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Abstract

The CERN PS Booster (PSB) has gone through major
upgrades during the Long Shutdown 2 (L.S2) and the recom-
missioning with beam started in December 2020. Two of
the aspects leading to improved operation will be described
in this paper: a new tune control implementation; and a
full re-alignment campaign. The operation of the PSB re-
quires a large range of working points to be accessible, with
a dynamic change of tunes along the acceleration cycle. Be-
fore LS2, the PSB tune control was based on an analytical
approach assuming linear magnet transfer functions. As
part of the LIU project, the PSB main power supply was
upgraded to raise the extraction energy from 1.4 GeV to
2 GeV, in order to improve the brightness reach of the down-
stream machines. A new tune control implementation was
necessary to take into account saturation effects of the bend-
ing magnets and the reconfiguration of the main circuits,
as well as the additional complexity of the new H™ charge
exchange injection. The first part of the paper describes the
implementation of the new tune control and its experimental
verification and optimization. The second part describes the
results of the PSB alignment campaign after LS2, giving
emphasis to the method developed to perform a combined
closed orbit correction through quadrupole alignments.

THE NEW PSB TUNE CONTROL

The operation of the PSB requires a large range of work-
ing points to be accessible, with a dynamic change of tunes
along the acceleration cycle. Pre-LS2, the tune control imple-
mentation in the PSB was based on an analytical approach,
which assumed linear magnet transfer functions [1]. This
approach was proven to give a good agreement between the
programmed and the measured machine tune with maximum
discrepancies between the two of about AQ = 0.01.

After LS2, the production of the high brightness LHC
beams required a raise in the the PSB extraction energy
from 1.4 GeV to 2 GeV in order to mitigate space charge
effects in the PS. Therefore, the main power supply of the
PSB was upgraded as part of the LIU project. Due to the
higher operation energies, the main bending magnets of the
PSB now operate in their saturation regime. To take into
account the increased complexity due to the reconfiguration
of the main circuits and the saturation effects of the bending
magnets, as well as the additional impact of the new H~
charge exchange injection [2], a new tune control scheme
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was implemented during LS2. This new implementation
consists of three main modules:

1. The Q-editor application to set the tune functions along
the cycle for each of the four rings of the PSB individ-
ually.

2. A make rule “Q — K” for determining the required
quadrupole strengths (K) based on the requested tunes
(Q). This is using the analytical description of the PSB
lattice already employed pre-LS2.

3. A make rule for the translation from the required
quadrupole strengths (K) to the respective power supply
current (I), as well as the sharing of the power supply
current among the different current circuits. This re-
quires as input the calibration curves for the various
magnets, taking into account the saturation at high cur-
rents and the differences between the magnet transfer
functions for inner and outer rings.

The PSB Main Magnet Circuits

The configuration of the main magnet circuits of the PSB
after LS2 is shown in Fig. 1 [3,4]. It consists of:

* Two dipole circuits: one circuit common for all the
bending magnets of the external rings (BR14) and all
the 128 QFO focusing quadrupoles for all four rings.
The current in this circuit will be denoted as 1}, .. The
other dipole circuit is common for all the bending mag-
nets of the internal rings (BR23) and all the 64 QDE
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Figure 1: Main PSB power converter circuits after the LIU
upgrade [3,4].
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defocusing quadrupoles for all four rings, with the cor-
responding current denoted as I, ;.

Additional trim power converters for the dipoles in the
injection and extraction regions to compensate for dif-
ferences in the calibration curves of these special mag-
nets, that may arise from the modified yoke required
for injection/extraction. These trims are individual for
each of these magnets and for inner and outer rings.

e Trim power supplies for the QFO and QDE magnets,
common for all the four rings, used for the base tune
control. The current going through the QFO trim
converters will be denoted as 15, while the one going
through the QDE trim converters as 1.

¢ Q-strip circuits on the focusing (QCF circuit) and defo-
cusing quadrupoles (QCD circuits) with separate cir-
cuits for each ring, which can be used for ring-by-ring
tune adjustments. The current going through these cir-
cuits will be denoted as Al and Al,, respectively.

* For the compensation of the beta-beat induced by the in-
jection chicane, there will be two additional fast power
supplies for the Q-strips on magnets QDE3 and QDE14
per ring to allow for optics corrections for each ring in-
dividually. The Q-strip windings on these magnets are
not part of the main Q-strip circuits (QCF and QCD).

Calibration Curves from Magnetic Measurements

With the new extraction energy in the PSB (2 GeV), the
main bending magnets now operate in their saturation regime.
As the bending magnets share a common circuit with the
quadrupoles, the calibration curves are an important input
for the tune control implementation.

During LS2, detailed magnetic measurements were per-
formed for the PSB main bending magnets and the special
injection and extraction magnets [5—7]. The following fit
function was applied to the measured data for defining the
calibration curves of the three types of main magnets for all
rings, as proposed in [8]:

n
Bdl:Bdlrem+ka(1—(%) ) 0
where Bdl,., is the remnant field at zero current and 7, the
current going through the bending magnets. The parameters
k, Iy and n are defined through a fitting routine. The remnant
field is based on magnetic measurements [9].

Figure 2 shows the difference between the measured and
fitted integrated field as a function of the excitation current
for the main dipoles of Ring 1 (top) and Ring 2 (bottom).
The results corresponding to a linear fit are shown in blue,
while the ones corresponding to the non-linear fit (Eq. (1))
in orange. The deviation from the linear fit at high currents
is due to the saturation of the magnets, which is more pro-
nounced for the external (1 and 4) than the internal (2 and
3) rings. This observation is similar for all rings and for the
different types of bending magnets. The fit coefficients of
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Eq. (1) are summarized in Table 1 for all types of bending
magnets.
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Figure 2: Difference between measured and fitted integrated
field as a function of excitation current for the main bending
magnets of Ring 1 (top) and Ring 2 (bottom).

Table 1: Fit Coeflicients for the Calibration Curves of the
PSB Bending Magnets

Dipole type Iy k n
Main (BR23) 8.4911e+3 3.4817e-4 10.3555
Main (BR14) 1.0609e+4  3.4870e-4  5.4973

Special inj. (BR23)  1.6855e+4 3.4824e-4  5.3194
Special inj. (BR14) 1.0014e+4 3.4800e-4  6.1358
Special ext. (BR23) 1.4347e+4 3.4817e-4  5.9844
Special ext. (BR14) 1.0031e+4 3.4815e-4  6.1280

Magnetic measurements were also performed for the fo-
cusing (QFO) and defocusing (QDE) quadrupole magnets.
A linear fit of the data was applied, as the quadrupoles still
operate in their linear regime up to the new extraction energy
of 2 GeV.

In the new tune control implementation, the measured cal-
ibration curves are taken into account both for the main bend-
ing and the quadrupole magnets. The quadrupole strengths
as a function of the power supply currents can be written in
the more general form:

C /L
Kf,i = 7 i X (Ib,ext + If+ 0.5- Alf,t) s

2
Ky, =

X (Ib,int + Id + 05 . Ald,i) N

where the index i refers to the ring number. I ;, and I, ¢
are the currents in the main circuits passing from the in-
ternal (i = 2,3) and external (i = 1,4) rings respectively.
Cy,; and C, ; are the calibration factors of the focusing and
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defocusing quadrupoles. I, and 1, are the currents in the
trim power supply circuits going through the focusing and
defocusing quadrupoles respectively, and they are common
for all rings. The factor 0.5 for the currents of the Q-strip
power converters Al ; is due to the fact that the main coils
of the quadrupoles have twice the number of turns compared
to the trim coils of the Q-strip circuits. The total current
needed from the quadrupole power supplies for achieving
the required strengths is obtained by inversion of Eq. (2).

To increase the tuning range in case different tune func-
tions are programmed for each ring, the currents in the QFO
and QDE trim power supply circuits common to all rings
are chosen as:

Ip = (min(y )1 g + max(ly )=y _a) /2. -

I; = (min(ld,i)|i:1—4 + max(ld,i)|i=1—4)/2’

where the max and min is computed among all the rings. The
currents I and /; will be clamped to the maximum available
from the corresponding quadrupole trim power converters.
In the case that ring-by-ring tune adjustments are needed,
i.e. if the tune functions per ring are not all the same, the
currents in the Q-strips (Al ; and Aly ;) are used to provide
the extra correction on the focusing or defocusing strengths
(AKf’i and AK, ;), based again on inversion of Eq. (2).

Commissioning of the New PSB Tune Control

The new PSB tune control implementation was tested
already in the first part of the beam commissioning period.
The first checks for the validation of the implementation
were done by applying relative tune changes through the
tune control application. The measured tune followed the
relative changes very well, demonstrating that the new tune
control was correctly implemented.

Comparing the absolute values of the set and measured
tunes though, showed an increased difference between these
values, as well as tune oscillations along the cycle. This ini-
tial tune difference as a function of the cycle time is shown
in blue in Fig. 3, for R1 (left) and R2 (right). The behavior
of R3 and R4 is similar to the ones of R2 and R1 respec-
tively. The observed tune oscillations along the cycle are
well correlated with the behavior of the error of the non-
linear fit applied over the magnetic measurements, for the
computation of the calibration curves [10]. The maximum
tune discrepancy goes up to -0.015 in the horizontal plane.

During LS2, the PSB was equipped with a B-train system
which distributes the values from a real time B-field mea-
surement, for the accurate measurement and control of the
magnetic field in the dipoles. A new calibration curve was
thus computed based on the B-train data and the measured
excitation currents applied to the tune control. The results
are shown in orange in Fig. 3. The tune difference in this
case is smaller for R1 and similar in magnitude but opposite
in sign for R2. The tune oscillations along the cycle are cor-
related with the error of the fit, as in the previous case. To
avoid these oscillations, a Butterworth filter was applied for
smoothing the B-train data and an interpolation between the
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Figure 3: Difference between the set and measured tune as
a function of the cycle time, for different calibration curves.

data points was used in the tune control application instead
of the fit function. The impact of this calibration curve on
the tunes is shown in green in Fig. 3. Indeed, by using the
filtered data instead of a fit function, the tune oscillations
along the cycle are eliminated.

The observed discrepancies between the set and measured
tunes in all rings and in both planes indicate that the mag-
netic field actually seen by the beam is different both from
the original magnetic measurements and the B-train mea-
surements. One possible source that could explain these
discrepancies is a time shift between the B-field and exci-
tation current measurements, which can eventually explain
an increased tune divergence along the cycle. In an attempt
to correct these effects and flatten the tunes along the cycle,
simultaneously for all rings, a beam based tune response ap-
proach was finally employed. In each time step, the 5Ky 4 ;
which corresponds to the measured 8Q is calculated, based
on MAD-X [11] simulations. Assuming that this 6Ky 4 ;
comes only from the calibration curve error, the correction
over the smoothed calibration curve was computed based on
Eq. (2). The results of these corrected calibration curves are
shown in red in Fig. 3. This method led to a better flattening
of the tune error for cycle times up to 600 ms. Although, an
increase in the tune difference is observed after this time,
the maximum discrepancy remains always below 5e-3. In-
vestigations are ongoing for further simultaneous flattening
of the tune error along the cycle, for all 4 rings and both
planes.

THE PS BOOSTER RE-ALIGNMENT
CAMPAIGN

The PSB consists of four superposed rings, with the ele-
ments sharing the same physical support, as shown in Fig. 4.
A tilt of one element would therefore lead to a different hor-
izontal displacement (and thus closed orbit) of the beam for
each ring.
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The basic optics cell of the PSB consists of: bending1-
QF1-QD-QF2-bending?. Sixteen Beam Position Monitors
(BPM) are available in the PSB for orbit measurements, with
one BPM available per section which can measure in either
plane (H or V). The pickups are installed in between the first
focusing quadrupole (QF) and the defocusing quadrupole
(QD).

The PSB Alignment Tool

An alignment tool which takes into account simultane-
ously the four PSB rings has been developed. The tool
followes a very similar approach to the one proposed for the
orbit correction in the PSB in 2008 [12]. The minimization
procedure is based on the ideal response matrix R, which
relates the orbit change at the BPMs (A}O, A}O) with the
horizontal and vertical displacements of the quadrupoles

(&x, Sy):
(50)#(5)
Ayo Ay

As the PSB quadrupoles share the same physical support for
all four rings, the quadrupole displacements can not be sepa-
rately assigned ring-by-ring. The elements of the vectors of
the ring-by-ring displacements (A;l-, Aﬁyi) depend linearly
on three sets of parameters: the horizontal and vertical dis-
placements and the tilt angles of the quadrupole supports
(@,A,, A}). Assuming that R3 is the reference ring (the
quadrupole supports can be tilted around R3) and with AL
being the vertical distance between two rings (0.36 m), the
vector of the ring-by-ring displacements can be written as:

“

A}] —21 10

A__}/l 0_ Q {_
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where 7 and 0 the unitary and zero square matrices. Com-
bining (4) and (5), the generalized inversion of the matrix
R - K is carried out using the Singular Value Decomposition
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Figure 5: Measured orbits in R2, R3 and R4 in December
2020, before the machine re-alignment.

(SVD) technique and the vector of the required corrections
will be given by:

A)fol
AX{)I
Axoz
A)_)'02
Ax03
A)_i03
Ax04
Ayo4

(6)

The orbit correction calculation routine is based on the equa-
tions described above and was applied in a MICADO-like
algorithm [13].

Re-Alignment Campaign after LS2

During LS2, the PSB went through major hardware
changes. It was therefore decided to base the realignment
proposal on a new orbit measurement campaign, during the
PSB recommissioning period after LS2.

The new orbit measurement campaign was performed dur-
ing the first days of the PSB beam recommissioning period,
in December 2020. During this period, the BPM system was
available only in R2, R3 and R4. Data were acquired for a flat
160 MeV cycle and a tune working point of (Qg, Qy) = (4.41,
4.23). Figure 5 shows the rms orbit for R2, R3 and R4 in
the horizontal (top) and vertical (bottom) planes. The orbit
pattern is very similar to measurements performed in 2018,
as expected since the upgrades applied during LS2 should
not have an impact on the orbit.

To determine a set of efficient re-alignments for the si-
multaneous reduction of the bare orbits in all the four PSB
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Figure 6: Measured orbits in R1, R2, R3 and R4 in February
2021, after the machine re-alignment.

rings, the horizontal and vertical displacement as well as
roll angles of all quadrupoles were considered as poten-
tial correction knobs. A horizontal displacement of QDE7
by +1.12 mm and a vertical displacement of QDE13 by
+0.19 mm were proposed and finally applied in the machine
during the Christmas stop. The measured orbits after the
re-alignment are presented in Fig. 6, for the horizontal (top)
and vertical (bottom) planes, respectively. A reduction of
the orbit was achieved in both planes, following nicely the
tool predictions for all rings.

Even though the expected reduction of the orbit was
achieved, an important ring-to-ring variation was still ob-
served in the horizontal plane, pointing to possibly one or
more roll angle misalignments in the machine.

As mentioned earlier, two special magnets are installed in
the injection and extraction regions of each ring. The trim
currents to compensate for differences with the main dipoles
of the rings are computed based on the calibration curves
from magnetic measurements. While for the initial orbit
measurement campaign the correction functions for these
special magnets were on, the uncertainty on the calibration
curves from magnetic measurements led to the decision of
switching off this correction for the bare orbit measurements.

The tool was then used to propose one or more re-
alignment of elements that would minimize the ring-by-ring
horizontal bare orbit differences. Based on this, a tilt of
QFO31 by dy = 1.58 mrad was proposed and finally applied
in the machine during the Technical Stop of April 2021.
Figure 7 shows the measured orbits before (top) and after
(bottom) the alignment of QFO31 quadrupole. Indeed, this
new alignment resulted in very similar orbits in all four rings,
as predicted by the tool. The final minimization of the hor-
izontal orbits was performed by using the trim circuits on
the special injection and extraction magnets of each ring.
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Figure 7: Orbit measurements before (top) and after (bottom)
after the second machine re-alignment.

CONCLUSION

The PS Booster came back into operation in December
2020, after a long shutdown period of two years, where ma-
jor upgrades were applied to the machine. Two of the aspects
leading to improved machine operation were discussed in
this paper. A new tune control implementation, which takes
into account the reconfiguration of the power supply circuits,
the saturation of the main magnets and the increased com-
plexity of the new H™ injection that was put in place during
LS2 and commissioned during the recommissioning period.
A successful implementation was demonstrated from the
beginning, while a refinement of the calibration curves was
required for full optimisation. Currently, the maximum dif-
ference between the set and measured tunes is of the order
of 5e-3. Further studies are ongoing to identify the source
of this discrepancy. In the second part of the paper, the
two re-alignment campaigns which took place in 2021 were
presented. A minimization of the machine bare orbit was
achieved, together with a minimization of the ring-to-ring
orbit differences.
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