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Abstract
The Proton Synchrotron Booster (PSB) is the first circular

accelerator in the injector chain to the Large Hadron Collider

(LHC) and accelerates protons from 50 MeV to 1.4 GeV. The

PSB will need to deliver two times the current brightness

after the LHC Injectors Upgrade (LIU) in order to meet the

High Luminosity LHC (HL-LHC) beam requirements. At

the current injection energy a large incoherent space charge

tune spread limits the brightness of the beams, which is

one of the main motivations to increase the injection energy

to 160 MeV with the injection provided by Linac4, a new

H− linear accelerator. The higher injection energy will al-

low doubling the beam intensity while maintaining a space

charge tune spread similar to current values. The degrada-

tion of the beam brightness due to the tune spread can be

minimized with a proper choice of working point and an effi-

cient compensation of resonances. In this paper, we present

the measurement of the betatronic resonances in the four

rings of the PSB at 160 MeV before the Long Shutdown 2,

as well as the results of a proposed compensation scheme.

INTRODUCTION
Injection into the Proton Synchrotron Booster (PSB) at

CERN is dominated by incoherent space charge effects. Due

to the large tune spread at injection energy, which can go

up to ΔQ = 0.5 [1], the tune is set far away from the integer

resonances, then moves quickly to a resonance-free region

as the tune spread shrinks due to acceleration.
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Figure 1: Evolution of the average tune and tune spread in

the PSB for the BCMS beam, a low intensity (≈ 80 × 1010)

ppb cycle accelerated in a single harmonic RF bucket.

During this process several resonances are crossed, the

most important being the half-integer resonance 2QV = 9.
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Figure 1 illustrates the change in QH ,V and ΔQH ,V of the

Batch Compression Merging and Splitting (BCMS) cycle [2],

used as the main operational LHC filling cycle during 2018.

The resonant tune lines are shown up to 4th order, where 1st

order resonances are plotted in red, 2nd order in blue, 3rd

order in green, and 4th in purple. Skew resonances are shown

as dashed lines and normal resonances as solid ones. The

tune spread at injection (larger lozenge) and before extraction

(smaller lozenge) are also shown [3].

The dynamic resonance crossing of the operational tune

can cause both emittance growth and beam loss. Therefore,

efficient resonance compensation is key to achieve maximum

brightness. A resonance measurement and compensation

campaign was carried out at the new injection energy of

160 MeV so that it could serve as comparison for the start

of Run 3.

RESONANCE MEASUREMENTS
Measurement Set-Up

A dedicated 160 MeV flat-top cycle was used to perform

the resonance measurements at constant energy (shown in

Figure 2).
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Figure 2: The 160 MeV flat-top energy cycle. The dashed

lines indicate injection and extraction times (at 275 ms and

805 ms, respectively).

The beam intensity was recorded with the Beam Current

Transformers (BCTs) in the rings and the tune was measured

with the BaseBand tune measurement system (BBQ) [4].

The BBQ system kicks the beam transversely and its os-

cillations are observed at a position pick-up turn by turn.

The fractional part of the betatron tune is then extracted

by analyzing the frequency components of the amplitude

data obtained by the BBQ system. The newly developed Py-

NAFF [5] Python library was used for this purpose, which

implements the Numerical Analysis of Fundamental Fre-

quencies method [6]. In order to disentangle space charge

from machine imperfection effects the beam emittance was
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blown-up at the beginning of each cycle to reduce the space

charge tune spread. The blow-up was achieved by setting

the working point close to an integer resonance. To further

limit space charge effects the beam intensity was kept below

160× 1010 protons and the RF was operated with harmonics

1+2 in bunch lengthening mode, which reduces the peak line

density. The measurements were taken at an almost natural

chromaticity of ξx = −0.9 and ξy = −1.4, with a residual

current of −10 A applied to the sextupole family used for

chromaticity correction and referred to as XNOH0.

Static Tune Scans
A static tune scan is performed by measuring the amount

of lost beam when operating at a specific working point. The

tune step for the measurements, determined by the precision

of the instruments, was 0.01. This translated into ∼ 2000

measurements, which took approximately 20 hours of beam

time for each of the four PSB rings. The beam characteristics

before measurement are listed in Table 1, and the result of

the static tune scans are shown in Fig. 3.

Table 1: Initial Parameters for the Static Tune Scans

R1 R2 R3 R4

Bunch Intensity [1010 protons] 100 120 130 130

Horizontal emittance [μm.rad] 9.2 7.9 5.9 8.7

Vertical emittance [μm.rad] 8.0 7.8 5.6 8.0

Bunch length [ns] 594 602 577 600

Momentum spread [10−3] 1.28 1.33 1.20 1.33

Space charge tune spread ΔQx 0.049 0.065 0.098 0.065

Space charge tune spread ΔQy 0.055 0.068 0.11 0.071
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Figure 3: Static tune scans for each ring of the PSB with

multipoles off, where the tune values are the measured ones.

From Fig. 3 it can be seen that the majority of beam loss

occurred at third order resonances, and differed from ring to

ring. Crossing the half-integer resonance 2QV = 9 caused

total beam loss, which can be seen as the red regions in

Fig. 3. The transverse feedback (TFB) was active for all

cases except for Ring 2. In this ring it interacted destruc-

tively with the beam at certain working points causing losses

unrelated to the resonances. Due to the absence of the TFB

an instability developed in Ring 2, which can be observed

next to the 3QH = 13 resonant line. On the other hand, some

discrepancies were observed between the programmed and

measured tune of ΔQH ,V ∈ [−10−2,−10−3], which could be

explained by a coherent tune shift from impedance [7].

Dynamic Tune Scans
A dynamic tune scan consists of measuring the beam

losses while one tune is constant and the other varies linearly

with time, scanning all the relevant tune values. This method

is orders of magnitude faster than the static tune scan, but

as the intensity decreases when crossing resonances early

in the scan there may not be sufficient intensity to observe

resonances towards the end. To try and ensure all resonances

are seen the scans are run from high-to-low and low-to-high

tunes, with both QH and QV as the variable.

The beam parameters listed in Table 2 were used for a

scan with QV varying from minimum to maximum value

while keeping QH constant, the results are shown in Fig. 4.

We can observe that in this case the resonances are the same

as the ones that were identified with the static tune scans,

with the difference that we can now observe the coupling

line QH = QV and excluding the instability in Ring 2.

Table 2: Initial Parameters for the Dynamic Tune Scans

R1 R2 R3 R4

Bunch Intensity [1010 protons] 157 116 131 134

Horizontal emittance [μm.rad] 6.4 7.0 6.1 6.0

Vertical emittance [μm.rad] 8.0 10.6 8.7 7.8

Bunch length [ns] 634 610 610 619

Momentum spread [10−3] 1.43 1.36 1.39 1.39

Space charge tune spread ΔQx 0.092 0.062 0.081 0.085

Space charge tune spread ΔQy 0.087 0.053 0.072 0.078
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Figure 4: Dynamic tune scans for each ring of the PSB.

RESONANCE COMPENSATION
The resonances that are naturally excited in the PSB can

be compensated using the available multipole corrector mag-

nets [8]. The PSB is equipped with a variety of corrector
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Table 3: Currents of Magnet Correctors for Resonance Compensation Given in Ampères

2Qy = 9 Qx + 2Qy = 13 2Qx +Qy = 13 3Qy = 13 3Qx = 13

Ring 1 BR1.QNO816L3 = -4.33
BR1.QNO412L3 = 1.55

BR1.XNO9L1 = -9.99
BR1.XNO4L1 = -6.07

BR1.XSK6L4 = 2.77
BR1.XSK2L4 = -8.33

Ring 2 BR2.QNO816L3 = -5
BR2.QNO412L3 = 1.44

BR2.XSK6L4 = -1.42
BR2.XSK2L4 = 4.28

Ring 3 BR3.QNO816L3 = -3.65
BR3.QNO412L3 = 1.42

BR3.XNO4L1 = 3.15
BR3.XNO9L1 = -24.73

BR3.XSK2L4 = -9.99
BR3.XSK6L4 = 6.66

BR3.XSK2L4 = -0.26
BR3.XSK6L4 = 4.47

BR3.XNO9L1 = -17.14
BR3.XNO4L1 = 4.28

Ring 4 BR4.QNO816L3 = -3.83
BR4.QNO412L3 = 2.94

BR4.XNO9L1 = -8.68
BR4.XNO4L1 = 7.63

magnets such as normal and skew quadrupoles, normal and

skew sextupoles, and normal and skew octupoles. The Res-

onance Driving Terms (RDT) for each corrector were cal-

culated in terms of amplitude and phase using PTC [9] in

MAD-X [10]. Corrector pairs with orthogonal orientation

of their driving term in the RDT space were chosen, as this

allows compensating any orientation of the machine resid-

ual RDT [11,12]. Once the most suitable pair is identified,

the optimal current configuration can be determined experi-

mentally. To this end, a specific resonance is selected and

crossed dynamically as described in the previous section for

a variety of current configurations of the corrector pair. The

intensity is monitored before and after the resonance cross-

ing and the losses resulting from the resonance are identified.

The current configuration resulting in the lowest losses is

the one that will best compensate the resonance. This is

illustrated in Fig. 5, which shows a current scan performed

to compensate resonance 2Qy = 9 in Ring 1. The region of

lowest losses can be clearly identified.

Figure 5: Current scan of a pair of normal quadrupole fami-

lies.

Following the same procedure for all the measured reso-

nances we arrive to a full compensation scheme, shown in

Fig. 6. We can observe that the operational tune space is

clear, and that the 2Qy = 9 has been considerably reduced

and can now be crossed. We can see the excitation of the

3Qy = 13 resonance in Ring 3 since not all resonances

could be compensated simultaneously due to the number of

available corrector sextupoles. An alternative compensation

scheme exists for this case, where the 2Qx + Qy = 13 res-

onance would be excited instead. Table 3 summarizes the

specific current values used for compensation.

The proposed compensation scheme was applied to the

highest intensity beam produced in the PSB, of an average

950 × 1010 ppr, with the current scaled to the beam rigidity
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Figure 6: Dynamic tune scans for each ring of the PSB with

the proposed compensation scheme.

along the full cycle. The beam could be accelerated as done

before in operation, confirming the effectiveness of the new

corrections.

CONCLUSIONS
The betatronic resonances present in the PSB at the end

of Run 2 were measured with two different methods. Third

order resonances were present in all rings, although they

differed from ring to ring. The reduction of the strength of

the resonances to minimal values was achieved by selecting

optimal pairs of magnet correctors and measuring the most

efficient current configuration. This study provides a snap-

shot of the status of the PSB resonances before LS2 and can

be used for comparison in Run 3.
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