficient, following the XFEL specification. Therefore,
a bake-out of the complete section to reduce water partial pressure and material
outgassing rates is planed.

Figure 5.1: Top view of the 4.6 m long BESSY VSR straight with installed
cryomodule of 4 m.
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5 Machine Integration

5.1 Module Integration in Storage Ring

To realize the particle free vacuum system all vacuum chambers 10 m before and
10 m behind the cryogenic module have to be dismantled for a special cleaning
procedure or replaced by new components. The existing cable trays have to be re-
moved and installed in another way. For the particle free installation of all vacuum
parts and the cryogenic module itself, a portable cleanroom area is required. Suf-
ficient free space at the beginning and at the end of the cryogenic module straight
section for vacuum ion pumps and tapering has to be reserved. First assumptions
amounted to 300 mm each for both sides. The total length of the straight section
amounts to 4.6 m, allowing for ca. 4 m length for the cryomodule.

5.2 Vacuum System

For the separation of the cryogenic module from the storage ring, additional radio-
frequency-shielded all-metal gate valves are mandatory. They will be arranged in
front of the bending magnets which will be close to the cryogenic module, to keep
the free installation space in the BESSY VSR straight section as long as possible.
The vacuum sector will be equipped with three cold cathode gauges for monitoring
the vacuum pressure, which are connected to the vacuum interlock system.

To improve the pumping speed in the reserved sections before and after the cryo-
genic module ion pumps with internal NEG cartridges seem to be recommendable.
They will boost the moderate ion pump pumping speed by some orders of magni-
tude without extended space requirements. Tests at the NEG supplier have shown
that a special NEG cartridge model with zero particle emissions during activation
will be available shortly. The pumping ports for the ion pumps also incorporate
vacuum gauges and all-metal cross-angle valves which are used for roughing and
venting. The tapering from the magnet cross section to the superconducting cavity
cross section will also be done at this place. Dry turbo molecular pumps will be
used for roughing and during bake-out. This procedure should be established with
permanent connected pump carts, which in addition are equipped with dry and oil-
free diaphragm pumps, a vacuum control and a venting system. The pump carts
can be connected via flexible hoses to the cross angle valves which are installed
in each vacuum sector. These pump carts following a well proven DESY/XFEL
design allow for very slow venting and pumping of the vacuum system, so that ex-
isting particles do not move. Figure 5.2 shows a schematic overview of the pumping
system.

First prototypes of these carts are already under construction and will be soon
ready for testing and tuning. In order to avoid a particle transport into the cryo-
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5.2 Vacuum System

genic module, the dry nitrogen flow rate during the venting process must not exceed
the limit of 50 mbar l/s. This value has been tested and approved by cryogenic man-
ufacturers (Research Instruments) and operators of similar cryogenic devices. In
the same way, it is very important to reduce the average vacuum pressure below
1.0 × 10−10 mbar in the region of 5 m before and after the cryogenic module, to
keep the superconducting device free from the residual storage ring vacuum. This
requirements follows the specification for XFEL and Flash vacuum systems. There-
fore the adjacent old vacuum chambers through the magnets 5 m before and after
the module have to be replaced by new ones of stainless steel, coated with NEG
material for a better distributed pumping. All ConFlat flanges will be commonly
built using standard stainless steel material (316LN). The investments costs for
adapting the vacuum system to BESSY VSR requirements amount to 860 ke.
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Figure 5.2: Particle free pump cart design by RI Research Instruments.

Pressure Profile for BESSY VSR Operation

With respect to the vacuum requirements listed above a calculation of the expected
pressure profiles has been essential. Therefore, all already known BESSY VSR
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5 Machine Integration

boundary conditions like storage ring cross sections, pumping sizes and types, tube
lengths and thermal desorption rates were determined and first fundamental vac-
uum calculations have been done, presented in the Figure 5.3. The three coloured
curves for different cases are showing that the addressed design changes with ad-
ditional pumps in the BESSY VSR straight are well placed reducing the pressure
below 1.0 × 10−10 mbar. However, it would be recommended to add more pumping
speed (NEG coating) to the neighbouring storage ring straights, to achieve on a
higher pressure reserve for operating the storage ring at 300 mA with different high
bunch charges and fill patterns. The additional electron stimulated desorption in
the dipole chambers will affect the pressure profile in the BESSY VSR region, as
well. Further investigations will be required with respect to the continuous scien-
tific and technical developments of BESSY VSR and also for the real operation
case.

Figure 5.3: Pressure profile calculated for different scenarios in the
BESSY VSR straight. The text boxes, ID-chamber, DIP-bending
magnets are placed at their correct position within the BESSY II
ring.
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5.3 Impedance Upgrade

Survey and Alignment of Machine Parts and BESSY VSR
Components

To align the components of the machine a geodetic network is necessary. The
coordinates of the components with reference to the electron path/ photon path
have to be transformed into the geodetic network coordinate system. Therefore,
the alignments of the components have to be measured relative to the designed
electron path.

Network The fundamental geodetic network consists of magnetic nests for laser
tracker targets with a typical diameter of 1.55 inch. They are placed on the concrete
wall, floor and ceiling of the accelerator hall and of the equipment hall. The network
is measured using a laser tracker and a digital level. To obtain final coordinates for
the network points, all measurements are processed using least-square adjustment
software.

Fiducial Alignment To adjust the components of the machine with respect to the
geodetic network, all mechanical parts have to be equipped with bore holes with a
specific diameter, in which an adapter for the laser tracker references is placed.

Equipment and Accuracy The available survey equipment consists of a Leica
AT901-B laser tracker and a Leica DNA03 digital level. Under stable environ-
mental conditions and a maximum distance of 40 m, the uncertainty of a coordi-
nate measured with the laser tracker is ±15 µm ±6 µm/m. Within a volume of
2.5 m × 5 m × 10 m an accuracy of ±10 µm ±5 µm/m is achievable. These specifi-
cations are stated in units of maximum permission error (MPE). Typical results
are around half of the MPE. The digital level is specified with a standard deviation
of 0.3 mm/km double leveling using an invar staff.

5.3 Impedance Upgrade

The traveling electron bunch interacting with the surrounding vacuum chamber
induces electro-magnetic fields. The effect depends critically on the single-bunch
charge, the bunch length and the impedance of the vacuum components. Trapped
modes can trigger coupled-bunch-instabilities, induce impedance heating which in
turn can degrade the vacuum level, and cause fatigue stress and may finally lead
to a vacuum leak.
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5 Machine Integration

For a beam with a given charge distribution ρ(t) and its Fourier transform

ρ̃(ω) = 1√
2π

 ∞

−∞
dt e−iωtρ(t) (5.1)

the energy loss can be expressed as [1]

∆E = 1√
2π

 ∞

−∞
dω

ρ̃(ω)
2 ReZ ||(ω) (5.2)

where Z ||(ω) is the longitudinal impedance of the vacuum component.

In Figure 5.4 the frequency spectrum for standard BESSY II fill pattern and for a
BESSY VSR scenario are shown. For the standard mode the Fourier spectrum is
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Figure 5.4: Bunch spectrum as measured at a stripline monitor. (a) For
Standard BESSY II fill pattern with 300 mA. (b) A 270 mA
BESSY VSR-like fill pattern with every second bucket filled and
200 ns gap. The amplitude of the 500 MHz line is reduced in both
plots, due to the geometry of the pickup. The jump at 7 GHz is a
measurement artefact.

dominated by harmonics of 500 MHz. For BESSY VSR also harmonics of 250 MHz
are pronounced. Both, higher bunch current and shorter bunch length lead to an
increase in energy loss. For quantitative statements the impedance needs to be
taken into account.

Resistive Wake

For a given bunch charge Q and bunch length σz the total power losses Pres in the
vacuum chamber due to resistive wake field can be estimate by [1]

Pres =
Γ


3
4


4π2

√
2
c2Q2√Z0ρ

r(cσz)3/2 (5.3)
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5.3 Impedance Upgrade

provided the bunch length cσz ≫ χ1/3r with χ = ρ/Z0r, where Z0 = 376.7 W is
the vacuum impedance, ρ is the resistivity of the vacuum chamber material (for
stainless steel ρ = 0.71 µW m) and r is the vacuum chamber radius.

In Table 5.1 a comparison of the power losses due to resistive wake for standard
BESSY II operation and a BESSY VSR fill pattern is given. The estimated power
loss of BESSY VSR exceeds the corresponding value for standard operation by more
than a factor four, dominated by the short high-current (slicing) bunches, but are
well below 10 kW. Thus, no problems are expected due to resistive wake losses.

Table 5.1: Comparison of power loss due to resistive wake for standard
BESSY II operation and a BESSY VSR scenario.

Name No. Bunch charge σz Total current Pres Relative
[nC] [ps] [mA] [W] contrib.

Standard mode
camshaft 1 3.2 25 4 29 2.5%
slicing 3 3.2 25 12 88 7.4%
multi-bunch 300 0.757 15 284 1064 90.1%

300 1181

BESSY VSR mode
short 1 0.64 1.7 0.8 66 1.3%
long 1 8.01 27 10.0 163 3.1%
slicing 3 4.00 3.7 15.0 2406 46.3%
long-MB 150 1.32 15 247.2 1605 30.9%
short-MB 150 0.14 1.1 27.0 962 18.5%

300 5201

On the other hand these numbers illustrate the impedance dependence on the
bunch length, and indicate possible problems with geometrical wake impedances of
the short high-current bunches (cf. following sections).

CSR-Wake

The CSR-power emitted by a single bunch with N electrons moving in free space
on a circle with radius R = 4.35 m (BESSY II dipole bending radius) is given by [2]:
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5 Machine Integration

P free-space
coh [W] = 2.42 × 10−20 N2

R2/3[m] · (cσz)4/3[m] , (5.4)

where σz is the rms-bunch length. The radiated power is related to the energy loss
of the N particles due to the interaction with their own radiation fields created in
the dipole magnets. In reality the bunch is not moving on a circle in the storage
ring. Most of the time the bunch is not radiating at all and the emitted power is
reduced by the ratio of the total dipole magnet length, 2πR, and the circumference
of the ring, which is 240 m in the BESSY II ring. With the BESSY II parameters
the equation simplifies to:

P free-space
coh [kW] = 2.013 · Q

2[nC]
σ

4/3
z [ps]

. (5.5)

The above given steady-state result has to be further corrected When the bunch
enters the dipole the radiation field will build up slowly and reach its steady-
state value only more than half way through the BESSY II dipole. This depends
on the bunch length and is characterized by the slippage length [3]. In order to
approach the steady-state CSR field in the BESSY II dipole the bunch length
should be shorter than 1 mm which is the case for the short BESSY VSR bunches.
After the bunch has left the dipole magnet the interaction will continue since the
electrons still move in the radiation field. According to M. Borland [4] this field
decays with the overtaking length (closely related to the slippage length) given by:
L0 = (24 · cσz · R2)1/3. Usually the slow build-up of the interaction is more than
compensated for by the slow decay of the high field finally created in the dipole
magnet. With the short bunches the distance between dipoles is large compared to
the overtaking length so that interference effects between dipoles can be ignored.
This correction is named transient correction and given in Table 5.2 (trans.).

An additional correction is needed due to the presence of the nearby metallic vac-
uum chamber, which has the potential to shield or suppress part of the electromag-
netic fields of the moving electron bunch. The impact of a simplified model for the
chamber in the form of two perfectly conducting parallel plates has been estimated
in the frequency domain.

The result is identical to Bane’s time domain calculation and shown in Figure 5.5
together with Bane’s Gaussian approximation [5]. The shielding correction factor
as presented in Table 5.2 (shield.) is based on a direct calculation in frequency
domain.

Applying both corrections discussed above the total CSR power P total
coh has been

evaluated for the various bunches and is presented in Table 5.2, as well as the
incoherent and coherent energy loss.
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5.3 Impedance Upgrade

Figure 5.5: The correction factor for the shielding of a Gaussian bunch radi-
ating between conducting plates separated by the distance 2h as
a function of the shielding parameter Π. Note that in the rest
of the study h is defined differently and as the distance of the
plates. The black line is the result of the frequency domain calcu-
lation performed for this study and the red line is Bane’s Gaussian
approximation given by e−(Π·Π/0.742).

The energy loss U0, of each electron due incoherent synchrotron radiation is given
by:

U0[keV] = 88.5 · E
4[GeV]
R[m] = 88.5 · 1.724

4.35 = 178 . (5.6)

The additional energy loss due to the coherent radiation Ucoh, can be obtained from:

Ucoh[keV] = P total
coh [W]/Itotal[mA] . (5.7)

The CSR-power emitted by the long bunches is small and can be neglected. The
most worrisome contributions come from the many short and low intensity bunches
and the three lengthened but high intensity slicing bunches. In case of trouble
the current in these bunches can be adjusted to an acceptable level. The emitted
power of incoherent synchrotron radiation Pincoh is approx. 50 kW and the additional
contributions from the coherent radiation of shorter bunches with BESSY VSR and
the power losses due to the resistive wake will increase this value by up to 18 kW.
The higher energy loss per turn has to be compensated for by the RF-system.
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Table 5.2: Energy loss and CSR-power corrected by transient and shielding
factors for the short bunches at BESSY VSR.

Bunch Bunch No. CSR power Correction CSR power Energy
length charge steady-state trans. shield. total loss
σz/ps Q/nC P free

coh /kW P total
coh /kW Eloss/keV

Short bunches in BESSY VSR mode
1.1 0.4 1 0.284 1.281 0.919 0.334 668 + 178
1.7 0.64 1 0.406 1.325 0.759 0.409 511 + 178
1.1 0.144 150 5.51 1.281 0.919 6.49 240 + 178

Slicing bunches in BESSY VSR mode
3.7 4.0 3 16.9 1.50 0.252 6.38 425 + 178

Ultra short bunches in BESSY VSR low α mode
0.3 0.04 1 0.016 1.19 0.999 0.0191 382 + 178
0.4 0.04 1 0.011 1.21 0.997 0.0132 264 + 178
0.4 0.04 150 1.64 1.21 0.997 1.98 264 + 178

Short bunches in todays BESSY II low α mode
2.4 0.034 350 0.253 1.38 0.546 0.191 12.7 + 178
3.0 0.034 350 0.188 1.38 0.389 0.101 6.71 + 178
3.6 0.034 350 0.148 1.38 0.268 0.0546 3.63 + 178

This is not really a challenge for the existing 500 MHz-RF-system since the 7 T-
wiggler and the two 7 T-WLS produce an incoherent power loss of ≈ 50 kW, and
the 7 T-wiggler will not be in operation with BESSY VSR. For BESSY VSR the
bunch length dependent energy loss per turn and the corresponding shifts of the
synchrotron phases are more critical and deserve further studies.

Impedance Budget

The impedance caused by geometrical wake of individual vacuum components can
be studied with discretization computer codes (e.g. [6, 7]). The costs of impedance
calculations increases drastically with the complexity of the geometry and in partic-
ular with the upper frequency limit of the simulation. The memory consumption
increases with the third power while CPU time increases with the fourth power
of the frequency limit. Thus, with currently available computer power, this kind
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5.3 Impedance Upgrade

of calculations are very time consuming if extended beyond the range of a few
10 GHz.

In recent years, extensive impedances studies have been performed for a number of
machines, see [8, 9]. But for the BESSY II storage ring such calculations are not
available yet. In context of BESSY VSR numerical impedance calculations will be
performed at least for the most important components.

Table 5.3 gives an overview of vacuum components in the BESSY II storage ring.

Critical components include all dipole chambers (due to the high number of ports),
bellows, scrapers, collimators. Also the impedance effect of the new in-vacuum
undulator should be studied in detail. On the other hand many components are al-
ready equipped with powerful cooling system due to the high intensity synchrotron
radiation, which could mitigate impedance heating.

Temperature Monitoring

The final answer to impedance effects can only be determined using the beam. In
particular the short high-current (slicing) bunches will sample unchartered terri-
tory. It is therefore essential to allow in-situ temperature monitoring of vacuum
components. i.e. the system should be able to take measurements in the storage
ring bunker during beam operation.

Currently, temperature monitoring is performed by a number of PT100 tempera-
ture sensors. These measurements give valuable information about the temperature
change with current, but are limited to specific locations. In addition measurements
with an IR-camera on a tri-pod allowed a more detailed analysis of critical compo-
nents.

For BESSY VSR it is important to improve the temperature monitoring system in
order to quickly evaluate the effect of the short bunches on vacuum components.
The system should be able to map at least one complete sector. This could be
achieved by moveable IR-camera, e.g. mounted on a rail system.

Summary

General impedance effects have been taken into account in the design phase of
BESSY II [10], but there is very little quantitative knowledge about the impedance
of individual vacuum components. It is recommended to perform a similar study
like for the bERLinPro project [9]. At the same time a temperature monitoring
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Table 5.3: Overview of vacuum components in the BESSY II storage ring
with the status of impedance calculations, where status R indicates
components where a detailed analysis is highly recommended.

Vacuum component Number Status

Bends (12 vacuum elements)
Dipol chamber DIP 1.1 16 R
Dipol chamber DIP 2.1 16 R
Valve 2x8 + 4∗

Bellow 2x16 R
other 7

ID-Straights
Undulator chamber 13
In-vacuum undulator 1 R

Feedback & Diagnostics
Diagnostics kicker 1
Power stripline (Knockout, TFB) 2
Diagnostics stripline 3
Long. feedback cavity 1
Fluorescent screen (FOM) 5
Beam position monitor (BPM) 7x16
Current Monitor 2

Injection and RF
Septum 1 R
Inj. Kicker 4 R
Landaus (ferrit damper) 4

Other vacuum elements
Flange ≈240
Scraper 1 R
Collimator 1 R

∗The installation of four new vacuum valves is scheduled for the 2015 shut-down.

system should be developed. Both simulation and in particular measurements may
lead to the identification of critical components.

In case of the observation of drastic heat-up vacuum, counter measures need to be
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taken. These should include

• cooling improvements,

• installation of a temperature controlled heating system (to minimize thermal
stress),

• or may require redesign and replacement of the vacuum components.

Table 5.4 gives summary of the costs. Note that the costs for impedance related
hardware changes represents a rough estimate only.

Table 5.4: Summary of costs associated with impedance upgrade.

Item Amount Costs

Simulation
Licence for CST STUDIO SUITE

• Wakefield Solver

2 x 2year 40 ke

Temperature Monitoring
IR Camera 1 30 ke
automotive system 1 ca. 50 ke

Hardware changes
impedance upgrade ca. 150 ke

Sum ca. 270 ke

5.4 Installations, Run-In, Dark Times, Precautions

Installation of novel devices, that change the characteristics of the user facility
BESSY II drastically the way BESSY VSR does, require substantial risk consider-
ations and realistic planning. A balance has to be found between overcautious long
dark times, and a schedule, that tries to minimize the total out of service time.
A conservative long shutdown allows for diligent commissioning, and if necessary,
for last minute corrective actions. In an overambitious short shutdown, unforeseen
problems or accidents might in the end need more than the saved time, or even
worse, it can mean a big and painful impact on user routine operation.
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5.4.1 Operation Constraints for Hardware Implementation

Several operating conditions specific for BESSY II put serious constraints on the
different phases of the BESSY VSR implementation. Or from a different perspec-
tive, at least within tight limits, they allow to take advantage of a smart distribution
of scheduled user beamtime, shifting higher risk operation modes to a later point
in time.

On the average BESSY II fulfills the user demands for beamtime offering between
some 3300 h/y and 4300 h/y of hybrid multibunch (MB), typically 400 h/y of sin-
gle bunch (SB) and 270 h/y of low alpha mode, generating short pulses or stable
coherent THz radiation in alternating 12 h shifts. Typically total no-beam outage
times are well below 200 h/y, thus the source BESSY II is known for its very high
availability.

It can be foreseen, that with the advancement of puls picking methods the de-
mand for true SB operation will be reduced, low alpha will remain within specific
BESSY VSR operation modes.

The hybrid multibunch mode features true single bunch TopUp injection. The
even MB filling serves the average user community. A high current, low emittance
camshaft bunch in a 100 ns gap allows for pump probe experiments and pulse
picking with the chopper wheel, several high current bunches serve the fs-slicing
experiment. The latter shares undulator and beamtime with a non-slicing set-up,
i.e., during certain shifts, no slicing bunches need to be offered. In addition one
slightly isolated bunch can be resonantly excited for pulse picking, all at the same
time.

At BESSY II an over-booking factor around 2, more than 40 usable beamlines and
a sophisticated beamtime distribution, for each semester approved by the scientific
advisory committee, in units of 8 h shifts, several days, weeks or several weeks puts
pressure on minimized periods of unplanned beam outage.

Radiation protection prescribes an injection efficiency >90% in the 4 h average
(Chapter 9). Within limits, these very tight constraints can be mitigated by relaxing
certain beam parameters, like beam intensity, i.e. total current and bunch current
in the desired fill pattern (see 2.7). Maybe also operation modes with intermittent
time slots of certain less ambitious cavity settings, i.e. lower gradient and not so
short bunches, combined with a tailored TopUp refill pattern (e.g. several minutes
decay, sequence of refill shots) become interesting.
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5.4.2 Installation, Commissioning in the Preparatory Phase

Installation of the cryomodule with equipped only with two 1.5 GHz cavities will
be a more or less straightforward shutdown activity, since techniques involved are
well known and mastered.

In terms of a raw sketch the installations in autumn 2018 will require sequential
phases (only “dark” shutdown weeks are considered)

Preparatory work: The cryo module needs to be equipped with both cavities,
tested (1.8 K, full field), fully conditioned, ready for integration. Necessary
connections have to be installed in a preceding shutdown: 4 K Nexans pipes,
300 K He-gas cooling, electrical cabling (motor controller, control system, di-
agnostics)

Put cryo module in place (2 w): Remove cold MPW, dismantle beamline and
frontend, enhance radiation protection wall, re-adjust labyrinth at feed-through
on top, insert and align cryo module

Cooldown (1 w): Cool shield, module, test 300 K cooling system

Conditioning (1 w): Personal interlock system has to be set, apply full field to
both cavities and test and tune LLRF

Beam based tuning (3 w): Establish proper power and phases, for all combina-
tions of the two cold/warm SRF cavities and the 4 NC cavities, for park
positions and bunch lengthening, adjust BBFB for various fill pattern and
beam currents.

A minimum of 7 weeks user dark time is needed to enable preparatory phase at all.
Further post shutdown commissioning has to be combined with user operation, in
the beginning possibly with slightly degraded beam conditions.

As an isolated activity of breaking the vacuum, the cryo module installation proba-
bly requires minimal beam scrubbing. First priority of further machine development
then aims at the establishment of the best achievable transparency of this novel de-
vice. A safe park positions have to be found for all operating temperatures (warm,
cold/SC, see Section 2.8). It has to be characterized, if and how the existing 4 NC
3rd harmonic cavities can contribute to a proper control of the remaining effects of
the “parked” SRF cavity on the beam while maintaining the lengthening required
for the lifetime constraints of TopUp operation.

Subject of further studies then will be the bunch lengthening and shortening options
accessible by all 1.5 GHz cavities. Acquired data and conclusions from this com-
bined cavity tuning will be important for the next steps towards the BESSY VSR
parameter space.
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5.4.3 Installation, Commissioning of the Booster Synchrotron
Cavity

Installation of the bunch shortening cavity in the booster (see Section 3.5) requires
6 weeks of shutdown in 2019. Preparing work (wave guides, cabling) can be the
side activity of a small preceding shutdown (2-3 weeks). If all systems function
properly, one week of commissioning could be sufficient to come back to stable
acceleration, extraction and finally injection of high current bunches with high
injection efficiency. In summary another 7 weeks of user dark time result.

5.4.4 Installation, Commissioning of Final BESSY VSR

Final installations in 2020 will require long sequential phases (assessable in weeks)

Clean vacuum chamber (11 w): Some 15m of vacuum chamber up- and down-
stream of the cryo module has to be replaced (Section 5.2)

Multiple cryo line (2 w): This transfer line has to be welded down, the labyrinth
has to be reorganized, the cryo plant needs commissioning (see Chapter 4)

Cryo module in, cooling (3 w): The preparatory phase module has to go out, the
new module will be inserted, old connectors have to be removed, new lines
attached, cooldown completed

Conditioning (3 w): Personal interlock system has to be set, apply full field at all
cavities, LLRF has to be tested and tuned

Beam based tuning (3 w): Proper power and phases, for all combinations of the
four cold/warm SRF cavities and the 4 copper cavities, for park positions and
bunch lengthening, have to be established. BBFB for various fill pattern and
beam currents has to be adjusted.

Dependent on the feasibility to interlace these activities a minimum of 12–20 weeks
user dark time is needed to modify BESSY II for BESSY VSR.

Operational experience will rapidly show, how well design parameters can be met.
Prospects concerning improved tuning capabilities could become feasible with addi-
tional space. Some space will be possibly regained by making the old 3rd harmonic
copper cavities and 3 out of 4 NC 500 MHz accelerating cavities dispensable. This
is subject to future upgrade options (see Chapter 12).
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5.4.5 Precautional Measures

Big cold masses at other light sources (SC RF), also at BESSY II (SC MPW) have
shown that lengthy, maybe frequent warm-up procedures [11, 12] can significantly
impede operations. At the affected ring sector big cryo pumps are switched off,
fading vacuum conditions, limit stability and lifetime.

Experiences with fundamental mode SC cavities vary, even with the same type
of cavity [13]. As countermeasure to the advers effects on beam availability and
stability Diamond plans to add two normal conducting cavities of the BESSY II
fundamental mode type to the remaining two SC cavities [14, 15], in place of the
middle 3rd SC cavity, resembling a hybrid RF straight section. This remedy is not
available for BESSY VSR.

Different scenarios of a slow or event based degradation of SRF cavities or cryo
module might require a fast removal from the ring and external repair. Any provi-
sion to allow for a fast disassembling or exchange of the still cold cryo module has
to be foreseen to allow for continuation of standard user mode.

Valves that allow to seal the SRF vacuum as well as the remaining storage ring
are required. A vacuum barrier between the cryoline and the cavity module, and
flanges at the connection of the cryoline to the module are foreseen, to allow for
controlled heating in preparation of a rapid disconnect (see Chapter 4). Then, as
the cryo module is removed from the ring, the prepared replacement unit has to be
available and in place.

Even then, minimal mandatory warming up requires 1 day, removal and mounting
of the replacement unit another day. Then 2 days of cool down are needed, followed
by 1-2 days of conditioning. In summary, even under optimal conditions a full week
of dark time will result from any situation requiring the replacement of a faulty cryo
module.
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6 Beam Diagnostics

6.1 Required Information

Commissioning and operation of BESSY VSR requires an upgrade of machine di-
agnostics. There will be new beam parameters used as a figure of merit as well as
existing parameters in new ranges. Two main tasks will have to be accomplished.
One the one hand, beam diagnostics is needed for machine commissioning as well
as developement. In particular, this involves understanding the injection process
as well as combining BESSY VSR and low-α to generate short pulses in the sub-ps
range. On the other hand, a set of non-invasive diagnostic techniques is needed to
ensure long-term quality and stability of the photon beam delivered to users.

Table 6.1 shows beam and radiation parameters, which are intended to be measured
for the commissioning and/or operation of BESSY VSR. An exceptional feature of
measuring these parameters is given by the fact, that parameters have to be mea-
sured on a bunch-by-bunch basis due to the complex fill pattern – see Section 2.3.

It should be noted that mechanical stability of beamline elements such as mirrors
or optical tables can become an issue when using very short bunches. Therefore,
the corresponding vibration measurements should be projected.

6.2 Diagnostic Beamline

A beamline for photon diagnostics is foreseen for BESSY VSR. This beamline
should offer the possibility to operate a streak camera, THz detectors and spec-
trometers as well as additional space for tests and development of new diagnostic
techniques. It is intended to operate the beamline over the full project range of
BESSY VSR – during commissioning as well as user operation.
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6 Beam Diagnostics

Table 6.1: Beam parameters to be measured for BESSY VSR.

Parameter Measurement techniques

Instantaneous bunch length Streak camera
THz spectrocopy

Average bunch length Streak camera
Slicing
THz spectrocopy

Longitudinal jitter Streak camera
Bunch-by-bunch BPM / stripline
Slicing

Transverse jitter Bunch-by-bunch BPM / stripline
Source point imaging
Quadrant diodes

Transverse source size Source point imaging
Streak camera

THz power Schottky diodes
THz spectrum Bolometers

Schottky diodes
FTIR

6.2.1 General Setup

The use of bending magnet radiation seems to be necessary, as the demand for
user time at insertion devices is notoriously high. In addition, the injection process
is of particular interest. Therefore, the beamline should be able to operate with
closed beam shutters – see Chapter 9. At the time of writing this study, the only
acceptable solution fulfilling all these demands is to use an out-of-plane beamline.
Therefore, a vertical mirror is applied to achieve a 90° reflection just behind a
bending magnet. This mirror should be as close to the dipole magnet as possible to
maximize acceptance of radiation in the THz range. A new opening in the radiation
shielding is needed, which will be covered by a labyrinth of additional shielding
material. Beamlines of this kind are already well established at BESSY II, such as
the IR and THz beamline.

Figure 6.1(a) shows possible positions of the diagnostic beamline along the BESSY II
storage ring, which are given by green markers. The red marker indicates the posi-
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6.2 Diagnostic Beamline

tion of the superconducting RF cavity system. Positions next to the cavity system
would be favorable in terms of being able to detect beam parameters directly in
the vicinity of these new and strong elements. However, space requirement by the
cryogenic system may hamper the setup of a diagnostic beamline at those positions
– see Chapter 4. Figure 6.1(b) shows a platform based beamline setup at the ex-
ample of the IR beamline at BESSY II. It should be noted, that the beamline with
all optical elements and detectors is placed on the concrete part of the radiation
shielding for reasons of mechanical stability. Setting up the beamline would require
roughly one year, starting with the decision of position. The required reconstruc-
tion work will be carried out in regularly scheduled shutdowns and will not lead to
additional downtime.

(a) (b)

Figure 6.1: Possible positions of a diagnostic beamline (a). Green markers in-
dicate the position along the storage ring, whereas the red marker
indicates the position of the superconducting RF cavities system.
A platform based solution (b) can be chosen similar to the IR
beamline at BESSY II.

Using at least 2 × 90° reflections, restricts the available wavelength range to the
lower photon energy part of the synchrotron radiation spectrum of BESSY II. The
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6 Beam Diagnostics

use of technologies likes multi-layer mirrors will have to be explored to evaluate
possible application of higher photon energies in the range of hundreds of eV.

Table 6.2 shows estimated costs for the setup of a diagnostic beamline.

Table 6.2: Projected costs of a diagnostic beamline and equipment for
BESSY VSR.

Item Costs

Baseline costs 100 k€
(platform & radiation shielding)
Photon beamline 200 k€
Standard diagnostic equipment 100 k€
(oscilloscope, spectrum analyzer ...)
Streak camera 300 k€
(including optical elements)
Dipole chamber with dedicated THz port 100 k€
(front & back port)
Schottky diodes, bolometer & accessories 100k€
Bunch resolved beam position 30k€
Bunch resolved source point imaging to be estimated

Sum 930 k€

6.2.2 Bunch Length Diagnostics

A well established technique of measuring the bunch length in electron storage rings
is the use of streak cameras. The bunch length regime that can be covered using
the streak camera technique in general is about σ ≈ 1 ps . . . 100 ps. At present,
there is already a streak camera in operation at BESSY II, which has a resolution
of about σ ≈ 2 ps.

It is necessary to distinguish between two different kinds of operation of a streak
camera:

1. synchroscan,

2. single streak.
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6.2 Diagnostic Beamline

The synchroscan mode is well established at electron storage rings and makes use
of the highly repetitive radiation patterns. Therefore, requirements in terms of
photon flux are quite relaxed and can be countered by longer acquisition times.
However, this technique only reveals information about the average bunch length.
Fast oscillations or jittering of the electron beam may increase the measured bunch
length. In contrast, the single streak technique is based on the measurement of the
bunch length of individual bunches in a single pass. Therefore, enough photons
emitted by the bunch and accepted by the beamline are needed, which amount
to roughly 100 . . . 1000 photons. Commercially available single streak cameras are
able to resolve an instantaneous bunch length of about σ ≈ 100 fs. Simulations
to determine whether this technique is possible at all, require a more progressed
project state with detailed knowledge of beamline position and geometry. This
level of resolution imposes tight demands on the signal/trigger distribution system,
as well as the mechanical stability of the beamline, which will be necessary for
BESSY VSR operation in any case. However, single streak cameras are prone to a
quite large trigger jitter, which is orders of magnitude larger. Therefore, jitter and
oscillations may not be resolved by this technique.

An alternative method to extract the bunch length for short bunches in the picosec-
ond to sub-picosecond range is the detection and analysis of coherent synchrotron
radiation in the THz range. This technique is already established at BESSY II [1].
Recent developments in Schottky diode detectors may allow efficient monitoring of
bunch-by-bunch THz spectra and stability.

Complementing to machine diagnostics to determine sub-picosecond bunch lengths
and stability, user experiments can contribute significantly. E.g. the slicing ex-
periment may probe the bunch length by adjusting the phase between laser and
bunch.

6.2.3 Source Size Diagnostics

BESSY II is operating pinhole monitor systems to measure transverse beam dimen-
sions [2]. However, the complex fill pattern of BESSY VSR as given in Section 2.3
indicates the need to determine this information on a bunch-by-bunch scale.

One way of measuring a bunch-resolved source size could be to make use of fast
optical gates in the hundreds-of-picoseconds range. However, the required optical
gates are well established in the visible range only.

Table 6.3 shows the calculated resolution limits for bending magnet radiation fol-
lowing [3]. Compared with BESSY II source point size as given in Section 1.3, the
use of UV or VIS radiation seems to be of limited applicability. In addition to
diffration, the depth-of-field effect may limit resolution which can be avoided by
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reduction of the acceptance angle [4]. Further studies to extract bunch-resolved
transerve beam dimensions using source point imaging techniques are ongoing.

Table 6.3: Source point imaging – resolution limit in the vertical plane for
bending magnet radiation.

Wavelength/nm Diffraction limit/µm

13.5 3
200 16
550 30

As an alternative approach, streak cameras can be used to monitor the bunch-
resolved bunch dimension in one plane. However, this technique is more commonly
used for proof-of-principle measurement or injection studies in contrast to long-
term, high resolution monitoring.

6.3 Digital Feedback System

Storage Ring

Since 2013 a digital bunch-by-bunch feedback system is in operation in the BESSY II
storage ring. This system has proven to be a powerful tool for the mitigation of
coupled-bunch instabilities in all three planes, and also provides valuable diagnos-
tics capabilities [5].

A temporal resolution of approximately 100 fs was achieved in the longitudinal
plane, which can be utilized for longitudinal jitter analysis of short bunches in
BESSY VSR.

For BESSY VSR the power of the currently installed system is believed to be
sufficient, but in particular in the longitudinal plane the system will be upgraded
in order to provide enough operational head room. Recently new state-of-the art
amplifier have been acquired. These include two 250 W broadband amplifiers (9 kHz
to 250 MHz) for the transverse plane, and one 200 W RF-amplifier (0.8 GHz to
3 GHz) for the longitudinal plane. Commissioning is ongoing and will be completed
by mid 2015. For the transverse plane this provides an easy upgrade plan: With
a second pair of 250 W broadband amplifiers, and utilizing the free stripes of the
stripline kicker, the system power can be doubled. In the longitudinal plane a
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6.3 Digital Feedback System

factor two in kicker amplitude would require an amplifier power upgrade of factor
four. This is possible but expensive. Therefor at least one additional longitudinal
feedback cavity will be installed.

In general the damping times achievable with the longitudinal bunch-by-bunch
feedback system is limited by the synchrotron frequency. Additional improvements
of the performance may be possible by alternative feedback designs utilizing a
different pickup-schemes, which is subject of current research.

Booster Synchrotron

In the moment the booster synchrotron is operated without bunch-by-bunch feed-
back. Longitudinal instabilities exist and contribute approximately with 70 ps to
the bunch length at extraction (see Figure 6.2). This jitter is not acceptable for the
reliable injection into short bunches. Thus, the installation of longitudinal bunch-
by-bunch feedback is needed. In addition the installation of a full 3D system (as in
the storage ring) is recommended, both to provide bunch-by-bunch/turn by turn
diagnostics and to mitigate possible transversal multi-bunch instabilities that may
arise in future operation modes of the booster.

(a) (b)

Figure 6.2: Streak camera measurements of the injection process (a) single-
bunch injection, (b) four-bunch injection. Coupled-bunch insta-
bilities lead to an effective bunch lengthening of approximately
70 ps.

163
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Table 6.4 gives a summary of the costs for upgrading the digital feedback systems.

Table 6.4: Summary of costs associated with digital feedback upgrade. These
costs include an upgrade of the existing bunch-by-bunch feedback
system in the storage ring, and the installation of a dedicated sys-
tem in the booster synchrotron.

Item Amount Costs

Storage ring
250 W broad band amplifier (transverse plane) 2 45 ke
Longitudinal kicker cavity 1 50 ke
200 W 0.8 GHz to 3 GHz amplifier (longitudinal plane) 1 65 ke
Vacuum chamber modification ca. 15 ke
Experimental bunch-by-bunch feedback processor 1 70 ke

Sum 245 ke

Synchrotron
Digital bunch-by-bunch feedback processors (e.g. Dim-
tel iGp12)

3 200 ke

250 W broad band amplifier (transverse plane) 2 45 ke
Longitudinal kicker cavity 1 50 ke
200 W 0.8 GHz to 3 GHz amplifier (longitudinal plane) 1 65 ke
Vacuum chamber modification ca. 15 ke

Sum 375 ke

Total sum 620 ke

In order to achieve a better beam alignmenent and orbit stability for BESSY VSR
an upgrade to a digital BPM system is necessary. A rough estimate for upgrading
BESSY II’s BPM system shows that the investment costs amount to 1700 ke.
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7 Bunch Separation Schemes

The light emitted by long bunches has to be separated from the short light pulses
to allow for efficient use of the characteristics. Several techniques are at hand
to achieve that goal. On the one hand temporal separation, either by electronic
means and gated detection – not further discussed here, or by a fast spinning
chopper wheel which blanks out the unwanted long light pulses and which will be
presented in Section 7.1. Both techniques require a gap of ∼ 50 ns on both sides of
the short bunch in order to be applicable. Or, on the other hand, spatial separation
of the short bunch from the rest by so called “resonant pulse picking”, successfully
demonstrated at BESSY II and described in detail in Section 7.2. Spatial separation
by transverse deflecting structures is covered in Section 7.3. Finally, Section 7.4
presents the technique of creating transverse resonance islands which can be popu-
lated at will for each individual bunch and can also be used for spatial separation
of bunches. The latter techniques do not require long gaps around the bunch being
separated. This is a clear advantage over the chopper wheel because the 100 ns long
gap produces phase transients which reduce the life time (see Section 2.6).

7.1 Chopper Systems

Anticipating the BESSY VSR fill pattern with variable bunch length we have proven
the workability of a MHz (turn-by-turn) mechanical chopper system to pick single
(camshaft) X-ray pulses of variable pulse length out of the different multibunch
pulse trains as foreseen for the BESSY VSR upgrade. This device (FZJ/MPI/HZB-
development) is a unique high-tech gadget compared to conventional kHz-choppers
[1, 2] as it must withstand strong centrifugal forces owing to a high orbital speed of
triple sound velocity. After recent tests we demonstrated - by an elaborate interplay
between mechanical precision, a fast phase locked electronic feedback control and
a high performance X-ray beamline - that only pulses of 1.25 MHz repetition rate
may pass the chopper mimicking a single bunch mode X-ray emission at preserved
peak brilliance. This system may facilitate all single bunch applications as usually
performed in the regular but rare single bunch accelerator mode. It will be installed
in beamlines that are unfeasible to benefit from other pulse picking techniques (see
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7 Bunch Separation Schemes

[3, 4]). The first prototype has been recently implemented in the PM4 - beamline,
a Plane Grating Monochromator (PGM) on a dipole source.

The system as depicted in Figure 7.1 consists of a specially designed in-vacuum
chopper wheel rotating with 0.998 kHz angular frequency. The wheel needs to

70 µm0.28754°

magnetic bearing

motor

chopper wheel

beam

800 ns

800 ns

Figure 7.1: Optical layout and mechanical assembly drawing of the MHz light
chopper system. A specially designed wheel (light blue) with radi-
ally decreasing thickness (minimum 0.5 mm) is driven by a mech-
anism as widely used for magnetically pivoted turbo-molecular
pumps. After passing a variable entrance slit (here 70 µm) the
incident focused light beam (flaming red) is passing the set of
wire-eroded chopper slits at the outer edge of the wheel. The pat-
terns close to the beam (red) depict a temporal pattern as emitted
by the source and after the chopper, respectively indicating that
only a single X-ray pulse at 1.25 MHz (800 ns) is being passed
through the slits.

be operated in vacuum by magnetic bearings and capable of withstanding high
centrifugal forces. Pulses are picked by 1252 high precision slits of 70 µm width in
the outer edge of the wheel corresponding to a temporal opening window of the

168



7.1 Chopper Systems

chopper of 70 ns at 1060 m/s orbital speed and 998 Hz rotation frequency. The
chopper needs a beamline with intermediate focus and was successfully tested in
a dedicated setup on a dipole magnet beamline at BESSY II [5]. The device was
placed in the intermediate focus after the first mirror (toroidal mirror at 6° grazing
incidence, 12° total horizontal deflection, Gold coating) that produces a 1:1 image
of the source 24 m behind the electron beam at a beam height of 1.4 m. After that
mirror the beam is a white beam (50 eV to 1 keV) limited at high photon energies
by the mirror’s reflectivity cut-off and at low energies by a 2 µm thick Aluminum
filter in front of the detector (APD-Avalanche Photodiode, Hamamatsu-2381) as
used 1 m behind the chopper.

Using this setup we have successfully proven the workability of the MHz mechanical
chopper system by using it to pick single pink X-ray pulses of 50 ps pulse length
(FWHM) out of the regular multibunch pulse train in the BESSY II storage ring
as confirmed by Figure 7.2.
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Figure 7.2: X-ray signal behind the chopper with the chopper at rest (upper
plot) and with the chopper slit phase-locked to the bunch clock
and at a phase value that keeps the opening window symmetrical
to the camshaft bunch (lower plot). To confirm the high purity,
the same waveform is plotted at logarithmic y-scale in the inset.

The inset Figure 7.2 clearly demonstrates that a single bunch pattern of extraordi-
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nary purity serves the experiment. The temporal opening window of the device is
given by the convolution of two 70 µm slits, one of them placed 10 cm upstream of
the chopper and the chopper slit itself. At the current beamline this convolution is
150 µm wide, sufficient to pick pulses out of a 200 ns clearing gap in BESSY II’s fill
pattern. However, at beamlines with smaller intermediate focus, the ultimate limit
as given by the 70 µm wide chopper slits and their orbital velocity of 1060 m/s is
70 ns.

The chopper technique, currently optimized for an ion clearing gap of 200 ns, needs
to be adapted to the envisaged BESSY VSR fill pattern with a gap of only 100 ns.
The investment costs for upgrading the chopper system are summarized in Ta-
ble 7.1.

Table 7.1: Estimation of costs for adapting the MHz chopper system to a
100 ns ion clearing gap.

Sub-100 ns MHz-chopper Costs/ke Remarks

Modified prototype for dipoles 210 Final BESSY VSR
phase, sub-50 micron
slitted wheel

Controls, data acquisition 105
Adapted slit unit 65 Modification of the PGM

New prototype for IDs 210 Final BESSY VSR phase
Controls, data acquisition 105
Exit slit modification 90 Monochromator modifi-

cations

Total costs: 785 ke

7.2 Incoherent Excitation

Everything we know nowadays about novel materials and the underlying processes
defining them we know thanks to studies at contemporary synchrotron facilities like
BESSY II. Here, relativistic electrons in a storage ring are employed to generate
very brilliant and partly coherent light pulses from the THz to the X-ray regime in
undulators and other devices. However, most of the techniques used at Synchrotron
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Facilities are very "photon hungry" and demand ever brighter light pulses to conduct
innovative experiments. In the soft and tender X-ray range these applications will
be certainly covered by diffraction limited light sources very soon. The general greed
for stronger light pulses does, however, not really meet the requirements of one of
the most important techniques in material science: Photoelectron spectroscopy.
Physicists and chemists have been using it for decades to study molecules, gases
and surfaces of solids. However, if too many photons hit a surface at the same
time, space charge effects of the emitted electrons deteriorate the results. Owing
to these limits, certain material parameters stay hidden in such cases. Thus, a
tailored temporal pattern of X-ray pulses is mandatory to move things forward in
surface physics at Synchrotrons, especially when dynamics on the picosecond and
even sub-picosecond timescale is supposed to be addressed.

Our novel method [3] is capable of picking single pulses out of a conventional pulse
train as usually emitted from synchrotron facilities. We managed to apply this for
the first time to time-of-flight electron spectroscopy based on modern instruments
as developed at BESSY II within a joint Lab with Uppsala University, Sweden [6].
The pulse picking technique as depicted in Figure 7.3 is based on a quasi resonant
magnetic excitation of transverse oscillations in one specific relativistic electron
bunch that - like all others - generates a radiation cone within an undulator. The
selective excitation leads to an enlargement of the radiation cone. Employing a
detour ("bump") in the electron beam path, the regular radiation and the radiation
from the excited electrons can be easily separated and only pulses from the latter
arrive - once per revolution - at the experiment as confirmed by Figure 7.4.

Thus, the arrival time difference (800 ns) of subsequent pulses is now perfectly ac-
commodated for modern high resolution time-of-flight spectrometers. The develop-
ment of the Pulse Picking by Resonant Excitation (PPRE) was science driven by our
user community working with single bunch techniques. They demand more beam-
time to improve studies on e.g. graphene, topological insulators and other hot topics
in material science like the current debates about high Tc-Superconductors, mag-
netic ordering phenomena and catalytic surface effects for energy storage. Moreover,
with pulse picking techniques at hand, we are now well prepared for our future light
source with variable pulse lengths: BESSY VSR, where users will appreciate pulse
selection on demand to readily switch from high brightness to ultrashort pulses
according to their individual needs.

We have proven the feasibility of the method with ARTOF-time-of-flight spectrom-
eters at different undulators and beamlines as well as in BESSY II’s regular user
mode. We could certainly benefit from long year experiences with emittance ma-
nipulation. The small kicks of typically ∼ 0.1 µrad per bunch passage add up and
lead to a 3 times horizontally blown-up bunch. Thanks to accelerator developments
in the past, we are capable of even picking ultrashort pulses out of the bunch trains
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Figure 7.3: Undulator light (grey) emitted from the regular electrons in the
bunch train (2 ns distance) is dumped into an aperture. In regu-
lar operation, the bump is turned off and the non-excited bunches
(grey ellipse) emit undulator radiation on-axis. With the bump
turned on, this radiation is emitted off-axis and hits the knife
edge being dumped there and only a part of the radiation (or-
ange) from one resonantly excited (blue ellipse) bunch can enter
the beamline after travelling on-axis and thus, preserving the cir-
cular polarization degree (S3/S0) = 0.7 to 0.9 as available from
elliptical undulators.

in low-alpha operation, a special operation mode of BESSY II. At last, the users
can, already right now, individually switch - within minutes - between high static
flux and the single pulse without touching any settings at their instruments and
the sample. At BESSY VSR the two pulses in the 2 clearing gaps can be selected
on demand by just changing a delay in the timing system that controls the bunch
excitation and the devices which are utilized at the experiment for electronic gating
or time-correlated counting, respectively.

7.3 Transverse Deflecting Structure

Separation with a transverse deflecting structure is very similar to the separation
by incoherent excitation. The emittance increase by the quasi resonant excitation
of a particular bunch requires only a very modest strength of the transverse kicker,
however, has the disadvantage that only a rather small fraction of the light emitted
by the bunch can be utilized in the experiments. In nearly all cases, and as long
as the emitted light is not diffraction limited, the required angle for full separation
depends on the emittance of the electron beam. With dedicated and advanced
techniques the kick applied to the desired bunch can be made considerably larger.
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Figure 7.4: X-ray signals at different excitation conditions. Signals measured
with an avalanche photodiode behind the exit slit of the UE56/1
beamline at a photon energy of 1200 eV for different situations: (a)
Normal hybrid mode with four camshaft bunches of 36 ns distance
in an ion clearing gap of 200 ns. The blue inset in (a) shows the fill
pattern. A weak resonant excitation of one camshaft bunch out of
4 in (b) leads already to one order of magnitude higher signal from
that bunch. At even stronger excitation in (c) a real stationary
turn-by-turn repetition (shown by larger timescale) of the picked
bunch at 800 ns (1.25 MHz) remains even though the excitation
is performed only at 190 kHz excitation frequency. A close up
of the single bunch signal, depicted in (d) shows the result if the
excitation is switched OFF and ON, respectively. The comparison
between the black and the red curve (shifted for clarity) reveals
that a signal contribution from multi-bunches is not detectable at
all, even with a signal-to-noise limit > 103.
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If the kick would be on the order of one mrad the light emitted by the long and
short bunches can be completely separated in the horizontal plane so that the full
intensity of the short pulse would be available.

The ALS [4] was the first facility to develop the so called pseudo-single-bunch
operational mode, a bunch separation scheme based on a fast transverse deflecting
stripline kicker, which is also suitable for BESSY VSR. The basic idea is shown in
Figure 7.5 [7]. The kicks are applied in the vertical direction where the emittance
of the electron beam is sufficiently small so that the radiation is diffraction limited
and full separation of a single bunch is easier. If the bunch is kicked on every
revolution, the bunch will circulate on a stable closed orbit vertically shifted with
respect to the other bunches.

Figure 7.5: Creation of a pseudo-single-bunch from a multi-bunch fill pattern
at the ALS. The bunch in the gap is kicked vertically on every
revolution and because of the displaced orbit the light emitted by
that bunch can be separated by a collimator from the rest of the
radiation [7].
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As depicted in Figure 7.5 a strategically placed collimator in the beamline can sup-
press the unwanted radiation. The source point conditions depend on the relative
position of the beamline and the location of the kicker magnet. This is shown in
Figure 7.6 for a section of the BESSY II ring and a position of the stripline kicker
in front of the BAM WLS, space currently occupied by the four normal conducting
1.5 GHz-Landau cavities.

(a)

(b)

Figure 7.6: One- (a) and two-turn (b)closed orbits from a 100 µrad vertical
kick at BESSY II. The repetition rate of short light pulses would
be 1.25 MHz or 0.625 MHz. If the beam is kicked on every second
revolution the strength of the kick should be Kn=2 = K1

sin(n·πQ)
sin(πQ

in order to produce a similar orbit shift.

If the kicker produces a kick of 100 µrad every 800 ns the solid orbit offset is obtained
and if a kick is applied every second turn then the dotted orbit distortion would be
created. Shifted orbits, closed after 2 or even 3 turns, would offer opportunities to
catch the right radiation on nearly all beamlines, however, at a reduced repetition
frequency and with a suitable strength of the kicker magnet. The strong kicks
at these repetition rates can be produced with state of the art stripline [8] and
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electronics designs [9]. Rise and fall time of these pulses would be below 10 ns so
that a total gap of only 20 ns would be required, much shorter than needed for
the chopper wheel. With a suitable 4-kicker DC-bump the orbit of the displaced
bunch must be brought back to the on-axis design orbit. This will usually include
position and angle of the beam and, in case of a shifted orbit closing after 1 turn,
full separation might be possible on a few beamlines only. The opening cone of the
radiation will be determined by the characteristics of the undulator rather than the
emittance of the electron beam. The vertical emittance is small enough to produce
diffraction limited radiation up to a few keV photon energy.

The actual vertical tune at BESSY II with a value of 6.74 is very close to the fourth
order resonance. It would be straight forward to apply the kick-and-cancel scheme
demonstrated at the ALS. In this scheme the beam would be kicked and 2 turns
later kicked again. The second kick ideally removes all the transverse momentum
of the bunch and the bunch travels for 2 turns on a shifted orbit compared to the
rest of the beam. This would allow for freely adjustable repetition frequencies of
the light pulses from ms to µs time intervals.

The pseudo-single-bunch technique can also be applied in the horizontal plane. The
emittance is much larger and considerably larger kicks on the order of one mrad
are required to fully separate the short light pulses from the light emitted by the
long bunches. Due to the elliptical shape of the vacuum chamber with a typical
aspect ratio of two it is much easier to produce the necessary vertical kicks.

For the BESSY VSR fill pattern of the storage ring there is an alternative to the
broad band stripline kicker namely a resonant transverse deflecting cavity structure
working at an uneven multiple of 250 MHz. In such a cavity the deflecting field
changes direction every 2 ns and bunches stored in even buckets (short bunches)
could be spatially separated from bunches in the uneven buckets (long bunches), the
buckets created by the combined 1.5 GHz and 1.75 GHz cavity-systems 2 ns apart.
For example, short bunches would be kicked to one side and the long bunches
to the other. With a static transverse field the desired type of radiation could be
guided through the beamline and onto the sample. This would not lead to a perfect
separation due to the planned filling pattern which foresees to include a couple of
short bunches for slicing with a charge as high as possible. It would nevertheless
relax the requirements for an additional chopper or for gating the detector. For the
APS-crabbing scheme an appropriate superconducting cavity has been developed.
The operating frequency of 2.8 GHz, close to the 2.75 GHz cavity which we would
need [10]. This cavity has produced a peak deflecting voltage of 2 MV. If this cavity
would be installed at BESSY II the beam could be separated with a total angle
of ∼ 2.3 mrad, which is at least one order of magnitude larger than needed for the
vertical separation of short and long bunches. This bunch separation scheme will
be studied in details within the BESSY VSR project.
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7.4 Resonance Island Buckets

Nonlinear beam dynamics may enable storage rings to operate with multiple beams
simultaneously. A separation of electron beams in space or angle yields an intrinsic
separation of photon beams, which may be exploited by users through means of
apertures or imaging. Storage of multiple electron beams can be achieved by intro-
ducing additional buckets to the phase space in at least one plane. Main advantages
of this beam separation technique are the use of static magnetic fields, a limited
impact on emittance and most important: separated beams are supplied to all user
ports simultaneously – bending magnet and ID beamlines alike. No new hardware
and only marginal detuning of the well established beam optics will be required
for implementation. However, applicability for high current user operation at large
scale synchrotron light sources operating under TopUp conditions still has to be
shown.

In the transverse plane, additional buckets are well known and described in the
vicinity of resonances [11]. Therefore, these buckets are named “resonance island
buckets”. A single known application of these buckets is slow extraction applied
at CERN [12]. However, resonance island buckets are not yet exploited for the
storage of multiple beams at synchrotron radiation sources. Usually, only moderate
changes to the transverse beam optics are required to approach some resonance
near the established working point. Therefore, this technique is compatible with
the BESSY VSR objective to preserve the transverse beam optics. Most of the
experimental techniques and results in the following section were obtained at the
MLS [13–15] and are now in the process of being transferred to the BESSY II
storage ring.

BESSY VSR operation with resonance islands buckets is investigated around hori-
zontal resonances. Figure 7.7 shows examples of particle tracking results in the hor-
izontal plane near the resonances ∆Qx = 1/2 (a), ∆Qx = 1/3 (b) and ∆Qx = 1/4
(c), which have been verified experimentally. The number of islands in phase space
is determined by the resonance approached. The stable area is strongly dependent
on the distance to the resonance, i.e. quadrupoles, as well as the tuning of nonlin-
ear elements, i.e. sextupoles. Island bucket acceptance has to be maximized, while
preserving sufficient acceptance of the “core beam”. In addition, it is desirable to
achieve an “embracing bucket”, which surrounds core and islands buckets. Particles
lost from core or islands are then still trapped on closed trajectories and have a high
probability to be damped back to core or island. Therefore, particle redistribution
from core to island and vice versa is possible e.g. by resonant excitation at core
or island bucket tunes using fast kickers such as the ones used for bunch-by-bunch
feedbacks.
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(a) (b) (c)

Figure 7.7: Particle tracking results shown for resonance island bucket opera-
tion near ∆Qx = 1/2 (a), ∆Qx = 1/3 (b) and ∆Qx = 1/4 (c). The
corresponding area of island bucket acceptance is strongly depen-
dent on the setting of nonlinear elements – in particular elements
such as harmonic sextupoles or octupoles.

Figure 7.8 shows source point images of island bucket operation at the MLS (a)
and BESSY II (b). Skew quadrupoles were applied introducing coupling between
horizontal and vertical plane for reasons of visualization. At the MLS, it is possible
to store the maximum current of I ≈ 200 mA inside the island buckets at a liftime
of τ > 3 h. Active bunch-by-bunch feedback was operational to counteract longitu-
dinal coupled bunch instabilities. Particle redistribution between island and core
bucket was demonstrated by means of narrow band excitation using existing hard-
ware of the bunch-by-bunch feedback system. Diffusion rates for particles leaving
core or island buckets were reduced to a bearable level for stable long term operation
and bunch as well as bucket selective phase space cleaning. Island bucket popula-
tion for a single bunch was shown while operating a homogeneous multi bunch fill
as core beam. Arbitrary core or island bucket population could be switched on an
on-demand and bunch-selective basis.

The required techniques are now applied to BESSY II to achieve a comparable
degree of usability. At the time of writing this study, the storable current in ∆Qx =
1/3 island buckets at BESSY II is about I ≈ 100 mA. However, more boundary
conditions apply such as the ability to inject to core buckets and lifetime restrictions
for TopUp capability.

As electrons stored in island buckets are separated in space and in angle, the pho-
ton beams generated by these electrons will be separated too. It depends on the
exact user beamline geometry whether a separation in space or angle is desirable.
However, resonance island buckets may fulfill both demands. Figure 7.9 shows the
separation of radiation cones at user ports of the MLS, where (a) corresponds to
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(a) (b)

Figure 7.8: Source point images in the xy-plane for resonance island buckets
in operation at (a) the MLS (1/4 resonance) and at (b) BESSY II
(1/3 resonance).

a bending magnet beamline and (b) to an insertion device beamline. Users may
selectively accept radiation from one bucket type only. Additional separation may
be achieved by applying coupling between horizontal and vertical plane. However,
this may interfere with beamline geometry requirements.

A very distinct feature of transverse island buckets is the possibility of user oper-
ation with repetition rates of sub-harmonic of the revolution time. This mode of
operation will be discussed for the example of operation near ∆Qx = 1/3 corre-
sponding to Fig. 7.7(b). A particle with 6D coordinates of the island bucket fixed
point for X ′ = 0 as initial value will “jump” to a fixed point of another island in
the next turn. Whether the “jump” occurs clockwise or counterclockwise in phase
space depends on the interplay between linear and nonlinear elements. Therefore, if
only one of the islands is populated, the resulting pulse structure would be charac-
terized by a repetition rate of frev/3. This unique characteristic could be exploited
by users such as time-of-flight (TOF) experiments. Peak brilliance is conserved.
In the given example, users could exclusively apply radiation from the same single
bunch every third turn, i.e. with a repetition rate of frev/3 = 417 kHz, without the
need for dedicated single bunch operation shifts.

Conclusion

The separation of the short from the long light pulses can be achieved at BESSY II
with a couple of approaches which already have successfully demonstrated the de-
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(a) (b)

Figure 7.9: Spatial separation of radiation power from resonance island bucket
operation at selected user ports. Bending magnet radiation (a) as
well as undulator radiation are shown (b).

sired performance. For the time being, the chopper wheel is first choice for the
separation in the beamlines in order to get the full intensity of the light pulse. In
case lower intensities are sufficient or desired, the resonant pulse picking will be
employed in order, for example, not to destroy delicate samples. The other tech-
niques mentioned, like selectively forcing the short bunch on a different orbit or the
creation of resonance islands and their selective population, will be optimized and
tried out in the near future.

A rough cost estimate for a vertical bunch separation scheme with a resonant kicker
shows that 500 ke would be needed for its implementation into the BESSY II
storage ring. The stripline kicker requires ∼ 150 ke and the 1.25 MHz, 3 kV high
voltage pulse generators are estimated to cost ∼ 350 ke. The quoted price is for
2 kickers and 4 generators so that enough spare parts are included in order to
guarantee a continuous mode of operation.
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8 Beamlines, Endstations and
Experiments

8.1 Photon Beams

Novel scientific fields open up through the combination of the BESSY VSR source
properties with unique experimental capabilities. This requires - in addition to
the performance of the accelerator itself - a thorough optimization of the facility
starting from radiation generation, the selection and synchronization of individual
bunches at MHz rates, as well as dedicated experimental infrastructure. Since
BESSY VSR stores simultaneously long and short bunches, optimized undulators
are required to generate with high efficiency and minimum bunch elongation the
BESSY VSR radiation with variable polarization in the soft and tender X-ray range
of BESSY II.

To achieve this goal, optimized radiators are employed as radiation source that al-
low one to extract soft and tender X-ray pulses from the stored BESSY VSR bunch
patterns using low undulator harmonics at full polarization control. Some of exist-
ing conventional APPLE II-type undulators (e.g UE56) should be replaced by short
period small gap in-vacuum undulators (e.g UE30) allowing for overcompensating
losses in flux when operating BESSY VSR at low momentum compaction factor for
sub-ps applications. It is part of the conceptual design that BESSY VSR preserves
the Average Brilliance BA of BESSY II undulators as illustrated by Table 8.1. As
an example, the maximum brilliance values for the UE49 - an important undulator
used for X-ray microscopy and other photon hungry applications (PEEM, SMART,
RICXS) - are given and compared to predicted values at BESSY VSR according
to the planned fill pattern (Figure 2.5). The peak brilliance provided by the indi-
vidual bunches in a multiple fill is given by BP = BA/(nB frev σz), where frev is the
revolution frequency, nB the number of bunches and σz the bunch length in longi-
tudinal phase space. The table nicely depicts that the peak brilliance of almost all
bunches in the fill is of the order of 1022 meaning that any time resolved application
at BESSY VSR (X-ray pump-probe, STXM etc.) can be performed always at the
same peak brilliance regardless which pulse is picked out. Particularly surprising
is the fact that the peak brilliance of BESSY VSR is an order of magnitude higher
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Table 8.1: Photon beam properties at BESSY VSR compared to different
modes of BESSY II. Brilliance values refer to the UE49 undula-
tor in planar mode at the BESSY II design emittance of 5 nm rad
and 2% coupling.

Facility Peak Average Number Pulse
brilliance brilliance of bunches duration
ph/s/mrad2/mm2/0.1 %BW ps (rms)

(multi bunch curr.)

BESSY II
standard 6.1e21 4e19 (300 mA) 350 15
low α 1.9e20 2.5e17 (15 mA) 350 3

BESSY VSR
total varying 4e19 (300 mA) varying varying
std. long pulses 1.2e22 3.3e19 (248 mA) 150 15
std. short pulses 1.7e22 3.6e18 (27 mA) 150 1.1
long camshaft 3.95e22 1.3e18 (10 mA) 1 27
short camshaft 5.1e22 1e17 (0.8 mA) 1 1.7
low α 2.2e21 1.2e17 (7.5 mA) 150 0.3

than at BESSY II albeit much lower than at FELs but at up to 500 MHz repeti-
tion rate. When approaching very short bunches combining BESSY VSR and the
low alpha mode, losses in emittance are partly compensated by the upcoming in-
vacuum undulators which will deliver up to an order of magnitude higher Brilliance
than the UE49. It is further remarkable that Femtoslicing benefits by a factor of 4
if performed in BESSY VSR since it is performed on compressed bunches [1]. An-
other intriguing aspect of slicing at VSR is the potential emission of laser-induced
THz pulses with up to µJ pulse energy at MV/cm field strength and tunable sub-ps
pulse length.

8.2 Timing and Synchronization

The bunch separation between the long and short bunches and sub-sets of the
BESSY VSR fill pattern requires both the implementation of pulse-picking capa-
bilities (see Chapter 7) and the associated diagnostics and controls at individual
beamlines for user’s switch-ability. This requires the implementation of the syn-
chronized timing signals to relay the bunch information to each experimental sta-
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tion and beamline. So far the 500 MHz has been only available as an analogue
RF signal. In order to achieve a sub-ps synchronization level a distributed optical
timing distribution based on fiber links is mandatory. First prototypes have been
recently successfully tested at selected beamlines. Based on this information our
MHz Chopper systems will be implemented within the exit slit positions of the in-
dividual beamlines which requires adaption of slit units and refocusing optics. An
estimation of costs for upgrading beamlines with optical timing distribution and
optical components is given in Table 8.2. Also electronic pulse picking through sep-

Table 8.2: Costs for upgrading user beamlines with optical timing distribution
and optical components.

X-ray diagnostics and timing Costs/ke Remarks

Optical timing distribution 210 13 ke/section,
1st project year

X-ray diagnostics beamline Replaces 3mNIM,
2nd project year

Front-end 250
Mirror chamber 90
Mirror (toroid, 1 m) 40
Vacuum (pipes, pumps, gauges) 50 5 ke/m
Radiation protection 10 Depends on energy

range
Media support 10
Controls+ Data acquisition 105 Oscilloscope, digi-

tal boxcar, spec-
trum analyzer

X-ray diagnostics in ID beamlines 420 30 ke/section,
2nd and 3rd project
year

Total costs: 1175 ke

aration by gating of fast detectors, as currently only available at a few endstations,
has to be implemented in the framework of upgrades of the beamline’s control and
data acquisition systems.
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8.3 Endstations and Experiments

To exploit the time structure of BESSY VSR in addition to the static operation,
excitation through femtosecond light pulses in the eV and meV range need to be
delivered and synchronized at MHz repetition rates to the electron bunches. To
this end, suitable synchronized lasers and e.g. optical parametric amplifier systems
need to be located in close proximity to BESSY VSR beamlines for individual
experiments. Safe operation requires protective housing and interlock measures
as well as active feedbacks for the transport lines. In addition, in-coupling and
diagnostics for X-ray optical spatial and temporal overlap is required.

The data acquisition of beam parameters and experimental signals need to distin-
guish the different temporal sub-patterns within BESSY VSR. This can be achieved
through fast digitizers, integrators and time-correlated pulse-counting detection.
Alike fast camera and delay line detection require time stamps that allow unam-
biguous assignment of measurements to the X-ray pulse arrival time. Dedicated ex-
perimental stations will cover the full range of spectroscopic and diffraction probes
that the soft and tender X-ray regime provides. Here, dedicated X-ray detectors
that are fast enough but insensitive to the excitation pulses are required. Many
experiences with all of these components have been gained within the past 10 years
with fs-X-ray-science at BESSY II [1]. As estimated in this paper, BESSY VSR
will deliver through time-slicing techniques also monochromatic X-ray pulses below
100 fs at kHz repetition rate exceeding a flux 108 ph/s/0.1 %BW, about 2 orders of
magnitude more in comparison to now. Here, a factor of 4 results from the bunch
compression in BESSY VSR and a further factor of 25 is gained by combining a
higher laser repetition rate of 50 kHz with the new in-vacuum radiator UE30 being
currently (2015) under construction.

Spectroscopy of electrons and charged particles will benefit at BESSY VSR through
the time of flight detection capabilities [2] utilizing the temporally well defined
pulses at high repetition rate. Thus, highly efficient detection will allow to push
the space charge limited resolving power below the meV energy scale. In addition,
low dose detection on radiation sensitive materials becomes feasible and the simulta-
neous angular distributions resulting e.g. from electron diffraction can be combined
with chemical selectivity. Complete experiments that detect the full quantum state
of the matter under investigation through the control of incident radiation and the
parameters of the emitted messenger particles in coincidence detection will strongly
benefit from the well in time defined synchrotron bunches at high repetition rate.
For driven states of matter, the exposure to driving fields synchronized to the MHz
bunch structure will allow to sweep at a high duty cycle through the parameter
space. Similarly scanning probe techniques, i.e. X-ray microscopy [3], will benefit
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from the fast MHz repetition rate to combine picosecond timescales with X-ray
microscopic information.
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9 Radiation Protection Issues of
BESSY VSR

The shielding requirement of synchrotron light sources is defined by the numbers
of electrons injected per year. Every injected electron will be lost at the vacuum
system of the accelerator, either during injection or later caused by collisions with
rest gas molecules, Touschek or intra beam scattering. The losses are expressed as
injection efficiency and life time and can be controlled by an interlock system to
keep the overall electron losses below a given limit. This method has its limitations
where the life time is reduced drastically as it is the case at diffraction limited stor-
age rings (DLSR) with their strongly reduced transversal emittance. The TopUp
operation is of course no method to compensate such reduced life times because the
increased number of injected electrons can increase the annual dose even beyond
the possibility to get an operation license from the authorities. For existing storage
rings an appropriate increase of the shielding wall thickness is no option. A tenth
value layer of ordinary concrete is 45 cm for both γ and giant resonance neutron
radiation and even 1.1 m for high energy neutrons. In comparison with DLSR the
VSR method offers the possibility to keep the life time constant, by distributing the
electrons among the longer and shorter buckets and by the excitation of the beam.
From the radiation safety point of view an upgrade program like BESSY VSR has
considerable advantages in comparison with the transformation to a DLSR.

9.1 Electron Loss Limitation

The shielding walls of BESSY require to keep the number of injected electrons
per year on the same value of 2 × 1015 e−/a as it is the case now, summarised in
Table 9.1.

As can be seen in Table 9.1 the number of stored electrons has increased by a factor
3.2 when the injection mode was changed from the decay to the TopUp mode. To
keep the overall number of injected electrons constant the injection efficiency had
to be increased from 30 % to 90 %. A further increase of the injection efficiency is
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Table 9.1: Overview of BESSY annual electron losses.

Mode Decay TopUp
Operation time 250 days/a 250 days/a 6000 h/a

Injections 3/day 750/a 2880/day 720000/a
Injected current 150 mA/inj. 112.5 A/a 0.5 mA/inj. 360 A/a
Injected charge 9e−5 C/a 2.88e−4 C/a
Efficiency 30 % 90 %
Injected electrons 5.62e14/a 1.9e15/a 1.8e15/a 2.0e15/a

not possible, so the electron losses of the BESSY VSR mode must also be limited
to 2 × 1015 e−/a.

The TopUp interlock systems blocks the extraction from the synchrotron booster
if the life time is < 5 h at a stored current of 300 mA in the storage ring. This
corresponds to injection shots which increase the ring current by 0.5 mA every 30
seconds. The most important measure to limit electron losses is the 90 % injection
efficiency which is controlled every injection shot. The average 90 % injection effi-
ciency must be held over a 4 h block. If not, the lower efficiency is compensated
by switching to the decay mode during a penalty time. If the injection efficiency is
< 60 % the TopUp operation is stopped immediately.

Further measures to control the electron losses are the interlock monitored limit of
the maximum injection frequency of 0.1 Hz and the maximum charge limit of the
linac with 2 nC/shot.

Besides the losses due to regular operation it is also possible that instabilities of
the beam increase the numbers of stochastic beam dumps.

9.2 Life Time

The increase of the stored current of 0.5 mA added every 30 seconds by TopUp
injections corresponds to a lifetime τ = 5 h, for ∆I = 0.5 mA, I0 = 300 mA and
t = 30 s calculated with Equation (9.1).

τ = −t/ ln((I0 − ∆I)/I0)) (9.1)
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In principle it is possible to compensate reduced life times by the reduction of the
stored current. The same calculation as above for I0 = 200 mA results in τ = 3.3 h,
the injected charge is the same per shot and per year. But the reduction of charge
within the bunch will also have effects on the bunch shape and the bunch length.

The life time will be determined by the Touschek rate, which is proportional to the
charge density of the bunch. A promising ansatz is to keep the charge density in
the long and short bunches on the same level by having more electrons in the long
bunches as described in Chapter 2.

9.3 Doses Prediction of Cavity Tests by FLUKA
Calculations

The doses and dose rates due to the TopUp operation of BESSY II have been
calculated in detail. We used the multi particle transport code FLUKA [1–3] to
calculate the doses through the opened beam-shutters and walls for different loss
scenarios and discussed the resulting safety measures [4].

In the following we present calculations of dose rates due to cavity tests within the
storage ring tunnel. The cavity tests of the super conducting cavities will produce
electrons by field emission. Field emission is difficult to predict because it depends
on the smooth surface of the individual cavity. To make our calculations conserva-
tive we use 20 MeV as energy of the field emission electrons and as maximum dose
rate the value of 1 Sv/h, which corresponds to the value of the worst cavity ever
investigated at HoBiCaT.

We considered two scenarios depicted in Figure 9.1:

a) The field emission electrons start as a pencil like beam in the straight section
and the 1.3 T dipole field acts as magnetic mirror. The reflected electrons hit
the vacuum chamber of the dipole.

b) The field emission electrons start again as a pencil like beam in the straight
section, the dipole has no field, the electrons hit the downstream part of the
dipole chamber, downstream the chamber is a local lead shield of 5 cm.

Neutrons are not relevant, because only a very small part of the bremsstrahlung is
above the threshold energy of (γ,n) nuclear reaction.

If we compare the two scenarios we see, that the overall dose distribution is more
favorable at the second scenario. In that case it is possible to create an effective local
shielding. At the first scenario we have a wide spread gamma radiation distribution
inside the storage ring tunnel. A local shielding is not possible because the places
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(a) (b)

Figure 9.1: The γ dose rate is shown in Sv/h for a magnetic field of (a) B =
1.3 T and (b) B = 0 T.

where the electrons hit the dipole chamber are not predictable. It is even possible
that the reflected electrons do not hit the dipole chamber because their energy is
lower and the trajectory has a smaller radius, so that they flow back upstream and
hit the vacuum system or the cavity elsewhere. Especially if there are more than
one sources of field emission electrons the energy distribution could be broad and
therefore always a part of the electrons will be reflected by the dipole field and hit
the vacuum system upstream.

The test of the cavities requires the status of the storage ring tunnel as interlock
saved exclusion area.

9.4 Dose Measurements

At synchrotron light sources we have two main sources of systematic measurement
errors:

1. the high energy parts of both, γ and neutron spectra and

2. the dead time effects due to the pulsed radiation.

We developed methods to compensate errors due to high energy (> 10 MeV) neu-
trons and photons by calculation of the respective spectra with high accuracy [5,
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6]. For high energy neutrons we developed a moderator which expands the mea-
surement range of standard neutron monitors from 10 MeV to several GeV. The
upgrade of our neutron monitors with these moderators is in progress.

We developed correction formulas for the dead time effects of neutron monitors
and we reduced the measurement errors by exchanging the preamplifiers by faster
ones [7].

9.5 Conclusion

The interlock conditions and safety measures for the TopUp operation are also
sufficient to provide the radiation safety for BESSY VSR. The reduction of the
Touschek rate is the most important method to decrease the annual dose. One
of the possibilities is the electron distribution among the short and long bunches.
Others are the vertical excitation of the beam (or a part of the bunches) up to
a maximum emittance limit that has to be defined or the reduction of the stored
current.

Additional doses by the possible increased numbers of stochastic beam dumps can
be compensated by a supplement to the interlock system: Beam dumps due to
machine protection circuits should be done with a delay of 5 s, within this time all
beam-shutters are closed. Beam dumps due to the personal safety interlock must
be always conducted without delay.

Test operation of the superconducting cavities is possible, if the dipole field is inter-
lock controlled switched off and a local lead shielding of 5 cm is placed downstream
the dipole chamber. This test operation is only possible, if the storage ring tunnel
is interlock monitored exclusion area (same prerequisite as for storage ring opera-
tion). In this cavity section no 0◦ beamline exist, so field emission electrons cannot
reach the experimental hall even if the dipole field is switched off. Field emission is
inverse proportional to the cavity quality. A good cavity quality is the prerequisite
for the every day’s operation, so the test operation must reach a low field emission
or the cavity has to be replaced. The usage of the cavity with the dipole field is
acceptable if the dose rate due to field emission is below 10 % of the values shown
in Figure 9.1.

The accurate measurement of doses is possible also for BESSY VSR by our im-
proved ambient dose measurement system combined with our effective methods to
compensate systematic measurement errors.
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9 Radiation Protection Issues of BESSY VSR
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10 Testing Equipment

In order to assembly and verify the new SRF components, new testing equipment is
required. The infrastructure development currently underway expanding the SRF
testing equipment at HZB will benefit the BESSY VSR project. There are presently
capabilities to test SRF cavities which are integrated into a helium vessel in the
horizontal test cryostat, HoBiCaT [1], shown in Figure 10.1. Furthermore a vertical
test stand for 2-cell cavities has just been commissioned.

Figure 10.1: The horizontal test cryostat HoBiCaT at HZB.

There is a need for the ability to chemically etch and test cavities prior to helium
vessel welding. Infrastructure upgrades are currently underway at HZB for both of
these needs to be met. A chemical processing facility as well as a new large vertical
testing Dewar, capable of handling a 9-cell TESLA cavity, are currently part of the
expansion of the SRF cavity processing and testing facilities at HZB and should
become available for use in the fall of 2016. A list of the necessary cavity processing
and testing infrastructure is shown in Table 10.1 and an indication of the current
status of the equipment is shown by the color coding listed in the table title.
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10 Testing Equipment

Table 10.1: SRF cavity and cryomodule processing and testing infrastructure
status at HZB (items in gray are under construction, items in red
are planned).

Cryomodule & Process Infrastructure Delivery
Cavity status required needed date

Bare cavity Cavity tuning Beadpull and 12/2015
from vendor tuning bench
Bare cavity requires Chemical processing Chemical 8/2016
chemical etching of SRF cavities processing facility
Bare cavity SRF cavity HPR HPR and cleanroom Operational

and assembly
Bare cavity Vertical 1.8 K Vertical testing Dewar 7/2016
(9-cell TESLA RF test in Testing Hall 1 and
cavity) LLRF for 1.5 GHz

and 1.75 GHz
Coupler processing RF conditioning RF processing system 11/2016

of power couplers
Cavity in HV with Horizontal test with Cleanroom Operational
high power coupler high power coupler
Cavity in HV with Horizontal test with HoBiCaT Operational
high power coupler high power coupler
Assembly of Cold mass assembly Cleanroom and Operational
CM beamline HPR
parts
Assembly of Cryomodule Q3/2017
cryomodule Assembly
Cryomodule Cryomodule LLRF and HPRF Q4/2017
commissioning RF test 1.5 GHz and 1.75 GHz

The two, previously mentioned, key items that are currently being constructed at
HZB which directly benefit the BESSY VSR project are the chemical processing
facility at the HZB Wannsee site as well as the Testing Hall 1 being built at the
HZB Adlershof site adjacent to the Schwerlasthalle where HoBiCaT testing facility,
the cleanroom, and the high-pressure rinsing facility (HPR) are located. The chem-
ical processing facility in Wannsee will have a buffered chemical processing (BCP)
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cabinet for chemical etching of SRF cavities. For the performance which we require
for the BESSY VSR project the BCP process should be adequate, although there
are collaborative options available where the electropolishing of the cavity may be
possible. The layout of the chemical processing laboratory is shown in Figure 10.2.

Figure 10.2: The layout of the chemical processing facility at Wannsee.

Perhaps the more important piece of testing infrastructure is the new vertical testing
Dewar in the Testing Hall 1. This large testing Dewar will accommodate the SRF
cavities required for the BESSY VSR project and will allow us to measure the cavity
performance in a facility with a quick turn-around time for cavity measurements.
The Dewar is designed to operate down to 1.5 K, allowing us to fully explore the
cavity performance as a function of temperature.

Following the successful vertical cavity tests the cavities will be fitted with high
power couplers and mounted inside HoBiCaT for further evaluation. These tests
are significantly different from the vertical tests due to the change in the cooling
scheme to only cooling the cavity inside the HV, not a full submersion of the cavity
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10 Testing Equipment

and endgroups, as well as the addition of the high power coupler and the previously
mentioned heat load from the exterior of the cryostat that must be managed.

After these horizontal tests have been carried out the cold mass must be assembled
in the cleanroom and be prepared for cryomodule assembly. Finally the module
needs to pass the crucial RF test in the module test facility. As a back-up plan the
BESSY VSR module may be able to be tested in the bERLinPro bunker.
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11 Cost and Schedule

This chapter summarizes the investment costs and schedule for the BESSY VSR
upgrade project. The costs have been broke down by the project phases.

11.1 Costs

The major components and hardware upgrades for the BESSY VSR project can be
broken down into five main categories and spread across the preparatory and the
final BESSY VSR phase as listed in Table 11.1.

The cost breakdown derived from Table 11.1 is shown in Table 11.2. The total for
the different categories has been separated by phase. Critical spares for the SRF
cavities as well as the RF components must be maintained as described earlier. For
the cavities this results in a complete spare cryomodule, while for the RF systems
the spare transmitters will be used in the Cryomodule Test Facility (CTF) ready
for use in BESSY VSR.

In addition to the cavities which make up the spare cryomodule at least one spare
cavity of each frequency will also be ordered. This will be done in order to ensure
that there is at least one spare cavity during each phase of the project as the
cavity procurement will be at least 18 months in duration. This means that for
the preparatory phase with both frequencies, a total of 4 cavities must be ordered,
three 1.5 GHz cavities and one 1.75 GHz cavity. In addition copper prototypes must
first be built in order to measure the field pattern of the higher order modes and
compare them to the simulations to ensure no dangerous HOMs are trapped in
the cavity. The number of copper cavities with ancillaray components are listed in
brackets in the preparatory phase in the table below.

11.2 Schedule

The abbreviated BESSY VSR schedule is shown in Table 11.3. The schedule pro-
vides a view of the many activities that must take place in parallel in order for the
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11 Cost and Schedule

Table 11.1: The breakdown of the major components and spares required for
different BESSY VSR phases. The "X" indicates the phase in
which different parts will be required when a quantity is not spec-
ified. The number of prototype cavities made of copper and its
ancillaray components for final desing testing are listed in brack-
ets.

Item Preparatory Final project
phase phase

SRF components
1.5 GHz cavity (1) 3 2
1.75 GHz cavity (1) 1 4
RF power couplers 4 8
HOM absorbers (1) 20 30
Cryomodule and 1 1
ancillary components X X

Cryogenics
TCF-50 upgrade X
New 1.8 K Cryogenic facility X
Cryogenic connection to CTF (X)

RF Components
1.5 GHz RF transmitters 2 1
1.75 GHz RF transmitters 0 3
Low Level RF (2) 2 4
RF distribution X X

BESSY II Modifications
Booster synchrotron upgrade X X
BESSY II storage ring X X
MHz Chopper X X

Diagnostics X X

project to be successful. The schedule also shows how the work for the preparatory
and BESSY VSR phase must proceed and when the key procurements need to be
made.
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11.2 Schedule

Table 11.2: The cost breakdown for the two BESSY VSR phases.

Item Preparatory Final project
phase phase

Cost/ke Cost/ke

SRF components
1.5 GHz cavity 665 ke 398 ke
1.75 GHz cavity 335 ke 707 ke
RF power couplers 350 ke 350 ke
HOM absorbers 315 ke 375 ke
Cryomodule and 799 ke 898 ke
ancillary components

Cryogenics
TCF-50 upgrade 125 ke 400 ke
New 1.8 K Cryogenic facility 7870 ke
Cryogenic connection to CTF 1335 ke

RF Components
1.5 GHz RF transmitters 1068 ke 534 ke
1.75 GHz RF transmitters 1601 ke
Low Level RF 135 ke 67 ke
1.5 GHz RF distribution 175 ke 87 ke
1.75 GHz RF distribution 90 ke 179 ke

BESSY II Modifications
Booster synchrotron upgrade 685 ke 2816 ke
BESSY II storage ring (vacuum) 530 ke 330 ke
Digital feedback system upgrade 248 ke 372 ke
Digital BPM system 1700 ke
Pseudo single bunch kicker 300 ke 200 ke
MHz Chopper 380 ke 405 ke

Diagnostics
Diagnostic beamline equipment 930 ke
X-ray diagnostics 1175 ke

Subtotals 8465 ke 20 464 ke

Project total 28 929 ke

201



11 Cost and Schedule

Table 11.3: The schedule for the BESSY VSR project.
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12 Future Upgrade Options

When the basic scheme of BESSY VSR is operating well further upgrades might be
of interest. There are four topics presented here, which still require more detailed
work. The first one concerns the optimization of the Touschek life time. This can
be achieved by populating four further longitudinal fixed points to relax the peak
current. This implies a more complicated cavity operation, to control the energy
exchange between the cavities. Another approach would be to moderately modify
the transverse beam optics to relax the transverse charge density. A third topic are
the NC cavities, which partly become redundant if BESSY VSR is operating well.
The 4th topic is the low α optics, which could be optimized with reduced natural
emittance and in this way enhance the brilliance of the photon beam.

Population of Further Fixed Points

For the proposed BESSY VSR scheme only fixed points are populated, where all
individual harmonic cavity voltages vanish, which produces the long and short
bucket types. There are more stable fixed points for short bunches, where only the
sum of the voltage vanishes, not their individual contributions, see Figure 2.3. Per
period of 250 MHz there is one long bucket and five short buckets, and only the long
and one of the short buckets is considered up to now. A population of the additional
fixed points could lead to an energy exchange between the cavities. However, if the
currents in these bunches are exactly equal, there will be no energy exchange,
averaged over 4 ns. If each of these questionable fixed points is populated with, for
example, 30 mA than the current in the five short bunches becomes 150 mA and
in the long bunches 150 mA. The five short buckets have three slightly different
synchrotron frequencies and zero current bunch lengths. The groth rate of the
CBI depends on the synchrotron frequency, and the long bunches with the smaller
synchrotron frequency are more affected by the CBI than the short bunches. If
these additional fixed points are populated, their synchrotron frequencies are all
different and the multi bunch motion is decoupled which reduces the risk of CBIs.
The reduced long bunch current relaxes the longitudinal CBI for BESSY VSR and
has to be balanced against an increased impedance heating by the short bunches.
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12 Future Upgrade Options

This redistribution of the charges lowers the peak current and reduces the Touschek
loss rate.

Optimization of the BESSY II Optics

If not in conflict with user demands, the Touschek lifetime could be optimized by
the following two modifications of the present beam optics:

• Dispersion in the straight sections is presently zero to achieve an emittance
damping effect by the SC 7 T multipole wiggler. For BESSY VSR, the wiggler
will be removed and relaxes this constrain. A final dispersion in the straights
of about 10 cm could affect the bunch volume and reduce the dispersion also
inside the achromatic sections, where Touschek events are limited by the
chamber dimension. This could improve the Touschek life time but still keeps
the beam size in the straights at the present value.

• The Touschek loss rate is above average in the low beta straights. There is
a chance to enhance the vertical beta function in the straights from 1.2 m to
4 m and reduce this specific loss rate.

NC Cavities

The present NC, 0.5 GHz cavities are mostly used for longitudinal beam focusing.
Only a small fraction of the RF voltage amplitude replaces the beam energy lost
by synchrotron radiation, indicated by the small phase angle of few degrees. At
BESSY VSR, the task of the beam focusing will be performed by the SC cavities,
and, if the operation of the scheme is well settled, one could reduce the number of
NC cavities to one unit only or apply even an explicitly designed RF cavity for on
crest operation. Even a complete removal of the NC cavities seems possible, if the
SC cavities could additionally feed the required power to the beam.

Optimization of Low α Operation

The emittance of the present low α optics is 7 times larger compared to the user
optics. With the installed hardware of BESSY II, a different quadrupole tuning of
the optics is possible, to reduce the emittance to a value of 5 nm rad, comparable
to the emittance of the BESSY II user optics. The horizontal beta function in
the straights will be reduced to 1 m, which makes the beam injection difficult. To
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overcome this injection problem, one could try to have one local beta function
injection bump of about 20 m amplitude. In case of symmetry breaking problems
of the optics, a second bump opposite to the injection straight could be helpful. A
careful beam optics design is required to find a solution, especially for the sextupole
tuning to achieve a good dynamic aperture.
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