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Abstract

The ESRF operates a 6 GeV 4th generation light source,
the ESRF-EBS. This storage ring is the first to implement the
Hybrid Multi-Bend Achromat lattice (HMBA). The HMBA
lattice provides a reduction of the horizontal emittance of
approximately a factor 30 with respect to the former Double
Bend Achromat (DBA) structure, considerably improving
the brilliance and transverse coherence of the ESRF acceler-
ator complex while maintaining large horizontal acceptance
and excellent lifetime performance. In this report, the char-
acteristics of the HMBA lattice will be reviewed and the
beam commissioning results and first operation experience
of the new ESRF storage ring will be presented.

INTRODUCTION

The ESRF accelerator complex consists of a 200 MeV
linac, a 6 GeV booster synchrotron and a 6 GeV storage ring
light source [1,2]. X-ray sources and beam lines are located
either in one of the 32 straight sections equipped with undu-
lators (ID beam lines) or in the center of the arcs where the
light is extracted from special dipole magnets (BM beam
lines). The ESRF upgrade program phase Il [2] consists
for the most part in replacing the original storage ring op-
erating with 4 nm.rad horizontal emittance with an entirely
new machine with the aim of reducing the horizontal emit-
tance down to 133 pm.rad therefore providing a substantial
increase of the brilliance and transverse coherence of the
photon source.

Table 1: Main Parameters of the ESRF DBA and HMBA
Lattices
Units DBA HMBA

E GeV 6 6
Liotal m 844.44  843.98
# cells 32 32
Ldip/Lt()tal Yo 18 38
€n pmrad 3985 133
€y pmrad 4 1
OF % 0.106 0.094
b; mm 3.43 2.9
I.- mA 200 200
Jy 1.00 1.51
Uy MeV/turn 4.88 2.56
<6 > rad 0.04 0.020
max. Kguad Tm™! 16 91
max. Kgexr Tm™2 222 1720
max. Koc; Tm™ 0 36025
# magnets/cell 19 32
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Table 1 summarizes the main lattice and beam parameters
of the two rings. The new storage ring lattice design is based
on the Hybrid Multi-Bend Achromat (HMBA) concept in-
troduced in 2012 at the ESRF [3,4] . This lattice combines
several novel concepts with respect to previous proposals
allowing for a reduction of a factor 30 in horizontal emit-
tance while maintaining a transverse acceptance compatible
with off-axis injection and lifetime of the order of 20 h. In
this report, a brief description of the HMBA lattice will be
provided followed by a review of the commissioning and
first operation experience of the new ESRF storage ring.

THE HMBA LATTICE

The HMBA lattice integrates the Multi-Bend Achromat
proposal [5] to increase the number of dipoles, reduce
their bending angle and consequently reduce the horizon-
tal emittance. Although proposed in 1995, this concept
was first demonstrated in 2015 for a 3 GeV lattice when the
MAXTV [6-8] facility started operation. However, adapting
this lattice to the 6 GeV ESREF storage ring was found im-
practical at the time as magnets strengths had to be increased
beyond state of the art technology and the transverse and
momentum acceptances were found too small to accommo-
date the standard off-axis injection [3,9] and large beam life-
time [10, 11]. Recent developments now provide solutions to
inject in very small transverse acceptance [12, 13] but these
were not considered at the time for the ESRF. Nevertheless,
the HMBA lattice introduces novel ingredients that allow to
significantly reduce the magnets strengths while improving
the acceptance of the lattice and achieving ultra-low emit-
tances [2,4]. The ESRF HMBA lattice design characteristics
can be summarized as follows:
* horizontal equilibrium emittance of 133 pm.rad
* optimized sextupole layout and associated optics func-
tions to reduce their strengths and allow for shorter
magnets in order to accommodate the increased num-
ber of dipoles while compensating for the large natural
chromaticity introduced by high gradient (91 Tm™")
quadrupoles
* intrinsic compensation of non-linear resonances to pro-
vide large transverse and momentum acceptances allow-
ing for off-axis injection with more than 90 % efficiency
and beam lifetime on the order of 20 h

* reduced overall power consumption provided by the
smaller radiated power Uy and usage of permanent mag-
net technology for the dipoles

The unit cell of the ESRF HMBA lattice is shown in
Fig. 1 and the main ring parameters are summarized in Ta-
ble 1. The optimized dipole layout and longitudinal gradi-
ent allow to increase the S-functions and dispersion at the
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Figure 1: Lattice functions and magnets layout for the HMBA storage ring standard cell.

sextupoles to reduce their strengths and slightly reduce the
horizontal emittance [14, 15]. The central part of the cell
is composed of strong focusing quadrupoles and defocus-
ing combined dipole-quadrupole magnets to optimize the
space usage and increase the horizontal damping partition
number J, (&, o J;!). Finally, the HMBA lattice imposes
an odd multiple of 7 phase advance, or —1 transform [16],
between focusing sextupoles to partially cancel non-linear
resonances [17-19]. This allows to keep magnet strengths
compatible with available technologies and increase the fill-
ing factor, Lgip/Liorar to reduce the equilibrium emittance
without compromising lifetime and transverse acceptance.
The horizontal B-function is increased to 18.6 m at the in-
jection point to allow for high efficiency off-axis injection.
This breaks the 32-fold symmetry, however, the lifetime per-
formance is back to the design goal of approximately 20 h
with appropriate sextupole optimizations [20]. Finally, spe-
cial bending magnets are introduced in the arcs to extract
light into the bending magnet beam lines. A total of 16 such
magnets are integrated resulting in a horizontal emittance
increase to approximately 140 pm.rad [21].

BEAM COMMISSIONING EXPERIENCE

The ESRF-EBS storage ring beam commissioning took
place over a period of 3 months, from the end of November
2019 to the end of February 2020. Two shutdown periods for
maintenance were included resulting in a total 2 months inte-
grated beam time. This section provides an overview of the
storage ring beam commissioning. A chronological timeline
with the commissioning highlights is given for reference in
Fig. 2, however only few selected topics can be discussed in
this paper. It should be noted, that the success of the beam

commissioning relied heavily on the excellent preparation
and readiness of all critical subsystems. A machine simula-
tor was implemented that allowed to develop and test most
of the control system and numerical tools well before the
start of the commissioning. Based on the solid experience
acquired on the previous machine and clever adaptation of
many systems the diagnostics, power supplies, RF systems,
magnets and their controls provided excellent performance
from day one and throughout the whole period.

Injectors Commissioning

In order to comply with a very tight commissioning sched-
ule and to mitigate the overall risks for the project completion
it was decided to minimize or anticipate modifications on
the injectors chain. In this spirit, a complete refurbishment
of the linac, the Booster power supply and RF systems and
the renewal of global timing system were performed prior
to the dismantling of the old storage ring and the storage
ring standard off-axis injection was maintained. However,
necessary adaptations of the Booster and transfer lines took
place:

* Reduction of the Booster circumference to match the

storage ring [2]

* New layout of the transfer lines

» Adaptation of the injection and extraction systems

Although the reduction of the booster circumference rep-
resented a major intervention, it was completed according
to schedule and the restart of the injectors was completed
in a few days. The Booster was foreseen to operate off
energy with higher tunes, i.e. new optics, to reduce the hori-
zontal emittance and improve the transfer efficiency. This
higher tune optics was not implemented and is under devel-
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Figure 2: EBS commissioning chronological timeline including main achievements, current, injection efficiency, problems

and beam lines highlights.
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opment. This was compensated by the implementation of
an emittance exchange scheme at the Booster extraction that
provided a substantial horizontal beam size reduction [22].

First Turns and Accumulation

Tests and validations of first turns steering performed
in the previous machine combined with simulation for the
ESRF-EBS indicated that it was possible to establish the
closed orbit starting from off-axis injection with all magnets
at their design strengths [23]. This strategy was quickly
revised as major difficulties were faced during the first weeks
of commissioning due to unexpected reductions of both
mechanical and dynamic apertures, requiring to minimize
injection oscillations. It was later possible to identify and
associate these reductions to either physical obstacles inside
the vacuum chambers, 3 were found as shown in Fig. 2, or
unforeseen large magnetic errors due to cross talk between
magnets [24] and wrongly assigned calibration factors [25].
Once these issues were solved the machine performance
steadily improved without major difficulties.

First turns could nevertheless be established using off-axis
injection and 2.5 turns were achieved without any correction
in the storage ring (all correctors off). The first turns trajec-
tory is shown in Fig. 3 where a clear drop in current (pro-
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Figure 3: First turns trajectory in the storage ring with off-
axis injection.

portional to the BPM sum signal) at approximately 1.5 turns
(BPM sample 510, 320 samples per turn) is observed. This
was the first clear indication of a physical obstacle later found
in straight section 23. At this point, it was impossible to pro-
ceed further and it was decided to introduce on-axis injection
by combining a static closed orbit bump and increased injec-
tion kickers strengths. In these conditions, it was possible to
progress with beam threading and establish multiple turns,
however in order to achieve the 70 turns required to turn on
the RF systems and allow for capture, sextupole magnets
adjustments proved to be essential. This is shown in Fig. 4
where the BPM sum signal is shown as a function of turns.
The blue line, featuring a plateau at low turn numbers, corre-
sponds to the settings optimized for first turns, the black line
the design settings and the red line the settings optimized for
RF capture that were defined based on tracking simulations
of survival rate in realistic conditions.

Beam accumulation is not possible with on-axis injection,
the injection kickers were therefore optimized to share os-
cillations between the stored and injected beams and allow
to inject in the reduced acceptance. A maximum total cur-
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Figure 4: Measured turn by turn sum signal from BPM 5 of
cell 7 for different sextupole settings iterations

rent of 6 mA was accumulated with an injection efficiency
of 0.8 % before the Christmas break 2020. Following this
initial commissioning period, the magnetic model was im-
proved to include cross-talks and calibrations factors were
properly assigned. It was then possible to perform closed
orbit correction, optics tuning and proceed with the ramp in
current and vacuum conditioning.

Closed Orbit and Optics Corrections

The initial rms closed orbit of several hundred microns
was in large part due to uncorrected offsets and could be
reduced down to approximately 50 um rms in both planes
after the beam based alignment and the introduction of a
large number of singular vectors in the correction loop.

Figure 5 shows the result of the beam based alignment
campaign, rms offsets of approximately 100 pm were found
in both planes. It should be noted that electronic and mechan-
ical offset corrections were applied before the start of com-
missioning. The orbit correction is performed using standard
Singular Value Decomposition (SVD) methods. The opti-
mal number of singular vectors to minimize S3-beating and
increasing dynamic aperture was determined to be 162 in
both planes with numerical simulations including realistic
alignment errors [25]. Pushing to higher values would result
in significant increase in corrector strengths with very minor
performance improvement.

Optics measurements and corrections were done using
the Orbit Response Matrix (ORM) method. Although large
magnetic errors were initially present, measurements were
performed very early in the commissioning. Initial rms
B-beating of 20 % and 34 % and dispersion mismatch of
23.6 mm and 4.3 mm in the horizontal and vertical planes
respectively were estimated from these measurements. After
the magnetic and lattice models were corrected the optics
corrections converged to AB/B ~ 1.5% in both planes and
An ~2.0mm and 1 mm in the horizontal and vertical planes
respectively [25]. All gradient corrections are applied on
quadrupole magnets located in the direct vicinity of sex-
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Figure 5: Measured BPM offsets in the horizontal and verti-
cal planes. The blue dashed line is placed at 3.

tupoles. This shows that optics errors are for the most part
dominated by the feed-down effects in sextupole magnets
driven by non-zero closed orbit at their location, as expected
from the model, and demonstrates that the construction, mag-
netic measurements and modeling of the lattice magnets is
very accurate and that no strong calibration or unexpected
localized errors were left in the machine. The integration of
BM beam-lines did not introduce any additional errors [25].
Coupling and vertical dispersion corrections are also de-
rived from ORM measurements. Measured emittances of
130+20 pm.rad and below 1+1 pm.rad are measured after
coupling corrections without any further tuning. However
these values may suffer large errors bars associated with the
resolution and calibration of the pinhole cameras. In User
Service Mode (USM), the vertical emittance is stabilized at
10 pm.rad using a feedback loop injecting white noise. It is
therefore not sensitive to small drifts or variations related to
gap movements and orbit fluctuations.

Table 2: rms Storage Ring Corrections

Units Simulations SR

0, urad 160 65

6, prad 120 30

AK /K1 % 0.26 0.2

Table 2 compares the applied and expected correction
strengths needed to achieve the results from Table 3. In all
cases, applied strengths are lower than model predictions.
This clearly reflects the outstanding work done during the
engineering, construction and installation of the ESRF-EBS
storage ring. Alignment errors can be estimated from these
using a simplified model. As shown in Fig. 6, the estimated
errors range from 25 to 45 um in the horizontal plane and
from 25 to 35 um in the vertical plane. This is much better
than the specifications of 65 and 55 um in the horizontal
and vertical plane respectively. These estimates are very
approximate. However, injection was possible without any

MOXAO01
4

IPAC2021, Campinas, SP, Brazil
ISSN: 2673-5490

JACoW Publishing
doi:10.18429/JACoW-IPAC2021-MOXAO1

Table 3: Design and Delivered Parameters in USM Con-
dition and Uniform Mode. The Design Lifetimes were Re-
scaled for 10 pm.rad Vertical Emittance for Comparison
Purpose.

Units Design Delivered
I~ mA 200 200
Inj. Eff. % >90 80
Vacuum LT h 300 122+13
Touschek LT h 28 41+5
USMLT h 23 25
€n pm.rad 140 <130+20
€y pm.rad 10 10+1
rms orbit (X,y) pm 140, 80 50,55
Stability o 0.05 <0.01

corrections and 26 out of the 27 ID beam lines could see
light without adjustments on the very first trial to open the
front-ends. Both these observations confirm the excellent
alignment of the machine.
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Figure 6: Estimated storage ring alignment errors from sim-
ulations.

DELIVERED PARAMETERS AND FIRST
OPERATION EXPERIENCE

The initial commissioning allowed to remove all physical
obstacles and substantially increase the machine acceptance.
The final one, that represented the last major difficulty on
the way to deliver operating conditions compatible with the
start of beam lines commissioning, was removed 2 months
after the start of commissioning. After that, conditions were
established for current ramp-up. Efficient conditioning of
the vacuum chambers and the RF cavities to increasing beam
loading [26,27] allowed to achieve the nominal current of
200 mA before the end of the beam commissioning period.

Table 3 compares the design and delivered beam and
machine parameters. The results are excellent and matching
or exceeding design goals in all aspects except for injection
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efficiency. The horizontal emittance fluctuates between 120
and 130 pm.rad depending on insertion devices gap settings
and the vertical emittance is fixed at 10 pm.rad to increase
the lifetime as for the moment no significant improvement in
performance was observed by the beamlines going to lower
values. This value will be re-evaluated in the future.

The beam stability is measured with all feed-backs run-
ning on a short timescale, long term stability is being evalu-
ated. 3 lifetime values are quoted in this paper: the vacuum
lifetime evaluated with vertical emittance scans, the Tou-
schek lifetime rescaled to 10 pm for the design and measured
with all gaps and collimators opened on a fully optimized
machine and the USM lifetime which corresponds to the
average lifetime delivered at 200 mA over one week of uni-
form. This value is reduced by approximately 10 % by the
collimation systems [28] used to localized Touschek losses
in shielded areas. While the vacuum lifetime remains a bit
low, showing the need for further conditioning, the Touschek
lifetime exceeds model predictions of 28 h. This is partly
explained by the excellent alignment as shown in Fig. 6
but also the result of the optimization of a large set of pa-
rameters, such as tunes, RF voltage or skew quadrupoles,
sextupoles and octupoles strengths. These optimizations
took place on a regular basis during the vacuum condition-
ing and significant changes were applied in some cases as
the beam and vacuum conditions were improving. With all
these optimizations integrated in the operation settings, life-
time tuning for USM now relies on online optimizations that
consist in minimizing the losses measured by the Beam loss
Detector (BLD) system by scanning individual sextupoles,
octupoles and skew quadrupoles. The implementation of
individual power supplies for all these magnets as part of the
ESREF storage ring upgrade therefore proves to be essential
for performance optimization. These are performed on a
regular basis and after each shutdown period to maintain a
lifetime >20h at 200 mA. With a fully optimized storage ring,
the machine operates routinely with ID gaps closed at an
injection efficiency of approximately 80 %. The measured
on-momentum dynamic aperture is smaller than model pre-
diction by I mm which could explain the lower than expected
injection efficiency. This observation combined with larger
than expected lifetime could indicate that excessive weight
was put on lifetime in the optimization process.

The lattice performance after one year of operation is ex-
cellent [29], however, two major issues remain to be solved:

* overheating of the ceramic chambers limits the current

for the timing modes

* the injection systems do not provide transparent injec-

tion and beam line experiments are perturbed

Single bunch collective effects have been evaluated and
are for the most part consistent with the impedance model
predictions [30]. They do not limit the single bunch current
as the maximum design value of 10mA could easily be
achieved with either increased chromaticity or bunch-by-
bunch feedback. However, beam induced heating on the
ceramic chambers generates excessive mechanical stress that
the present design cannot sustain. The procurement of new
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more robust ceramic chambers was launched for installation
at the end of the year. This issue presently limits the single
bunch current to 4 mA and the total current of the 16 bunch
mode to 1/3 of its nominal value.

Injection perturbations have been a major concern since
the introduction of top-up operation at ESRF in 2016.
Quasi-transparent injection was achieved in the previous
machine [31] and equivalent oscillation amplitudes are ob-
tained in the ESRF-EBS making use of the exisiting feed-
forward systems. However when normalized to the beam
size, these perturbation are an order of magnitude larger than
in the previous machine. Corrective actions, including the
installation of new kicker power supplies and the integra-
tion of advanced injection systems for on-axis injection are
presently under development [32,33].

CONCLUSION

The ESRF HMBA lattice was designed to match strict
constraints imposed by the in-place infrastructure such as
the tunnel and beam lines locations and number. The per-
formance and results presented in this report exceed by far
our expectations and denote the original design of this lat-
tice. However, several issues remain that presently limit the
performance reach of the accelerator complex and need to
be addressed. Finally, room is left for further improvements
based on our growing understanding of the lattice. Reduc-
tion of the photon source size by redistributing the damping
partition number and better matching of the S-functions in
straight sections while increasing the acceptance of the ma-
chine with better matching of the optics off-energy is within
reach and studies are ongoing in this direction.
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