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Abstract

Resonance studies have been conducted during the recom-
missioning of the CERN Proton Synchrotron Booster (PSB)
following the implementation of the LHC Injectors Upgrade
(LIU) project. In particular, resonance identification through
so-called loss maps has been applied on all four rings of
the PSB, revealing various resonances up to fourth order.
In a second step, compensation schemes for the observed
resonances were developed using a combination of analyti-
cal methods, experimental data and machine learning tools.
These resonance compensation schemes have been deployed
in operation to minimize losses for reaching high intensity
and high brightness, thereby achieving the target brightness
for the LHC-type beams.

INTRODUCTION

After the completion of the LIU project [1], the PSB faces
the challenge of achieving the target values of twice the
brightness for the LHC-type beams and increased intensity
for the fixed target beams of the various physics users, such
as ISOLDE [2] and n-TOF [3], as well as possible future
users in the scope of the Physics Beyond Coliders (PBC)
project [4]. The main limitations for reaching these goals
come from space charge effects, which have been mitigated
with the increase in injection energy achieved with the new
linear accelerator, Linac4 [5], and the H™ charge exchange
injection scheme [6,7]. However, the g-beating introduced
by the injection chicane in the first few ms [8] of the cycle,
as well as betatron resonances excited by machine imperfec-
tions, still require careful correction for reaching the target
beam parameters.

Extended resonance studies were conducted in the pre-
LIU era to characterize the resonances, in all PSB rings, at
the new injection energy of 160 MeV [9, 10]. The studies,
which were used as a preparatory stage for a smoother recom-
missioning period, revealed several 3" order normal and
skew resonances. It should be noted that the four superposed
rings did not behave the same in terms of resonances. For
example, in Ring 4 only the normal sextupole resonance,
Ox +20, = 13, was observed while in Ring 3 all skew and
normal 3" order resonances resulted in losses. In addition,
the compensation values for the same resonance in different
rings, such as the half integer resonance excited in all rings,
were different. However, the energy upgrade was only part of
the LIU project. The newly installed elements, like the ones
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Figure 1: Schematic of the expected incoherent tune spreads
at the PSB injection (yellow area) and extraction (green area)
for the LHC-type beams. The tunes are varied during the
cycle following the dotted black line. Resonance lines up to
4™ order are plotted, normal in solid and skew in dashed. The
non-systematic resonance lines are plotted in blue and the
systematic in red. Potentially excited resonances of interest
are highlighted in different colors depending on their order,
3 order normal in purple, skew in brown and 4" order
normal in orange.

needed for the new injection scheme, can have an impact on
the excitation of the resonances and hence past studies can
only offer an indication of the post-upgrade behaviour. Fur-
thermore, the expected incoherent space charge tune spread
at the PSB injection can be, in absolute value, larger than
|AQ«,y| > 0.5 for the higher brightness beams [11,12]. Con-
sequently, the tunes are set to high values at injection, for
example Q, = 4.4 / Q, = 4.45 for these beams. The tunes
are then varied during acceleration to reach the optimized
extraction tunes of O, = 4.17 / O, = 4.23. Hence, the tune
space of interest is large and multiple resonances are crossed
during normal operation as shown in Fig. 1. In this respect,
complete studies in order to identify and compensate any
observed resonances were crucial during the commissioning
phase to prepare the operational beams.

RESONANCE IDENTIFICATION

The resonance studies were one of the priorities of the
commissioning period in the PSB, as multiple 2"¢ and 3™
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Figure 2: Loss maps resulting from dynamic tune scans in all four rings of the PSB. The transverse tune space is color

coded using the loss rate variation. Resonance lines up to 4" order are plotted, normal in solid lines and skew in dashed.

The non-systematic resonance lines are plotted in blue and the systematic, the coupling resonance in this case, in red.

order resonances were expected to be excited [10]. In order
to identify the resonances in the transverse tune space, the
dynamic tune scan technique was used to produce the loss
maps. In this technique, one of the tunes is kept constant
throughout the cycle while the other one is changed dynam-
ically. At the same time, the intensity is recorded and the
resonances are revealed through the induced losses. The
range of tunes for the scan is 4.15 to 4.48 and the step for
the static tune is 0.0085. For the studies, a flat cycle at the
injection energy of 160MeV is used. In this manner, the
beam is stored for a long time, 275 ms to 700 ms, and all
resonances are studied at the same energy. It should be high-
lighted that only cycle times after 350 ms are considered to
avoid effects coming from the injection process and ensure
that the beam parameters are the same at the beginning of
each scan. The beam is setup in order to have a small space
charge tune spread of AQ, , = —0.035, as low brightness
beams are the most sensitive in terms of losses to machine
driven errors [13].

The dynamic tune scans are conducted in all rings of the
PSB and in all directions, i.e. four different scans for each
ring. Initially the Q is kept constant while Q, varies from
max to min following a scan in which it varies from min to
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max, the same is repeated keeping O constant and varying
the Q. The different scans are needed as the dynamic tune
or the direction of the crossing can have an impact on the
observable, i.e. the loss rate. For example, 1D resonances,
such as the 3Q, = 13, can be completely transparent if they
are not dynamically crossed, i.e. varying the Q in this case,
as on the resonance they create constant losses and not a
variation of the loss rate. The direction of the tune sweep
can also affect which resonances appears stronger, since
the beam degrades during the first crossing of a resonance
and subsequent resonance crossings can exhibit a different
behavior in terms of loss rate. In the loss maps shown in
this paper, the average value for all four scans in each ring
is considered.

The resulting loss maps for each ring with the natural
excitation of the resonances in the PSB, are shown in Fig. 2.
In all rings we can identify resonances up to 4™ order. In
fact, even though the strength of the resonances is not the
same in all rings, as deduced from the presented loss rate,
all 3" (normal and skew) and 4™ (normal) order resonances
are excited in all rings. It should be noted that this was
an unexpected result as the 4™ order resonances were not
observed in the PSB before the LIU upgrade. In addition,
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previous studies had shown that different resonances were
excited in different rings. In the recent results, the only ring
that exhibits a different behaviour is Ring 1 as the dominat-
ing errors seem to be the ones exciting the 3" order skew
resonances, 30, = 13 and 20, + Q, = 13, and not the 3rd
order normal ones, 3Q, = 13 and Q, + 20, = 13, as in the
other rings. The strongest resonance in terms of losses is
the O + 20, = 13 in Ring 3. This resonance is observed
inducing less losses in the other rings. Finally, the half inte-
ger resonance was not included in the scan as the full beam
is lost once the 4.5 tune is approached in either plane.

RESONANCE COMPENSATION

The naturally excited 2" and 3™ order resonances in the
PSB can be compensated using the available correctors as
demonstrated in the past [10, 14]. Even though 4™ order
resonances had not been previously observed, the PSB is
equipped with octupole correctors that could act on the ob-
served resonances. To compensate the resonances, a tech-
nique based on both analytical tools (Resonance Driving
Terms (RDT) analysis using PTC [15] in MADX [16]) and
experimental data (intensity monitoring while dynamically
crossing the resonance and varying the corrector strengths)
is used, as described in [10,13,17].

Vertical Half Integer Resonance

The resonance at O, = 4.5 is the strongest in the regime of
interest for the operation of the PSB. The injection working
point for the high brightness beams is Q, = 4.40 / Q, =
4.45 as shown in Fig. 1. Past studies had suggested pushing it
above the half integer resonance at O, = 4.43 / O, = 4.60to
improve brightness [9]. As a result, the first compensation
studies focused on the 2Q, = 9 resonance. In the past,
the half integer resonance was perfectly compensated [10].
Currently only a partial compensation is possible with ~ 5%
remnant losses during the crossing as seen in Fig. 3 where
the natural excitation and the best found configuration are
given. It should be noted that this is not correlated to the
B-beating induced by the injection chicane, as the resonance
is studied long after the injection process has finished. The
fact that the half integer is not perfectly compensated is a
limitation for the brightness and the high intensity beams
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Figure 3: Normalized intensity while crossing the half inte-
ger resonance from 400 ms to 500 ms with the natural exci-
tation (blue) and after the compensation (green).
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for tunes QO > 4.5. Consequently, all operational beams are
currently setup below the 20, = 9.

High Order Resonances

Nonlinear higher order resonances are compensated fol-
lowing the same procedure. For each resonance the corre-
sponding correction magnets are used, i.e. sextupoles are
used for 3™ order normal, skew sextupoles for 3™ order skew
and octupoles for 4" order normal resonances. Every time
two correctors (orthogonal for the corresponding RDT) are
varied and only one resonance is crossed. Like this, the
magnet strengths can be used in the MADX PSB model
to identify the RDT of the excitation and characterize the
resonance.

Resonances of 3" order, both normal and skew, are al-
ways fully compensated, however, the 4™ order resonances
could only be partially corrected. Figure 4 shows two rep-
resentative cases, one of a full compensation of a 3 order
normal resonance (left) and one of a partial compensation
of a 4™ order resonance (right). The resonance is fully com-
pensated as a region with practically no losses is identified
in Fig. 4 (left). On the other hand, the compensation of the
4™ resonance cannot be further improved as the correctors
are running out of their limits (50 A) before the losses are
completely eliminated in Fig. 4 (right). It is worth noting
that in the half integer case discussed previously the limita-
tion for the compensation is not coming from the current as
the minimum loss region was fully identified.
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Figure 4: Current configuration of the corresponding correc-
tors to compensate a normal sextupole (left) and normal oc-
tupole (right) resonance color coded to the measured losses
as the resonance is being crossed.

Given the fact that during normal operation the tune in the
PSB changes, as shown in Fig. 1, it is important to investigate
global corrector settings that can compensate all resonances
of concern at the same time. In this manner, no losses or
emittance blow-up should be induced when the resonances
are crossed or overlapped due to the space charge induced
tune shift. Global settings for the 4™ order resonances were
found experimentally, as all resonances had similar com-
pensation values. It is reminded that, as shown in Fig 4,
the compensation for the octupoles is partial. However, for
the 3™ order resonances, the settings of the correctors were
different for each resonance and no global corrections could
be found experimentally.

Using in the MADX model the corrector settings found
experimentally, the RDT of the error that drives each reso-
nance can be approximated. Calculating the RDTs of each
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Figure 5: Loss maps resulting from dynamic tune scans in all four rings of the PSB with octupoles and sextupoles for
the simultaneous correction of the 3" and 4™ order normal resonances. Note that in R2 only one of the 3™ order normal
resonances is compensated. The transverse tune space is color coded using the loss rate variation. Resonance lines up to 4™
order are plotted as in Fig. 2.

ing point for two 3™ order normal resonances 3Q, = 13 and
Ox + 20, = 13, this response matrix can be devised:

available corrector magnet on the crossing point of the reso-
nances, one could try and characterize the combined effect
of each magnet to all considered resonances. For example,
performing the RDT analysis at O , = 4.33, i.e. the cross‘—

Re[RDT35M]  Re[RDT3S™]  Re[RDT;r ) Re[RDT35M] Froeut Re[RDT5e
Im[RDT;ggf ] Im[RDT;g;2 Im[RDT;gg3] Im[RDT;‘gg“] Fpoen2 Im[RDTy5®] 0
Re[RDT, L Re[RDTX™, | Re[RDTE™, | Re[RDT4, 1|~ |Fiens| — |Re[RDTGES, ]
Im[RDTZ 1 Im[RDTS5, 1 Im[RDTYSS ) 1 Im[RDTxS, 1| [Pl | Im[RDTGES) ]

(

where, the real and imaginary parts of the measured RDTs
and the RDTs from the individual sextupoles can be used
to identify the factors Fiseu(,2,5,4 that are needed in all sex-
tupoles to compensate both resonances at the same time.
Note that in order to acquire a global solution using this
technique, at least two correctors are needed for each reso-
nance, i.e. 4 in this example. Due to current limitations, the
solution for ring 2 could not be used and in ring 1 an extra
sextupole magnet, i.e. 5 in total, had to be included. To add
this extra magnet, the combined RDT of two sextupoles pow-

ered at the same current was used in Eq. (1). This procedure
was followed for the 3 order normal resonance but could
not be tested for the skew resonances, as only three skew
sextupole correctors are currently connected in all rings.

The global settings for the octupoles and the normal sex-
tupoles are tested experimentally in the machine and the
resonance identification studies are repeated. The result-
ing loss maps with the settings for the compensation of 3"
and 4" order normal resonances are given in Fig. 5. The
4™ order resonances seem to be corrected at a satisfactory
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level in all rings. On the other hand, the sextupole reso-
nances appear well compensated in rings 2, 3 and 4 (recall
that in ring 2 only the setting for the O + 20, = 13 is
active), but in ring 1 the situation is quite different. The
normal sextupole resonances, which were not very strong
naturally as shown in Fig. 2, appear substantially enhanced.
This implies a cross talk between the corrector magnets and
resonances, other than the ones they are compensating. To
investigate this interaction further loss maps compensating
the sextupole and octupole resonances alone were performed
and are shown in Figs. 6 and 7 respectively. Figure 6 shows
that the analytically acquired global compensation values
for the sextupole resonances in rings 1, 3 and 4 work as ex-
pected and do not affect the other resonances. In the case of
octupoles however, (Fig. 7), while the 4™ order resonances
are compensated the 3 order resonances, especially the
normal ones, are strongly enhanced in all rings.

Optimizer Tools

The significant cross talk of the correctors with the
resonances and the difficulties in identifying global set-
tings for the skew sextupoles pushed for further optimiza-
tions of the compensation schemes. To this end, the
tool Generic Optimisation Frontend and Framework (Ge-
OFF) [18], which uses the python implementation of the
algorithm for bound constrained optimization without deriva-
tives, pyBOBYQA [19-21], was used to refine the scheme.

The optimization tool significantly reduces the time
needed for the corrector current scans as it diminishes the
need for a full scan of the parameter space. Consequently,
it’s possible to use more corrector magnets to improve the
compensation of partial corrected resonances as well as in-
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Figure 6: Loss maps resulting from dynamic tune scans in all
four rings of the PSB with sextupoles for the compensation of
the 3" order normal resonances, 3Q, = 13 and O, + 20y =
13. Note that in R2 only the O« + 20, = 13 is compensated
as not enough correctors were available. The transverse tune
space is color coded using the loss rate variation. Resonance
lines up to 4" order are plotted as in Fig. 2.
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Figure 7: Loss maps resulting from dynamic tune scans in
all four rings of the PSB with octupoles for the compensation
of the 4 order normal resonances, 4Q, = 17, 40, =17
and 2Q +2Q, = 17. The transverse tune space is color
coded using the loss rate variation. Resonance lines up to
4™ order are plotted as in Fig. 2.

vestigate global settings experimentally. As a first step, the
resonances were tackled individually. The compensation
settings for several resonances appeared different than what
was measured at the beginning of the year. It should be noted
that these differences are not connected to the new tools used
but rather indicate that since the commissioning the errors
changed. Furthermore, the 4" order compensation was im-
proved using all the available octupoles (four per ring) and
global settings for the 3" order skew resonances were found
using all skew sextupoles (three per ring). These optimized
settings have improved the performance of the machine, con-
tributing to the increased brightness [8]. However, studies
are still ongoing to further characterize the resonances and
improve the performance exploiting the full potential of the
optimizer framework.

CONCLUSION

Resonance studies were conducted in the PSB during
the commissioning period after the upgrade in the frame
of the LIU project. The studies revealed resonances up to
4™ order in all rings, that were observed for the first time.
Compensation schemes allowing for global compensation
of the resonances were developed through extensive experi-
mental and analytical studies. Refinement of the schemes
with optimizer tools provides a better compensation for all
resonances and has contributed to higher brightness and
intensity for the PSB users.
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