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Abstract

Following the upgrades of the LHC Injectors Upgrade
Project (LIU), the Proton Synchrotron Booster (PSB) at
CERN successfully delivers beams with double brightness.
An important contributing factor for this was the dynamic
correction of the beta-beating induced by the injection chi-
cane which allowed stable operation closer to the half-integer
resonance. Ideally, injection above the half-integer reso-
nance could further improve the beam brightness. In this
context, a series of studies were initiated in order to character-
ize the effects of space charge when crossing the half-integer
resonance. In this contribution, the first results of these
investigations are reported.

INTRODUCTION

The brightness of the PSB beams is limited by space
charge effects at injection [1]. In the framework of the LHC
Injectors Upgrade (LIU) project [2], the PSB injection en-
ergy was increased from 50 MeV to 160 MeV, which al-
lowed doubling the beam intensity while having similar
space charge detuning and transverse emittances.

Stable beam operation with higher working points, that
are closer to the vertical half-integer resonance 20, = 9,
further mitigated the space charge effects at injection and
contributed to an increased beam brightness [3]. On the
same principles, injection above the half-integer resonance
could result to an even higher brightness. However, the
extraction working point of the PSB is set at (Qx, Qy) =
(4.17,4.23) and thus the half-integer resonance needs to be
crossed during the acceleration cycle. This can result in
particle losses and/or emittance growth.

The effects of the half-integer resonance crossing on the
beam will depend on the resonance strength, the crossing
speed and the space charge detuning. At the end of 2021,
systematic studies were initiated in the PSB to understand
the beam behaviour under these conditions.

The PSB is an excellent machine for performing these
studies. The multi-turn H™ injection scheme [4] allows pro-
ducing a large variety of transverse emittances and beam
intensities, which enables the control of the space charge tune
footprint. In addition, the recently implemented tune con-
trol system [5] allows machine operation in a wide range of
working points below and above the half-integer resonance
and also the dynamic change of tunes along the accelera-
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tion cycle. Finally, the identification and compensation of
resonances up to fourth order has been extensively studied
in the PSB [6]. As a result, the half-integer resonance not
only can be compensated to a good extent, but can also be
excited in a controlled manner by deliberately degrading the
compensation scheme.

This contribution focuses on the characterization of the
half-integer resonance for different excitation amplitudes.

HALF-INTEGER RESONANCE
CORRECTION AND EXCITATION

The PSB is equipped with a set of multipole corrector
magnets that are used for the compensation of the naturally
excited resonances. The half-integer resonance 2Q, = 9
is compensated by two families of normal quadrupole cor-
rectors, illustrated in Fig. 1. The first family consists of
quadrupoles in the fourth and in the twelfth section of the
machine (QNO412) and the second family of quadrupoles
in the eighth and sixteenth section (QNO816). The driv-
ing term generated by QNO412 is orthogonal with respect
to the driving term of QNOS816. The optimal strength of
the quadrupoles that cancels the driving term of the natu-
rally excited half-integer resonance is determined experi-
mentally [7]. The quadrupole families are configured such
that they do not change the tune.

QNO8L3 1+
\

— AQNO16L3

Figure 1: The two orthogonal families of quadrupole correc-
tors and their corresponding polarities.

By slightly varying the strength of the QNO412 and
QNOS816, with respect to their compensating value, the half-
integer resonance is excited. Since the orientation of the
two families is orthogonal, the half-integer resonance can
be excited with any phase and amplitude, within the limits
of the quadrupole currents.

The excited resonance is characterized by its stopband
width. Inside the stopband the particle motion is unstable
and losses occur. Outside but near the stopband, the motion
is stable but the growth in amplitude of the betatron oscil-
lations (B-beating) can drive particles to large amplitudes
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and thus, due to the limited machine aperture, lead to losses.
Furthermore, the space charge detuning can further extend
the tune region in which losses are observed.

Resonance Width Measurement

For the characterization of the stopband width, the reso-
nance was excited by changing the current of the QNO816
family by d/g;¢ = —2 A from its nominal copmensating
value. In order to minimize the effects coming from the
space charge detuning and the S-beating, a coasting beam
with low intensity and small transverse emittances was used,
shown in Fig. 2. The RMS-momentum spread was mea-
sured at (6p/p)rms ~ 1073 and the maximum space charge
detuning was analytically estimated [8] to be ~ 3 - 1073,
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Figure 2: Horizontal (left) and vertical (right) beam pro-
file used in the half-integer stopband width measurements.
The profiles are measured with a wire scanner [9]. The
asymmetric tails in the measurement are associated with the
scattering of the beam due to the crossing wire [10].
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Figure 3: Evolution of beam losses when crossing the half-
integer with different crossing speeds from both directions.

The stopband width 6Q of the half-integer resonance
20, = 9 was measured by dynamically crossing the res-
onance from above (Qy > 4.5) and from below (Qy, < 4.5)
with different crossing speeds while monitoring the beam in-
tensity. Figure 3 shows the measured vertical tunes (top) and
the normalized beam intensity (bottom) evolution during the
crossing of the resonance from both directions. The differ-
ent colors correspond to the three different crossing speeds.
The tune is measured using a Base-Band-tune pickup (BBQ
system) and the intensity using Beam Current Transformers
(BCT) [11]. To reduce statistical uncertainties, the intensity
was measured for multiple cycles for each of the different
crossings. The solid lines represent the mean intensities
while the shaded areas the standard deviation (10°).
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When the beam is near the resonance, losses are recorded.
The losses range between 80 — 100 % when crossing from
above and 20 — 60 % when crossing from below. While
the average losses are lower when crossing from below, the
uncertainty of the intensity after crossing the resonance is
much larger, especially for the lower crossing speeds. The
reason for this is being investigated. Fewer particles are lost
for faster crossing speeds, as expected.

The beam intensity for the different crossing scenarios
is plotted in Fig. 4 as a function of the vertical tune. It can
be observed that when crossing from below, the beam loss
stops at approximately Q,, = 4.5005, independently of the
crossing speed. Similarly, when crossing from above, the
beam loss stops at approximately O, = 4.4965. At these
tune values the beam intensity is stable and thus they define
an upper limit of the stopband boundaries. Therefore, for
this particular excitation, the stopband width should be at
most 60 ~ 4.5005 — 4.4965 = 0.0040. Depending on the
crossing speed, the beam spends a few thousands of turns
inside the stopband.
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Figure 4: Half-integer stopband width measurement for
o0lgi6 = -2 A.

It is worth mentioning that attempts to cross even faster or
even slower were made. While it is possible to apply dynam-
ical tune changes that are faster, the intensity acquired by the
BCT is limited to every 1 ms interval, in which the vertical
tune changes considerably. This results to a loss in resolution
of the vertical tune, making it impracticable to distinguish
the upper limits of the stopband boundaries. Nevertheless,
the losses are again much lower for faster crossing speeds.
For dynamical tune changes that are slower, the beam is fully
lost and the same analysis cannot be performed.

Analytical estimations of the half-integer stopband can be
found in literature [12, 13]:

1
E fﬁ(s)p(s)e—(%ﬁl)(ﬁ(s)ds ,

where p is the perturbation strength, 3 the beta-function at
the location of the perturbation, n the integer part of the
tune and ¢ the normalized phase advance. Considering that
the half-integer resonance is perfectly compensated and the
only excitation driving term comes from the d/gj¢ = -2 A
of the QNO816 family, this formula gives a value of 6Q4, =
0.0012. This width is well within the upper boundaries
that were defined experimentally. Since it is impossible to
have a perfect compensation of the half-integer resonance
and a zero detuning from space charge, the experimental
boundaries are expected to overestimate the stopband width.
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APPLYING STRONGER EXCITATIONS

An effort was made to measure the half-integer stopband
width for different excitation amplitudes using the same
method. The resonance was again crossed from both direc-
tions and the beam intensity was monitored. The results are
summarized in Fig. 5. The different colors correspond to
different excitation amplitudes of the resonance while in all
cases the crossing speed was the same.

At the top plot of Fig. 5, the beam of Fig. 2 was used (low
intensity and small transverse emittances). The points in
which the losses stop while crossing the resonance, that pre-
viously represented the boundaries of the stopband, cannot
be determined here since the beam is fully lost for all of the
stronger excitations. Thus, it is not possible to assess the
stopband boundaries like this.
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Figure 5: Beam intensity as a function of the vertical tune
for different amplitudes of the half-integer excitation. In the
top plot the beam of Fig. 2 was used, while in the bottom
plot the beam of Fig. 6.

Instead of searching for the tune in which the beam exits
the stopband and the loss stops, one could try and specify the
tune in which the beam enters the stopband and the losses
start. What complicates the situation in this case is that the
losses, instead of abruptly starting at some tune (the tune in
which the beam enters the stopband), they increase gradually
over a range of tunes. This behaviour is more evident when
approaching the half-integer resonance from below (Q, <
4.5) and could be associated with the 5-beating.

The last argument can be further supported by the bottom
plot of Fig. 5. Here, the same experiment as before was
performed but with a beam that has low intensity and much
larger vertical emittance. This beam, which is shown in
Fig. 6, was deliberately blown-up by applying an injection
misteering and enabling octupoles to induce filamentation in
the transverse plane. The vertical particle distribution almost
fills the acceptance of the PSB, making the sensitivity of the
losses to the B-beating much higher.

The losses during the crossing that are shown in the bot-
tom plot of Fig. 5 start much earlier than the top plot of the
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Figure 6: Horizontal (left) and vertical (right) beam profile
that have been deliberately grown to fill the acceptance.

same figure, despite the fact that the stopband size should be
the same, and are even more gradual. This can be attributed
to the beta-beating as even a weak perturbation in the optics
can induce measurable losses due to the large beam size.

Although the stopband width cannot be strictly deter-
mined for stronger excitations, one can define the resonance
width at which the losses increase above a specified thresh-
old as a function of the excitation strength. This was only
done for the low intensity and small transverse emittances
(Fig. 2) to minimize the contribution of the beam loss from -
beating. Figure 7 shows the tunes at which the 5 % losses is
reached for the different excitation strengths. The analytical
estimation of the stopband width, using Eq. 1, is plotted with
green and is always within the boundaries at 5 % losses. The
dependence of the stopband width to the excitation strength
is almost linear as it is expected from the analytical formula.
Further simulation studies will follow in order to relate the
observed differences.
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Figure 7: Tunes at which 5 % losses are observed in the top
plot of Fig. 5 and comparison to analytical estimations of
the stopband width.

SUMMARY AND OUTLOOK

In this contribution, attempts to experimentally charac-
terize the half-integer resonance for different excitations are
presented. For a weak excitation of the resonance, an upper
limit for the stopband boundaries is determined by identi-
fying the tunes in which the beam loss ends. For stronger
excitations this is not possible because the beam is lost com-
pletely. However, the scaling of the stopband width with the
excitation amplitude was measured and compared to ana-
lytical estimations of the stopband with a good agreement.
The discrepances between the analytical and experimental
estimations of the stopband width will be addressed with
numerical studies.
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