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Abstract

The PETRA IV project at DESY aims to upgrade the
present PETRA III synchrotron into an ultra low-emittance
source. The small emittances translate directly into much
smaller beam sizes, thus imposing stringent requirements on
the machine stability. In order to measure beam positions and
control orbit stability to the level of 10% of beam size and
divergence, a high resolution BPM system will be installed
which consists of 788 individual monitors with the readout
electronics based on MTCA 4. In order to fulfil the long-
term drift requirement (< 1 pm over 7 days), several analog,
digital and SW parts were taken from the Libera Brilliance+
and a new RTM module has been developed to be used
as BPM electronics RF frontend (RFFE). In addition, its
analogue RF switch matrix used for long-term stabilization
was separated and placed close to the BPM pickup, hence
enabling an additional drift stabilization of the acquired RF
input signals against environmental and other impact along
the RFFE cables. At present, a fully populated MTCA crate
with 6 AMC boards for the readout of 12 BPMs is installed at
PETRA III and is extensively being tested. This contribution
summarizes the latest beam measurements, showing the
achieved performance of the BPM system.

INTRODUCTION

The PETRA IV project at DESY (Hamburg, Germany)
aims at the construction of a diffraction limited ultra—low
emittance light source operating at 6 GeV [1,2]. The PE-
TRA 1V storage ring will be built in the existing PETRA
III tunnel, thus inheriting the original 8-fold symmetry of
the former PETRA collider. The accelerator lattice is based
on a modified hybrid six-bend achromat (H6BA) cell and,
taking advantage of the 2.3 km circumference, it provides
electron beams with 20 pmrad emittance. The facility lay-
out is shown in Fig. 1, the PETRA IV design operational
parameters are summarized in Table 1.

Table 1: PETRA IV Main Parameters

Parameter Value
energy 6 GeV
circumference 2304 m
emittance 20 pmrad
rel. energy spread 0.91x1073
momentum compaction  3.3x1073
By atIDs 22m,2.2m
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Figure 1: Layout of the PETRA 1V facility.

The small beam emittances translate directly into much
smaller beam sizes of about 7 um horizontally and 3 ym
vertically at the insertion device source points, thus imposing
stringent requirements on the machine stability. In order to
measure beam positions and control orbit stability to the level
of 10% of beam size and divergence, a high resolution BPM
system will be installed which consists of 788 individual
monitors with the readout electronics based on MTCA .4 as
technical platform.

In the beam commissioning phase of a storage ring, the
BPM accuracy is essential. Before any beam accumulation
in the ring will be possible, the BPM measurement accuracy
must satisfy the requirements for the beam-based alignment
(BBA) procedure, i.e. offset errors between the magnetic
axes of the nearby quadrupoles and the electric centers of the
BPMs must be identified. These offsets comprise alignment
tolerances as well as electric and electro-mecanical offsets

Table 2: Readout electronics specifications. The single
bunch / turn resolution holds for 0.5 mA bunch current, the
closed orbit one for 1 kHz bandwidth, the beam current de-
pendency for a 60 dB range with centered beam, and the
long term stability should be measured over 6 days and a
temperature span of +1°C within a stabilized rack.

Requirement Value

single bunch / single turn < 10 um

closed orbit resolution < 100 nm (rms)
beam current dependence  +2 pm

long term stability < 1um
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and are discussed elsewhere. After commissioning and in the
user operating phase when orbit and optics corrections are
complete, BPM resolution and beam stability are of greatest
importance. In this case all random errors that change over
time are of relevance. These errors are mainly affected by
the BPM readout chain which will be covered in this report,
the corresponding specifications are summarized in Table 2.

In order to fulfil the requested long-term drift require-
ment for PETRA 1V, the specific machine geometry with the
infrastructure distributed in the former experimental halls
has to be taken into account, resulting in long cable lengths
between monitor and readout electronics. With these long
cables it is not guaranteed that cable routing will be in a
perfectly stabilized temperature and humidity environment,
thus affecting the BPM position readings [3,4]. Therefore,
in order to fulfil the requested long-term drift stability the
BPM cable paths have to be stabilized in addition. Different
drift compensation schemes are available and reviewed in
Refs. [5, 6], the most popular one is the well proven concept
of crossbar switching [7, 8] which stabilizes the analogue
RF frontend part of the system. Another concept which has
gained in popularity in recent years is the pilot tone (PT)
compensation method where a sinusoidal PT signal with
fixed frequency close to the carrier is injected in the signal
chain. This signal is used as reference for calibration and
compensation, see e.g. Refs. [9—12].

A series of test measurements at PETRA III indicated that
the PT method works well with a homogeneous fill pattern,
however the compensation was less effective for few bunch
mode operation due to an overlap of PT and beam signals in
the frequency domain [13]. According to this finding and
following the discussion in Ref. [6], for PETRA IV it was
decided to extend the standard crossbar switching method
and come up with the idea of external crossbar switching
where the analogue switching part is separated from the read-
out electronics and brought as close as possible to the BPM
pickup, thus stabilizing also the cable paths. Based on this
idea, DESY and the company I-Tech started a cooperation
within the PETRA IV Technical Design Report (TDR) phase
with the objectives to develop and test a MTCA .4 based BPM
system with the extended stabilization scheme. The external
crossbar switching method was tested successfully on a pro-
totype at DESY. In a series of measurements performed at
PETRA 1III with a modified Libera Brilliance+ (LB+) [14]
and external switching matrix it was demonstrated that this
concept works well and that the performance of the modified
setup fulfils the specifications, see Refs. [15,16]. Afterwards
the readout electronics was ported to be compatible with the
MTCA .4 standard, the prototype system evaluation under
laboratory tests is described in Ref. [17].

This contribution summarizes the results from first beam
measurements at PETRA III. A fully populated MTCA crate
with 6 AMC boards for the readout of 12 BPMs is presently
installed in the machine and extensively being tested. In the
subsequent section a brief description of the MTCA .4 based
readout system will be given, and afterwards the status of
the investigations at PETRA III is presented.
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SYSTEM DESCRIPTION

The signal chain of two BPMs together with their related
electronic boxes (containing the 4x4 RF crossbar switch Lib-
era XBS FE together with analog RF signal conditioning
circuits) and RF frontend cabling is shown in Fig. 2. The
signals from two BPMs are processed by an analog/digital
RTM and a digital AMC board. It is planned to use a max-
imum of 6 modules per crate, corresponding to 12 BPMs.
The AMC board serves as signal interface between MTCA
backplane and the outer world as well as for the incoming
raw BPM data from the four 2-channel ADCs on the RTM
module. The COTS AMC board (CAENels FMC2ZUP) is
optionally planned to be replaced by a specialized version,
currently under development at DESY.

FMC2ZUP
(UNIZUP)

FOFB1 +——1

Switch D1.2

External [ "
}BPM!
Matrix | ..

External [ _
Switch
Matrix

PCle switch

Ubuntu 20.04

Libera BASE &
Libera BPM application

ﬂ 10 GbE

Figure 2: BPM system building blocks and interconnections.
Courtesy: I-Tech.

The RTM board developed by I-Tech holds the analog
RFFE of both BPMs from the signal cable output of the two
external switching boxes up to the analog/digital backend
of the ADC data chain together with additional glue logic
for the control of the ADCs, up to two external switching
boxes, and a couple of internal sensors. The encapsulation
of the longest RF signal path between the Libera XBS FE
and the ADC on the RTM module ensures a maximum of
low-perturbation RF input signal integrity up to the digital
domain.

Specialized turn-by-turn data streams at bunch revolu-
tion frequency (f; ~130.1 kHz) for the fast orbit feedback
(FOFB) connect each BPM module inside the crate over a
specialized data aggregation backplane (star topology) with
a dedicated FOFB data aggregation module. Central tim-
ing signals are delivered to the boards via a timer module
(X3Timer) using clock and trigger lines on the backplane
according to the MTCA standard. BPM channel related in-
terlock alarm signals (ILK) can be produced by each AMC
module. BPM-related software and firmware required for
configuration, status evaluation and data management of all
BPM channels inside the MCTA crate is distributed on each
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of the RTMs and AMCs as well as on the crate CPU. All
data exchange between CPU and distinct BPM modules are
accomplished over high-speed PCle connections.

Besides the Linux OS, the CPU software hosts the com-
mon control system specific data infrastructure as well as
BPM-specific software parts. The BPM-specific application
core (libera-ebpm, Libera Base and libera kernel) contains
the specific crate configurations, the BPM-specific adaption
layer (libera-mci) and an adapted interface to the DOOCS
control system. It is completed by less execution time criti-
cal functional software blocks for the BPM application of
all channels inside the crate.

Time critical functional blocks for the BPM application
are implemented inside the application-specific parts of the
programmable logic FPGA firmware on each AMC board
for fast execution. In addition, minimal housekeeping data
is acquired from several onboard sensors for long-term op-
eration safety under typical environmental conditions. A
small micro controller on the RTM serves for RTM-specific
low-level board control purposes.

Each BPM channel is able to deliver basic data structures:
(1) a local slow acquisition (SA) beam position information
in a continuous 10 Hz data stream; (2) a fast acquisition (FA)
data structure acquired on-demand (i.e. externally triggered)
at 10kHz; (3) ADC raw data blocks sampled at approxi-
mately 117 MHz; (4) turn-by-turn (TbT) data blocks which
alternatively can be derived via digital down conversion
(DDC) or time domain processing (TDP) at bunch revo-
lution data rate f;; (5) a special MultiTbT data structure
which will be available for dedicated operating conditions
that profit from segmentation of the TbT acquisition win-
dow. For first turn steering during the commissioning phase,
either TbT or single pass data can be utilized, the latter ones
having the advantage of an improved signal-to-noise ratio.

In order to test the new readout system, a fully populated
MTCA crate was installed in PETRA. The signals of 12
BPMs were split and fed to both, the existing PETRA III
Libera Brilliances and the new MTCA based system, hence
allowing a direct comparison of their performance. Fig-
ure 3 shows the installation of the new readout system in the
accelerator.

NO-FBO!

A

NAT A
Figure 3: BPM readout system installation in PETRA III:
(a) Libera XBS FE crossbar switch matrix installation in
the tunnel and patch panel for signal splitting; (b) MTCA
crate in the electronics cabinet equipped with 6 AMC boards,
MCH, CPU, timing and fan module.
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MEASUREMENTS

A series of measurements was performed at PETRA III
using 480 bunches with 120 mA stored beam current during
top-up operation, a similar mode is also planned for PETRA
IV. For each BPM under test the data paths described before
were investigated. As an example, Fig. 4 shows the horizon-
tal power spectral density (PSD) derived from the FA data
path using a BPM close to an undulator. Besides the influ-
ence of the notch filter at 3.3 kHz which is implemented in
all Liberas, the influence of the top-up injection in PETRA
III is clearly visible and can be eliminated by gating-out
the injection. Nevertheless, a number of characteristic fre-
quency lines is still present which consist mainly of higher
harmonics of 50 Hz.

PSD_ [ w17

Figure 4: Horizontal power spectral density, derived from
the FA data path at 10kHz sampling rate. The blue curve
was recorded under standard operational conditions. The
detail enlargement shows a series of frequency lines equally
spaced by 6.25 Hz. This frequency is characteristic for the
top-up injection in PETRA III. For the red curve the injection
was gated-out.

As can be concluded from this but also from other mea-
surements using different data paths, the beam stability in
PETRA III is not sufficient to explore the resolution limits
of the readout electronics. Hence, in order to get rid of the
beam jitter it was decided to exclude one of the BPMs un-
der test from the orbit measurement and place 2 four-way
splitters in the signal paths behind 2 pickup antennas. The
output cables from one splitter were connected to the MTCA
system, the signals from the other one to a Libera Brilliance
under test. After the installation in September 2023 a new
series of measurements was performed, investigating only a
single BPM with beam jitter cancellation.

Figure 5 shows the horizontal PSD based on FA data
together with the closed orbit resolution as function of band-
width. As can be seen, the PSD is free from spurious lines
except the one at about 3.5 kHz, mainly caused due to down-
mixing of a crossbar switching frequency. The rms resolu-
tion for the bandwidth from DC to 1 kHz amounts to 70 nm
(monitor constant K, = 10 mm). Assuming a constant of K,
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Figure 5: Horizontal power spectral density and closed orbit
resolution as function of bandwidth, derived from the FA
data path for the BPM with beam jitter cancellation. The
monitor constant is K, = 10 mm.

= 7.1 mm which is the case for the PETRA IV standard arc
BPMs, the resolution is about 50 nm which is well below
the specification of < 100 nm according to Table 2. The
measured resolution is comparable to the one from a Libera
Brilliance+ [15], indicating that their system performances
are equivalent.

Using the TbT data stream instead of FA data, the rms
resolution in the requested bandwidth up to 1 kHz is well
reproduced. Moreover, this data stream is also available from
the existing PETRA III Libera Brilliances, hence allowing
a direct comparison of both systems. Assuming again a
monitor constant of 10 mm, the rms resolution in the full
bandwith from DC to f,/2 amounts to 1 um for the Libera
Brilliance, and to 300 nm for the new MTCA based system,
thus demonstrating the performance improvement.

In order to investigate the long term stability, the SA data
path with 10 Hz sampling rate is of importance. For the
time being the measurement period was set to only 1.5 days,
later on it will be extended to the required 6 days according

MTCA system

X /nm

-100 | .

Sep 07, 00:00 Sep 07, 12:00 Sep 08, 00:00
time 2023

Figure 6: Horizontal position readings acquired from the SA
data path with the MTCA based system and monitor constant
K, = 10mm. Gaps in the data indicate periods where the
beam was lost.
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Figure 7: Horizontal position readings acquired from the SA
data path with a Libera Brilliance under the same conditions
than in Fig. 6.

to Table 2. As can be seen in Fig. 6 the horizontal posi-
tion readings show a smooth drift which is in the order of
600 nm. Figure 7 shows a simultaneous measurement but
with a Libera Brilliance, indicating a drift of about 1.35 um.
From the comparison it is clear that the drift behaviour of
the MTCA based system is smaller, especially the external
crossbar switching seems to cope better with sudden envi-
ronmental changes as in the case of a beam loss where the
heat load in the tunnel changes on a short timescale. Never-
theless, the remaining drift in the MTCA based long term
measurement has to be minimized. From the experience
with the proof-of-principle setup described in Refs. [15, 16]
it is assumed that this drift is caused by the measurement
setup itself and not by the readout electronics. Especially the
signal cables between 4-way splitter and crossbar switching
matrix are uncompensated and therefore extremely sensitive
to any kind of variations. However, this needs to be proven
and will be topic of upcoming investigations.

SUMMARY AND OUTLOOK

This paper summarizes first performance evaluations of a
MTCA based BPM readout system relying on the concept
of external crossbar switching at PETRA III. The system
is continuously in operation since end of 2022 without any
downtime. For a measurement exploiting the resolution
limit of the electronics it is evident to exclude any kind of
beam jitter. Under this condition it is demonstrated that the
new system fulfils the closed orbit resolution specification
for PETRA 1V, indicating the performance improvement
compared to the existing Libera Brilliance based PETRA
III system.

While the long term stability of the new system is better
compared to the Libera Brilliance and below the specifica-
tion limit of < 1 um, the measured drift behaviour suggests
an influence of the uncompensated signal path as it was ex-
perienced at earlier stages using a proof-of-principle setup.

In the next step this long term drift behaviour will further
be investigated and improved, and the readout system will
be tested in view of the remaining specifications in Table 2.
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