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The European Synchrotron Radiation Facility (ESRF) operates a 6 GeV fourth generation light source,
the ESRF-Extremely Brilliant Source (EBS). This storage ring is the first to implement the hybrid
multibend achromat lattice (HMBA) that provides a reduction of the horizontal emittance of approximately
a factor 30 with respect to the former double bend achromat structure. By combining several innovative
concepts, the HMBA lattice allows the achievement of ultralow emittance while maintaining excellent
lifetime and dynamic aperture performance. In this paper, beam commissioning experience and results of
the new ESRF storage ring will be presented with an emphasis on the specific challenges relating to the
HMBA lattice. The issues, methods, and concepts developed during the commissioning period and first
months of operation are discussed.
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I. INTRODUCTION

The European Synchrotron Radiation Facility (ESRF)
accelerator complex, shown in Fig. 1, consists of a
200 MeV linac, a 6 GeV booster synchrotron and a
6 GeV storage ring light source. The linac and the storage
ring are connected to the booster with two transfer lines,
TL1 and TL2, respectively. X-ray sources and beam lines
are located either in one of the 32 straight sections equipped
with undulators (ID beam lines) or in the center of the arcs
where the light is extracted from special bending magnets
(BM beam lines).
Following the successful completion of the ESRF

upgrade phase I [1], consisting of mostly infrastructures
and beam lines improvements, the ESRF upgrade program
phase II [2] aimed at replacing the existing double bend
achromat (DBA) storage ring by an entirely new machine
with a target horizontal emittance smaller than 150 pm rad.
There were two major constraints that strongly impacted
the lattice design: maintaining the physical location of
the source points while keeping the same infrastructure and
tunnel and using the existing injectors chain with minimal
adaptations. The project was organized in three main
phases resulting in an interruption of users service mode
(USM, operation with user experiments) of 20 months:
12 months were allocated to the dismantling of the old

storage ring and the installation of the new one, 3 months
were dedicated to the machine commissioning, and
5 months to the beam lines commissioning. This report
will focus on the machine commissioning phase.

II. THE HYBRID MULTIBEND
ACHROMAT LATTICE

The multibend achromat (MBA) concept [3] involves
increasing the number of dipoles and reducing the bending
angle of each dipole and therefore reduces the equilibrium
emittance. First introduced in 1995, this idea was demon-
strated in 2015 for a 3 GeV lattice when the MAX IV [4–6]

FIG. 1. ESRF accelerator complex and beam lines (image
courtesy of the ESRF communication group).
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facility started operation. Adapting this concept for the
ESRF 6 GeV accelerator complex [7] was found imprac-
tical at the time when design studies began. The magnet
strengths had to be increased beyond state of the art
technology and the transverse and momentum acceptances
were found too small to accommodate the standard off axis
injection [8–10] and provide large beam lifetime [11,12].
More recent developments, such as swap-out and longi-
tudinal on axis injection, now provide solutions to inject in
very small acceptance [13,14] but these were not consid-
ered during the design phase of the ESRF-EBS.
The technical solution proposed at ESRF, the HMBA

lattice, introduces novel ingredients that allow a significant
reduction in the magnet strengths while increasing the
acceptance of the lattice and achieving ultralow emittances
[2,15]. The main characteristics of the ESRF HMBA lattice
design can be summarized as follows:

(i) Horizontal emittance of 133 pm rad (140 pm rad with
BM beam lines), (ii) Optimized sextupole layout and
associated optics functions to reduce their strengths and
allow shorter magnet lengths. This accommodates the
increased number of dipoles while compensating for the
natural chromaticity introduced by high gradient (91 Tm−1)
quadrupoles, and (iii) Intrinsic compensation of some non-
linear resonances to provide large transverse and momentum
acceptances allowing for off axis injection with more than
9% efficiency and beam lifetime on the order of 20 h.
In addition, the overall power consumption is reduced

compared to the previous DBA lattice thanks to the smaller
radiated power U0 and to the usage of permanent magnet
technology for some dipoles.
The unit cell of the ESRF HMBA lattice is shown in

Fig. 2. It starts at the center of the 5.3 m insertion devices
(ID) straight section followed by a matching doublet, a
chromatic correction section (CCS) surrounded by two
longitudinal gradient dipoles (DL) and a central section
with strong focusing quadrupoles (QF) and combined
function defocusing dipole-quadrupole (DQ) magnets.
Unless there is a BM beam line, the cell is symmetric

around the central DQ magnet. All the magnets are
powered individually and there are ten beam position
monitors (BPM) per cell to allow for precise orbit, coupling
and optics corrections and control. The correctors (SH
magnets) and sextupoles (focusing SF and defocusing SD)
are all able to produce horizontal and vertical dipole fields
as well as a skew quadrupole field. In addition, the DQ
magnets are equipped with a correction coil that provides
independent control of the bending angle and field gradient
with a range of approximately 1%. Finally, the SH magnets
are able to produce fast varying horizontal and vertical
dipole fields with bandwidths of approximately 150 Hz in
the horizontal plane and 300 Hz in the vertical. These
bandwidths were estimated from measurements of the
beam response to a sinusoidal excitation and are limited
by the vacuum chamber.
The ESRF-EBS main ring parameters and comparison

with the previous ESRF DBA lattice are summarized in
Table I. The dipole layout is defined such as to leave
space for the two CCS and optimize the β-functions and
dispersion at the sextupoles, allowing for shorter, weaker
magnet design. The longitudinal gradient permanent dipole
magnets are used to further increase the dispersion and
reduce the horizontal emittance [16,17]. The central part of
the cell is designed to optimize the space usage and increase
the horizontal damping partition number Jx (ϵh ∝ J−1x ). An
odd multiple of π phase advance, or −I transform [18],
between focusing sextupoles is imposed to partially cancel
nonlinear resonances [19–21]. With all these ingredients
integrated in the lattice, it was possible to increase the
filling factor, Ldip=Ltotal, of the machine and therefore
reduce the equilibrium emittance without compromising
the machine performance in terms of lifetime and accep-
tance. The sextupole strengths required for the HMBA
lattice of the ESRF 6 GeV storage ring are fully compatible
with present technological capabilities [22–26].
While the ESRF DBA lattice was alternating high-

and low-horizontal β straight sections, the HMBA lattice
features 31 identical straight sections hosting either ID or rf

FIG. 2. Lattice functions and magnets layout for the HMBA SR standard cell with two symmetric CCS. Horizontal and vertical
steerers and skew quadrupoles are located in each corrector and sextupole depicted in the layout.
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cavities and one straight section dedicated to injection. At
the injection point, the horizontal β-function is increased to
18.6 m to enlarge the transverse acceptance and allow for
high efficiency off axis injection. This breaks the 32-fold
symmetry, however, the lifetime performance is restored to
approximately 20 h (assuming a lattice with errors and
approximately 0.2 mA per bunch, 5 pm rad vertical
emittance and 3.5 mm bunch length at this current) with
appropriate sextupole optimizations [27,28]. The vertical
β-function of the ID straight sections was determined based
on a configuration with two 2 m-long undulators. However,
lifetime and dynamic aperture (DA) constraints did not
allow to maintain the horizontal β-function to the optimal
value for ID beam lines. The optics functions at BM beam
lines are constrained by lattice considerations. The BM
beam lines used to extract light from the dipoles of the DBA
lattice. For the HMBA lattice, dedicated sources were
designed to compensate the reduction of bending angle
and maintain photon beam characteristics [29]. Three types
of source are used, a single dipole or short bend (SB), a
2-dipole wiggler (2PW), and a 3-dipole wiggler (3PW)
[30]. The integration of the SB and 2PW sources require a
modification of the alignment of neighboring magnets in

order to compensate for the additional angle or offset,
respectively. The 3PW is self-compensated and does not
require any modification of the lattice. With all the
BM beam lines integrated in the lattice, the horizontal
emittance increases by 6 pm rad to reach approximately
140 pm rad [29].

III. BEAM COMMISSIONING EXPERIENCE

This section provides an overview of the storage ring
beam commissioning. A chronological timeline with the
commissioning highlights is given for reference in Fig. 3.
However, only few selected topics will 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 storage ring
control system simulator was implemented to allow the
development and test of most of the controls and numerical
tools in the control room environment 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 (PS),
rf systems, magnets, and their controls provided excellent
performance from day one and throughout the whole
commissioning period.

A. Injectors commissioning

In order to comply with a very tight commissioning
schedule and to mitigate the overall risks for the project
completion, it was decided to minimize and bring forward
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 the global timing
system were performed prior to the dismantling of the
old storage ring and the standard off axis injection was
maintained. However, necessary adaptations of the booster
and transfer lines took place [2]: (i) Reduction of the
booster circumference to match the storage ring length,
(ii) Modified layout of the transfer lines to adapt to the new
injection and extraction points, and (iii) Adaptation of the
injection and extraction systems.
Although the reduction of the booster circumference

represented a major intervention, it was completed according
to schedule and the restart of the injectors took only a few
days. The booster was foreseen to operate off energy with
higher integer tunes, i.e., new optics, to reduce the horizontal
emittance and improve the transfer efficiency [31]. This new

TABLE I. Main parameters of the ESRF DBA and HMBA
lattices. The multipole strengths Kn include the factor 1=n!

Units DBA HMBA

Energy GeV 6 6
Circumference m 844.44 844
Number of cells 32 32
Dipole filling factor % 18 38
Horizontal β @ insertion
devices (ID)

m 37.6, 0.4 6.9

Vertical β @ ID m 3.0 2.7
Horizontal emittance pm rad 3985 133
Vertical emittance pm rad 4 1
Momentum spread % 0.106 0.094
Bunch length (@0 mA) mm 3.43 2.9
Beam current mA 200 200
Horizontal damping
partition number

1.00 1.51

Energy loss/turn MeV/turn 4.88 2.56
Maximum K1 (quadrupole) Tm−1 16 91
Maximum K2 (sextupole) Tm−2 222 1720
Maximum K3 (octupole) Tm−3 0 36025
Magnets/cell 19 32

FIG. 3. EBS commissioning chronological timeline.
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optics was not immediately implemented and is still under
development. This was compensated by the implementation
of an emittance exchange scheme at the booster extraction
that provided a substantial horizontal beam size reduction
and an increase in injection efficiency of 5–10% [32].

B. 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 [33]. This strategy was quickly
revised as major difficulties were faced during the first
weeks of commissioning due to unexpected reductions of
both mechanical and DAs which required the minimization
of injection oscillations. It was later possible to identify
and associate these reductions to either physical obstacles
inside the vacuum chambers or unforeseen large magnetic
errors due to cross talk between magnets [34] and wrongly
assigned calibration factors [35].
As seen in Fig. 3, a total of three obstacles were found

and removed during the first months of commissioning.
The first two obstacles were found in the first month of
commissioning and consisted on a piece of heating wire
located in a straight section chamber and a shielded bellow
chamber mounted upside-down. The third obstacle was
found later, after 2 months of commissioning, and consisted
in a piece of aluminium foil located at the center of an arc
(DQ chamber). This last obstacle was located further away
from the beam axis and its impact on machine performance
became visible only with well tuned orbit and optics. As a
consequence, the storage ring had to be operated for a long
period on a dispersive orbit, with a frequency shift of
300 Hz, and at times with nonzero closed orbit or local
orbit bumps until this last obstacle was finally found and
removed. All obstacles were diagnosed and located using
beam loss detectors (BLD), beam position monitors (BPM)
turn-by-turn data [36], orbit bump scans, and radiation
survey inside the tunnel for precise localization.
Figure 4 shows an example of the combined usage of the

BLD system and a closed orbit bump to detect the last
obstacle. In this case, a π bump using the two focusing
sextupoles on either side of the −I transform was used.
Obstacles in straight sections were identified using four
steerers parallel bumps. Once all the obstacles were
removed and the magnetic model corrected, the machine
performance steadily improved throughout the commis-
sioning period without major difficulties.
First turns could nevertheless be established using off

axis injection with a 15 mm bump amplitude leading to a
theoretical separation of 5 mm between the stored and
injected beams at the injection point. 2.5 turns were
achieved by simply adjusting the injectors and incoming
trajectory without any need of correction in the storage
ring, i.e., all correctors off. This was unexpected as

simulation using alignment tolerances predicted that only
one third of a turn would be achieved without steering and
gave a first indication on the excellent storage ring align-
ment achieved during the installation phase.
The first turns trajectory measurements are shown in

Fig. 5. The horizontal and vertical trajectories are shown
together with the BPM sum signals, that are proportional
to the beam current. A polynomial fit algorithm [37] of the
expected BPM nonlinearity at large amplitude was used in
order to provide accurate measurement of the injected beam
trajectory. The horizontal injection oscillations of a few
millimeters are consistent with a 15 mm bump amplitude. A
clear drop in current (proportional to the BPM sum signal)
at approximately 1.5 turns (BPM sample 510, 320 BPMs
per turn) is observed. This was the first clear indication of a
physical obstacle later found in straight section 23. Due to
the significantly reduced acceptance, it was not possible to
proceed further using off axis injection. A combination of a
static closed orbit bump and increased injection kickers

FIG. 4. Obstacle detection in the middle of the arc using a local
bump. The total losses and lifetime are shown on the top plot and
the loss pattern for three bump amplitudes are shown at the
bottom. The asymmetry observed is a clear signature of an
obstacle.

FIG. 5. First turns trajectory in the storage ring with off axis
injection. Blue is horizontal and red vertical. Green is BPM
buttons sum signal.

P. RAIMONDI et al. PHYS. REV. ACCEL. BEAMS 24, 110701 (2021)

110701-4



strengthswas used to establish pseudo on axis injection (a few
millimeters residual was measured). This allowed to progress
with beam threading and establish multiple turns. The static
bump introduced additional β-beating (∼5%) and could only
be removed one month after the start of commissioning once
the acceptance was sufficiently enlarged.
Multiturn beam threading was performed using a semi-

automated trajectory correction on the first turns. The
correction algorithm is based on singular value decom-
position and described in Ref. [33]. The initial positions
and angles measured using the first two BPMs were
optimized using the two injection septa and the last two
vertical correctors of the TL2 transfer line. In order to
exclude BPM data correlated with low-beam current, a
predefined validation threshold on the BPM sum signal was
used. Below this threshold, the data point is ignored and the
acquisition buffer is truncated following three consecutive
readings below this threshold. The horizontal and vertical
planes were corrected individually. The sextupoles and
octupoles were adjusted by families (two families of SD
and one family of SF and octupoles) in an iterative process
to optimize the number of survival turns. After optimiza-
tion, the sextupoles were reduced to approximately 60% of
their nominal operating point, the octupoles were turned off
and the horizontal and vertical tunes were shifted by þ0.5
and−1.4 units, respectively, to obtain few tens of turns with
an rms oscillation amplitude of approximately 750 μm.
These significant deviations from the theoretical model
indicated potential large errors in the magnetic description
of the lattice.
In theory, 70 turns can be performed in the storage ring

with rf systems off before the beam is lost. However, due to
the large deviations with respect to the theoretical model,
sextupole optimization proved to be essential to achieve the
70 turns required to switch on the rf systems and allow for
capture. This is shown in Fig. 6 where the survival rate is
shown as a function of turns. The settings optimized for
first turns were determined experimentally and feature a
flattop at low-turn numbers. On the other hand, the settings
optimized for rf capture were defined based on tracking
simulations of survival rate in realistic conditions and show
a plateau at large turn numbers.
Beam accumulation is not possible with on axis injec-

tion. The injection kickers were therefore optimized to
share oscillations between the stored and injected beams
and to allow injection in the reduced acceptance. A
maximum total current of 6 mA was accumulated with
an injection efficiency of 0.8% during the first 3 weeks of
commissioning. Following this initial commissioning
period, the cross talks were included in the magnetic model
and calibrations factors were properly assigned. It was then
possible to perform closed orbit correction and optics
tuning to proceed with the ramp in current and vacuum
conditioning to deliver operating conditions compatible
with the start of beam lines commissioning.

IV. CLOSED ORBIT AND LINEAR OPTICS
CORRECTIONS

As discussed in the first section of this paper, the HMBA
lattice is the main and essential ingredient for the ESRF-
EBS project. Excellent optics control and characterization
are therefore essential to fulfill the design constraints and
deliver the expected performance. This section summarizes
the methods and actions taken during the commissioning
period to first minimize the closed orbit, an essential step to
achieve precise optics control, and then correct the lattice
toward the theoretical model including the integration of
the BM beam line sources.

A. Closed orbit steering

The initial rms closed orbit of several hundred microns
was in large part due to uncorrected offsets, static injection
bump, and a conservative approach to orbit correction
motivated by the presence of multiple obstacles. This large
initial value could be reduced down to approximately
50 μm rms in both planes following a number of corrective
measures.
Closed orbit correction relies on the accuracy and

reliability of the BPM system. BPM data can suffer various
uncertainties, or offsets, related to mechanical alignment or
electronic errors. These need to be measured and compen-
sated to achieve the desired performance. Before the start
of beam commissioning mechanical offsets were applied
based on the alignment survey and large electronic offsets
were corrected. Large offsets however remained and beam-
based alignment (BBA) proved to be an essential step. The
BPM offset is measured with respect to the nearest quadru-
pole magnetic center [38]. A total of 320 BPMs were
measured and corrected in approximately 40 h. Initially,
each plane was measured separately to ensure safe manipu-
lation of the beam. However now that the orbit is much

FIG. 6. Survival rate derived from the BPM turn-by-turn
sum signal for different sextupole settings used during the
commissioning.
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better corrected, both horizontal and vertical planes can be
scanned simultaneously which reduces the time taken to
approximately 16 h. Fast BBA described in Ref. [39] is
under development. Figure 7 shows the result of the BBA
measurement campaign, rms offsets of approximately
100 μm were found in both planes. These values are lower
than initial estimates that assumed a worst case scenario of
500 μm rms offsets. The nonzero average values are attrib-
uted to systematic errors on the mechanical offsets mea-
surements that were applied before the start of the
commissioning. BBA had an immediate impact on rms
orbit, orbit corrector strengths, and optics corrections.
The orbit correction is performed using standard singular

value decomposition methods as presented in Ref. [18].
Simulation using design alignment tolerances predicted
that a maximum of approximately 100 singular vectors
could be used over a total of 288 available. Exceeding this
value would result in correctors running out of strength.
Before the start of commissioning, the corrector PS
capabilities were increased to partially mitigate this limi-
tation. In reality, the better than expected alignment of the
storage ring allowed the operation of the machine with
corrector strengths well within PS limits and the explora-
tion of the potential to increase the number of singular
vectors and better correct the closed orbit.
Simulations were used to determine the optimum number

of singular vectors. A set of lattices with random quadrupole
errors (

ffiffiffiffiffiffiffiffiffiffiffiffi

hΔx2i
p

¼60 μm,
ffiffiffiffiffiffiffiffiffiffiffiffi

hΔy2i
p

¼40 μmrms, corre-
sponding to our best knowledge of alignment errors at the
time and later confirmed by simulations as discussed in
Sec. IVD) was generated and closed orbit corrections
were performed with increasing number of singular vectors.
Figure 8 shows the results of these simulations. Correcting
with 162 singular vectors in both planes showed a net
improvement in DA and β-beating. These values were then

used in operation. The corrector strengths remained well
within limits and this resulted in improved closed orbit and
better injection efficiency. Although simulations indicate a
potential improvement in DA, pushing further the number of
singular vectors lead to a strong increase in corrector
strengths without obvious gain in performance.
The decomposition in singular vectors of the horizontal

correctors pattern present in the storage ring was showing
two interesting features as seen on the top plot of Fig. 9.
First, singular vectors above 162 were present. This was
unexpected since all vectors above 162 were excluded from

FIG. 7. Measured BPM offsets and probability density func-
tions (PDF) in the horizontal and vertical planes. The blue dashed
line is placed at 3σ.

FIG. 8. Simulated evolution of the dynamic aperture and
β-beating as a function of the number of singular vectors used
for closed orbit correction in lattices with quadrupole alignment
errors of

ffiffiffiffiffiffiffiffiffiffiffiffi

hΔx2i
p

¼ 60 μm,
ffiffiffiffiffiffiffiffiffiffiffiffi

hΔy2i
p

¼ 40 μm using ten seeds
of errors.

FIG. 9. Top: Horizontal correctors decompositions following
corrective actions on the closed orbit. Bottom: Decomposition of
the steering pattern required to fix a field error of 1% in each DQ
magnet.
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the correction and most probably the result of several
correctors calibration issues and leftovers from bumps used
during the commissioning. Second, very strong singular
values 160, 161, and 162 were present. The first observa-
tion was solved by truncating of all unwanted singular
values, above 162 as seen on the black curve. This
truncation is now part of the automated orbit correction
loop as it was found to be crucial for the correct interaction
between fast and slow orbit correction. The fast correction
is acting on a subset of BPMs and correctors of the slow
correction that is using the full complement and was
therefore polluting the correctors pattern with high order
vectors and therefore artificially increasing the corrector
strengths.
The detailed analysis of singular vector 162 is of

particular interest as it turned out to reflect an issue with
the magnetic description of the lattice and was essential to
diagnose a missing bending angle (or misalignment) in the
DQ magnets. In the bottom plot of Fig. 9, we can see that
the contribution of field errors in the DQ magnets to the
singular vectors are all concentrated around vector 162. In
fact, it was possible to fit the measured vectors 160, 161,
and 162 using strictly DQ alignment errors. Although this
provided a strong indication that realigning the DQs was
required this hypothesis was first validated by changing the
magnet fields. At this stage of the commissioning, the
horizontal trim coils of the DQ magnets were not available
and the correction angle was applied by changing the DQ
gradients. With this correction applied, the rms horizontal
corrector strengths was reduced from 87 μrad to 50 μrad
while maintaining an rms closed orbit of 60 μm rms in both
planes. Simultaneously, the quadrupole corrections applied
to adjust the tune had been reduced, potentially indicating
an overall operating point closer to the model. Following
these observations, it was decided to displace all DQ
magnets horizontally by 85 μm to recover their nominal
gradient. These movements proved to be insufficient as
they allowed to cancel only half of the correction. However,
the remaining DQ gradient errors had no impact on the
lattice performance and were integrated in the model. It was
later discovered that the lattice model was based on the DQ
mechanical lengths rather than their magnetic lengths,
introducing a dipole field error, and that one family of
DQ magnets suffered an alignment reference issue that lead
to an error of 121 μm. These validated the intervention and
the final result is shown on the blue curve in Fig. 9 for
which the vectors 160, 161, and 162 are strongly reduced.
The DQ trim coils were finally made available and

integrated in the correction algorithm. The number of
singular values was increased from 162 to 200 and the
closed orbit without bumps was reduced to approximately
50 μm in both planes. However, several DQ magnets were
showing large correction values for the horizontal steering
(above 200 μrad). This was interpreted as a sign of an
incorrect field or alignment. Assuming their mechanical

and alignment tolerances were fulfilled, these errors were
too large to be explained by errors in the DQ magnets only.
A pragmatic approach was therefore adopted: (i) in case the
DQ had to moved, to install a BM source [29] for instance,
correct the error with the DQmagnets and (ii) otherwise use
the adjacent quadrupoles with stronger gradient to mini-
mize the movements amplitudes. After the correction is
applied and the orbit is steered back to its nominal value,
the DQ magnets are frozen and excluded from the orbit
correction loop.
The closed orbit is maintained stable over time using two

distinct feedback loops. The slow orbit correction loop that
corrects the orbit every minute using all available steerers
and BPMs and a fast orbit correction loop (Fast Orbit
FeedBack, FOFB) using a subset of steerers capable of
generating fast varying fields (SH magnets only) and BPMs
with a 10 kHz output (BPM number 1,2,4,7,9, and 10 of
each cell). Most of the controls and electronics of these
systems were kept from the previous machine and the
possibility to run them in parallel had been validated before
the long shutdown [40]. The recommissioning of these
systems was therefore not an issue and it was possible to
restart them almost immediately.

B. Linear optics corrections

Manual optics adjustments and corrections were per-
formed very early in the commissioning while trying to
establish stored beam. The first observation of strong
optics distortions were in fact estimated from first turn
trajectory data that gave a vertical tune error of −1.4 units
with respect to the model (25.9� 0.3 instead of 27.34).
The first turn data featured a continuous phase drift with
respect to the model expectations that indicated small
distributed errors rather than a strong localized imper-
fection. Optics measurements based on orbit response
matrix (ORM) acquisition confirmed this hypothesis: rms
β-beating of 20% and 34% and rms dispersion mismatch
of 23.6 and 4.3 mm in the horizontal and vertical planes,
respectively, were derived from these measurements as
shown in Fig. 10.
Such large optics errors were not expected and the

resulting corrections to fit the measurements were found
to be unrealistic. These observations lead to a complete
reassessment of the magnetic model of the lattice that shed
light on two major issues. First, due the compactness of the
lattice in the longitudinal direction, significant cross talks
between adjacent magnets exist that alter its magnetic
layout. This had only been considered for the interaction
between the fringe fields of the DLs with the neighboring
quadrupoles, but in fact it was present for all neighbouring
magnets with each other. Second, calibration factors based
on magnetic measurements performed prior to the instal-
lation were wrongly assigned or suffered from measure-
ments errors resulting in erroneous current to field
conversion. The source of the measurement errors was
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due to either wrong cycling or current setting during the
calibration curve characterization [41].
The computation of magnetic cross talks is described

in details in Ref. [34]. These errors were computed in
simulations and then validated by magnetic measurements
using the stretched wire method [42]. Figure 11 shows an
example of the gradient distribution in the longitudinal
direction in the presence of a DL magnet (permanent
dipole) and a quadrupole. The blue line represents the
additional gradient introduced by the fringe field of the
quadrupole interacting with the DL magnet that leads to a
reduction of approximately 1% of the total integrated

gradient in this configuration. Similarly, the dipole field
of the module closest to the quadrupole is reduced. While
the field reduction of the DL magnet was anticipated and
compensated at the design phase, the gradient error was
initially not integrated in the model leading to significant
optics errors. Magnetic cross talks are also relevant in other
configurations such as sextupole-quadrupole or octupole-
quadrupole for which the resulting field error is as high as
1.7%. The most relevant configurations are listed in
Table II. The large errors on the defocusing quadrupoles
(QD) close to longitudinal dipoles (DL) contribute to the
large vertical tune offset while the errors in the QF located
in a dispersive region, contribute mainly to the dispersion
beating. The predicted impact of these gradient errors on
the vertical tune corresponds to a deviation of -1.3 units in
the vertical plane that is comparable to the measured initial
value of -1.4 units. The cross talks were accounted for by
modifying the calibration scale factors of the magnets and
by inserting thin elements where appropriate and rematch-
ing the lattice to the design optics functions. On the
example shown in Fig. 11, the main quadrupole gradient
in red is rescaled and a thin quadrupole lens is added at the
edge of the dipole magnet in blue where the gradient error
reaches a maximum.
On top of the inexact magnetic description of the lattice,

additional calibration errors were found that contributed to
the initial large optics errors with multiple sources such as
wrongly assigned scale factor or magnet serial number,
controls issues or wrong cycling during magnetic mea-
surements that accumulated to errors as large as 1%.

FIG. 10. Dispersion and optics measurements. (blue) First
measured 9th December. (red) After introduction of cross talks,
calibration, BBA, steering, no optics correction. (yellow) After
optics correction.

FIG. 11. Example of quadrupole gradient cross talk effect
between a DL module in blue and a QD magnet in red.

TABLE II. Simulated quadrupole gradient cross talks for the
standard cell. All percentages relate to the total strength of
the main magnet of the central column. Body indicates that the
gradient error is distributed across the full magnet length while
edge indicates that the field error is localized at its edge as shown
in Fig. 11.

Left magnet Main magnet Right magnet

QD2 DL1A
−0.088% body −0.792% edge

DL1 QD3 SD1
−0.93% edge −0.141% body −0.342% edge

QF4 SF2
−0.03% body −0.27% edge

SF2 QF4 OD
−0.27% edge −0.03% body 1.7% body

SD1 QD5 DL2
−0.274% edge −0.056% body −0.84% edge

DL2 QF6 DQ1B
−0.02% edge −0.082% body 0.04% body

DQ1B QF8
0.042% body −0.061% body
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Although the control system simulator was an excellent
tool to identify and track these errors while commissioning
activities could proceed, it would have been useful to
perform more consistent and systematic checks before the
start of commissioning and potentially avoid these issues.
Optics measurements performed after the cross talks were
integrated in the model and the calibration factors were
properly assigned are shown on the red curves in Fig. 10. A
clear improvement with respect to the initial situation is
observed. Figure 12 shows the result of the last iteration on
the magnetic model integrating all the above mentioned
corrections and further corrections on the DQ magnets. The
residual correction strengths are significantly reduced for
most magnet families. Lifetime and DA performance were
found unchanged with this new optics.
With these large errors removed, accurate optics correc-

tions were made possible; however, several difficulties
were faced before a clear procedure could be established.
The ORM method is used at ESRF for optics and coupling
corrections [43]. This method consists of measuring the
closed orbit response to a dipole field change. Extensive
studies, benchmarking, and validation of the method as
well as comparative measurements with other methods
were performed on the old ESRF ring [44,45]. Two types of
dipole correctors can be used to perform such measure-
ment: the correction coils of the sextupoles or the SH
magnets. All correctors suffer from large hysteresis effects
resulting in significant systematic error in the ORM. As a
result, measuring a single corrector response would lead to
a residual orbit Δx of approximately 10 μm rms. This effect
was accumulating at each corrector response measurement
eventually leading to a final closed orbit after measurement
of approximately 100 μm rms and introducing artificial
systematic errors due to feed-down effects in sextupoles.
To overcome this issue single corrector orbit correction
after each individual corrector response measurement was
implemented and allowed to cancel the errors at the source.
Large correctors scaling errors, however, remain on the SH
magnets due to hysteresis effects when operating close to

zero current. These effects are very complex to model and
could not be integrated in the calibration curves. Providing
it had no impact on the final result, the SH magnets were
excluded from the ORM measurements and only sextupole
corrector coils were used. Using two correctors per cell
(64 total) was found to be a good compromise between
measurement duration and precision.
Optics corrections gradually improved together with our

understanding of the machine and the removal of strong
localized errors. This progression is shown on Fig. 10. The
first optics measurements in blue featured rms β-beating
of Δβ=βh > 19.5% and Δβ=βv > 34% and rms dispersion
beating of Δηh ≃ 23.6 mm and Δηv ≃ 4.3 mm in the
horizontal and vertical planes, respectively. At this point
in the commissioning, the procedures and fitting algorithms
were not perfectly well established. These estimates should
therefore be considered as a lower limit as they may suffer
from large uncertainties. Following the correction of
calibration factors and the integration of magnetic cross
talks and DQ corrections in the theoretical model, mea-
surements were performed on the bare lattice (without
corrections) to estimate what would have been the ideal
starting point. This measurement corresponds to the red
curves where rms dispersion and β-beating of Δβ=βh ≃
3.4% and Δβ=βv ≃ 13.3% and Δηh ≃ 5.1 mm and Δηv ≃
1.3 mm are observed. In these conditions, the injection
efficiency (IE) from the TL2 transfer line to the storage ring
was estimated to be approximately 26% using off axis
injection with shared oscillations but with one obstacle
still present in the machine. In this same configuration, a
second measurement was taken after corrections were
applied that gave Δβ=βh ≃ 1.5% and Δβ=βv ≃ 5.8% and
Δηh ≃ 3.0 mm andΔηv ≃ 1.4 mm. The injection efficiency
after correction and once the last obstacle was removed
improved to 60%. The present situation, corresponding to
the yellow curves, is the result of several iterations that
converged to Δβ=βh ≃ Δβ=βv ≃ 1.5%, Δηh ≃ 1 mm, and
Δηv ≃ 1.0 mm. A transfer efficiency from the booster to the
storage ring of approximately 80% is routinely achieved in
these conditions.
Coupling and vertical dispersion correction were per-

formed and applied in parallel to linear optics corrections
using the same ORM measurements. All available skew
quadrupoles (SH, SF, and SD in Fig. 2) were used for these
corrections. Measured vertical emittances below 1 pm rad
are systematically obtained after coupling corrections
without any further tuning, however, these values should
be taken with great care as they are at the limit of the
resolution of the pinhole cameras. In USM operation, the
vertical emittance is stabilized at 10 pm rad using a feed-
back loop injecting white noise in the vertical plane and
the horizontal equilibrium emittance fluctuates between
120 and 130 pm rad due to the ID gaps movements. This
vertical emittance value was determined experimentally in
collaboration with beam line experts that observed only

FIG. 12. Final iteration on optics model adaptation. Each bar
represents an average by family. The blue bars are the measured
correction strength before the DQ corrections. The yellow bars
are the gradient changes introduced by the new reference optics
with DQ corrections and the red bars are the residual corrections
(initial-new reference).
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marginal improvement below this value. Small drifts or
variations related to gap movements or orbit fluctuations
are mitigated by the emittance feedback. Figure 13 shows
the evolution of emittances and injection efficiency during
the first months of commissioning.

C. Integration of bending magnet beam lines

The initial commissioning of the HMBA lattice was
performed without the BM beam lines installed to facilitate
the optics commissioning. 16 BM beam lines were installed
gradually toward the end of the machine commissioning
period and during the beam lines commissioning period
[29,46]. The machine now operates with all BM beam lines
installed consisting of eight SB, seven 2PW, and one 3PW.
While the installation of the 3PW is transparent for the
lattice, the 2PW and SB require the adjustment of adjacent
magnets to compensate for its impact on dispersion and
orbit. The 2PW is compensated by rotating the quadrupole
downstream of the source by 2 mrad around the vertical
axis while the SB requires translation of all three DQs and
two QF magnets and rematching of the cell to correct
dispersion. These modifications were integrated by defin-
ing a new alignment reference. There was sufficient space
between the magnets poles and the vacuum chamber to
displace the magnets while keeping the chamber in place.
On the first attempt, one 2PW and one SB were installed
simultaneously. The magnet strength variations predicted
from the model represented only a small increment. They
were directly applied on top of existing corrections.
Following this intervention, no first-turns steering was
necessary as stored beam and accumulation were immedi-
ately possible without any correction.
For the specific case of the SB, further validation of the

successful realignment is provided by closed orbit mea-
surements: since the movements were applied to magnets
only, large BPM to quadrupoles offsets were expected.
This is shown in Fig. 14 where the expected and measured
closed orbit variations are shown. The measured values
are within 50 μm from the expected values. A flat orbit

measurement is recovered when applying the measured
BPM offsets. Following this successful experiment, up to 6
BM beam line sources were simultaneously installed
over a single shutdown period without any difficulties in
restarting the accelerators. The β-beating after a single SB
installation is almost invisible, measurements following the
installation gave Δβ=βh ¼ 1.1� 1%, Δβ=βv ¼ 1.3� 1%,
Δηh ¼ 1.2� 0.1 mm, and Δηv ¼ 1.9� 0.1 mm that is
consistent with a fully corrected machine with potentially
some slight increase in dispersion mismatch. The measured
horizontal emittance with all BM beam lines installed is
130� 20 pm rad which is consistent with model predic-
tions of 140 pm rad.

D. Final corrections strengths

Table III presents the correction strengths expected from
simulations compared to the present storage ring correc-
tions. Both dipole and quadrupole corrections needed to
achieve the results from Table IV are lower than model
prediction. This clearly reflects the outstanding work done
during the engineering, construction, and installation of the
ESRF-EBS storage ring.
In particular, using these correction strengths and the

measured closed orbit and assuming alignment errors in
quadrupoles and DQs only, it is possible to estimate the
rms alignment errors throughout the ring. Although this
model is certainly not capable of providing an accurate
value, a validity range can be estimated. The results of these
simulations are shown in Fig. 15. The blue and red areas are
defined by the central values and standard deviations of
simulations results performed with 20 seeds. The intercept
with the measured values define the validity range. It is seen
that the alignment of the storage ring ranges from 22 to
42 μm in the horizontal plane and from 22 to 54 μm in the

FIG. 13. Measured horizontal and vertical emittances and
injection efficiency (off axis with shared stored-injected beam
oscillations) during the first months of commissioning.

FIG. 14. Expected and measured closed orbit variation after
installation of a short bend source. The measured values are
derived from quadrupole to BPM offset measurements.

TABLE III. Final storage ring orbit and linear optics rms
correction strength and comparison with simulations.

Units Simulations Measured

rms θh μrad 160 65
rms θv μrad 120 30
rms ΔKquad=Kquad;0 % 0.26 0.2
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vertical plane. This is much better than the tolerances of
70 μm in both planes used to compute the design param-
eters in Table IV. As opposed to green field machines, the
ESRF-EBS was aligned on the old machine to preserve the
beam lines alignment. The alignment errors in the tunnel
are defined as the deviations with respect to this nonzero
reference. The estimated alignment error and uncertainty
with respect to this reference is 53� 40 μm in the
horizontal plane and 30� 50 μm in the vertical plane
[47]. Although the errors themselves are relatively small,
there are comparatively large uncertainties due to errors
that potentially accumulate throughout the alignment proc-
ess from the magnet fiducialization to the alignment on the
girder, transport, and installation in the tunnel [48]. These
estimates are consistent with the simulation results within
error bars. Furthermore, it was shown that injection was
possible without any need for vertical orbit correction,
while horizontal corrections were needed only to accumu-
late. Finally, 26 out of the 27 ID beam lines could see light
on the very first trial to open front-end without any need for
adjustments. These two observations confirm the excellent
machine alignment and validate the strategy of aligning the
machine onto the reference of the previous machine rather
than on a flat ideal model [29]. A remarkable feature of the
HMBA lattice is that lattice corrections are applied only
on quadrupole magnets located in the direct vicinity of
sextupoles. This shows that optics errors are for the most
part dominated by the feed-down effects in sextupole
magnets driven by nonzero closed orbit at their location,
as expected from the model. A β-beating level consistent
with expectations could be achieved with lower than
expected correction strengths. This is a direct consequence
of the low-closed orbit and the accurate fiducialization and
calibration of the magnets and PS. This localized correction
scheme combined with the intrinsic resonance compensa-
tion of the lattice provides excellent stability of the
corrections and only minor adjustments related to lifetime
optimization with sextupoles, octupoles, and skew quadru-
poles were required throughout the commissioning and
during the first USM runs.

V. DELIVERING USM BEAM CONDITIONS

The initial commissioning removed all physical
obstacles and substantially increase the machine accep-
tance. The final obstacle, 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, the dispersive orbit used to avoid this obstacle
could be removed and the TL2-SR transfer efficiency
jumped from 17� 5% to more than 30� 5% to eventually
reach 95� 5% with shared oscillations a few days later.
Efficient current ramp-up, conditioning of the vacuum
chambers and the rf cavities to increasing beam loading
[49,50] allowed to achieve the nominal current of 200 mA
before the end of the beam commissioning period.
Figure 16 shows the evolution of lifetime, average

pressure, and total beam current as a function of the
integrated beam current during the first year of operation.
While the vacuum is still conditioning, the machine is now
routinely operated with a lifetime greater than 20 h at the
nominal current of 200 mA. Periods with lower current
after the initial commissioning period correspond to
degraded running conditions related to sanitary restrictions
or operation mode with lower current. These excellent
lifetime performance were obtained by adjusting a large set
of parameters, such as tunes, rf voltage or skew quadru-
poles, sextupoles, and octupoles strengths. These optimi-
zations took place on a regular basis during the vacuum
conditioning and significant changes were applied in some
case as the beam and vacuum conditions were improving.

TABLE IV. Design [29] and delivered parameters in USM
condition and uniform mode. The design lifetimes were rescaled
for 10 pm rad vertical emittance for comparison purpose.

Units Design Delivered

Ie− mA 200 200
Injection efficiency % >90 80
Vacuum LT h 300 122� 13
Touschek LT h 28� 2 41� 5
USM LT h 23 25
ϵh pm rad 140 <130� 20
ϵv pm rad 10 10� 1
rms orbit (x,y) μm 140, 80 50, 55
Orbit stability (@20 Hz) σ 0.05 <0.01

FIG. 15. Estimated SR alignment using 20 seeds of quadrupole
and DQ displacement in simulations. The blue area represents the
simulated rms orbit after correction and the red area the
associated rms correctors strength. The dashed lines correspond
to measured values and the green area the estimated misalign-
ment range. The black line refers to the tolerances used in
simulations.
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These frequent adjustments proved to be crucial to speed-
up the current ramp-up.
During the vacuum conditioning, even though all physi-

cal obstacles were removed, unexpectedly low lifetime was
observed at nominal current. This performance degradation
was associated straight sections low gap chambers (8 mm
vertical aperture). One chamber was defective, causing a
local vacuum degradation, excess of losses and high
radiation levels. It had to be replaced leading to a
significant improvement in overall performance with a
reduction of approximately a factor 2 in emittance com-
bined with a factor 2 increase in lifetime. This is seen on
Fig. 16 at approximately 10 A h integrated current.
Following this intervention, several chambers had to be
realigned to minimize the losses in the straight sections. In
these cases, vertical parallel bump scans were performed to
determine the optimum position. Displacements were of the
order of a few 100 μm. Finally, to speed-up the condition-
ing process, slow orbit fluctuations were applied during the
conditioning runs to expose parts of the vacuum chambers
that are normally not irradiated by the beam circulating on
axis to x rays. These fluctuations were generated by two
correctors separated in phase by π=2 in order to scan the
phase of the perturbation while maintaining the rms orbit
constant. It should be noted that the vertical emittance was
increased to 20 pm rad to increase the lifetime during the
first part of the vacuum conditioning and only later was it
decreased to 10 pm rad.
Figure 17 shows a fit of the lifetime as a function of the

vertical emittance, set with white noise excitation, from
which the Touschek and vacuum lifetimes can be extrapo-
lated. These measurements were taken after approximately
1.5 years of operation. The vacuum lifetime remains low
compared to the design goal of 300 h and contributes to the
overall lifetime. This confirms that the vacuum is not yet
fully conditioned. The Touschek lifetime is estimated at
30� 3 h at 5 pm rad. The average value for lattices
generated using 10 seeds of errors is approximately
22� 1 h [46] and the ideal lattice after full optimizations

of sextupoles and octupoles gives 42 h [28]. Several
reasons can explain why the measured lifetime exceeds
realistic model with errors predictions: (i) The measured
alignment errors are better than the specifications used in
model calculations and consequently the closed orbit is
smaller, see Table IV, (ii) A single set of sextupoles and
octupoles based on the average of the ten seeds of errors
was used in the model, and (iii) Online lifetime optimiza-
tions took full advantage of the individual PS: during the
early commissioning individual magnets were used, and
later, combinations derived from singular vectors of the
orbit response matrix as well as on-energy and off-energy
optics response matrices. Similar optimizations during the
design phase only considered few families: one octupole
family and nine sextupole families, six for injection and
three for the standard cells.
With all these optimizations integrated in the operation

settings, lifetime tuning for USM now relies on online
optimizations that consist in minimizing the losses mea-
sured by the BLD system by scanning selected combina-
tions of sextupoles, octupoles, and skew quadrupoles
magnets. The implementation of individual PS for all these
magnets as part of the ESRF 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 >20 h at 200 mA.
With a fully optimized storage ring, the machine operates

routinely with ID gaps closed at an injection efficiency of
approximately 80%, below the design goal of 90%. Even
though the simulations did not integrate vertical aperture
restrictions or imperfections such as energy mismatch or
vertical injection oscillations and assumed a low-emittance
optics in the booster that is not yet implemented, the
implementation of emittance exchange at the booster
extraction should have compensated for this loss.

FIG. 17. Vacuum (τV ) and Touschek lifetimes (τT ) estimates
after 1.5 years of operation. LT is the total measured lifetime and
ϵv the measured vertical emittance.

FIG. 16. Average pressure, lifetime, and total current evolution
as a function of integrated current during the first year of
operation.
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Figure 18 shows the measured and model DA. The ideal
lattice and the fitted model are shown in blue and red,
respectively. The measured on-momentum DA is smaller
than model prediction by 1 to 2 mm which could explain
lower than expected injection efficiency. Improvements can
therefore be expected with further optimizations of the
nonlinear optics. This observation combined with larger
than expected lifetime could indicate that excessive weight
was put on lifetime in the optimization process and further
studies are required to find the proper balance between
these two performance parameters.
The ESRF serves a large number of modes [2] to the

beam lines users with bunch current as high as 10 mA.
Single bunch collective effects have been evaluated and are
for the most part consistent with the impedance model
predictions [51]. They do not limit the single bunch current
as the maximum design value of 10 mA could easily be
achieved with either increased chromaticity or making use
of the 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 more robust ceramic chambers
was launched to overcome this issue that presently limits
the single bunch current to 4 mA and the total current of the
few bunch modes from 1=3 to 3=4 of the design value.

VI. SUMMARY AND OUTLOOK

After one year of operation including 3 months of
machine commissioning and 5 months of beam line com-
missioning, the ESRF-EBS accelerator facility resumed
USM operation on August 5, 2020 as planned and is now
running with beam conditions matching, or even exceeding
in some aspects, the design expectations.
Table IV compares the design and delivered beam

parameters. The results are excellent and matching design
goals in all aspects except for the injection 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 beam lines going to

lower values. This value will be reevaluated in the future.
The beam stability is measured with all feedbacks running
on a short timescale, long-term stability is being evaluated.
Three lifetime values are quoted in this table: the vacuum
lifetime evaluated with vertical emittance scans, the
Touschek 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 corre-
sponds to the average lifetime delivered at 200 mA over one
week of uniform mode (992 bunches with 0.02 mA per
bunch). This value is reduced by approximately 5–10% by
the collimation systems [52] used to localize Touschek
losses in shielded areas. The design value assumed a
pessimistic 10% reduction. With a fully optimized storage
ring, the machine operates routinely with ID gaps closed
at an injection efficiency of approximately 80% and a
total lifetime of approximately 25 h in uniform mode. The
machine availability and mean time between failures are
approaching the levels of the previous machine with 96.1%
and 46 h for the 2 runs of 2020 and 97.9% and 103.5 h for
the first 2 runs of 2021 [53].
The ESRF HMBA lattice was designed to match strict

constraints imposed by the in-place infrastructure such as
the tunnel and the beam lines. The performance and results
presented in the above sections exceed by far our expect-
ations and showcases the original design of this lattice.
However, room is left for further improvements based on
our growing understanding of the lattice. Further reduction
of the photon source size by redistributing the damping
partition number and reduction the β-functions in straight
while increasing the acceptance of the machine with better
matching of the optics off-energy is within reach and
studies are ongoing in this direction.
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