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Abstract

The luminosity of lead ion collisions in the Large Hadron
Collider (LHC) was significantly increased during the 2018
ion run by reducing the bunch spacing from 100 ns to 75 ns,
allowing to increase the total number of bunches. With
the new 75 ns variant, three instead of four bunches are
generated each cycle in the Low Energy Ion Ring (LEIR) and
the Proton Synchrotron (PS) with up to 30% larger intensity
per bunch. The beam was produced with satisfactory quality
but at the limit of stability in the injectors. In particular, the
minimum longitudinal emittance in the PS is limited by a
strong longitudinal microwave instability occurring just after
transition crossing. The uncontrolled blow-up generates tails,
which translates into unacceptably large satellite population
following the RF manipulations prior to extraction from the
PS. In this paper, instability measurements are compared to
particle tracking simulations using the latest PS impedance
model to identify the driving impedance sources. Moreover,
means to mitigate the instability are discussed.

INTRODUCTION

The 2018 ion run in the LHC established a record in terms
of integrated luminosity, reaching values close to the ones
expected in the framework of the High Luminosity LHC
project [1]. A main ingredient to reach this performance was
the reduction of the bunch spacing in the injectors, allowing
to increase the total number of bunches in the LHC.

A new scheme was put in operation in 2018 which con-
sisted of reducing the bunch spacing from 100 ns to 75 ns
in the PS by applying a batch compression at top energy.
This operation involves RF systems tuned at harmonic num-
bers h = 21 (10 MHz) and & = 28 (13 MHz). Moreover,
3 bunches instead of 4 were generated in the LEIR and in-
jected into h = 24 RF buckets in the PS. A measurement of
the RF manipulation at top energy is shown in Fig. 1.

For all ion beams produced in the PS, a rebucketing to
h =169 (80 MHz) is performed prior to an adiabatic bunch
shortening and extraction to the SPS. The bucket length
before and after the rebucketing is greatly reduced due to
the large harmonic ratio. Therefore, the bunch length (i.e.
longitudinal emittance) should remain sufficiently small to
avoid losing particles or capturing particles in neighboring
buckets as illustrated in Fig. 1 (top, satellite bunches).

The total beam intensity provided by the LEIR remains
almost identical with 3 or 4 extracted bunches. Hence, the
single bunch intensity in the PS for the 75 ns bunch spac-
ing scheme is about 30% larger than the nominal one. This
increase of the single bunch intensity led to the observa-
tion of a beam instability at transition crossing in the PS,
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Figure 1: Evolution of bunch profiles during the batch com-
pression (h =21 — h = 28) at top energy in the PS to bring
the bunch spacing from 100 ns to 75 ns. The batch compres-
sion is followed by a rebucketing (h = 28 — h = 169). The
upper plot shows the generation of satellite bunches during
rebucketing (from red marker on bottom plot, adjusted color
scale).

manifesting as uncontrolled emittance blow-up. This turned
out to be comparable to instabilities observed under similar
conditions in the KEK-PS [2]. In this paper, we show mea-

surements of the beam instability and identification of the :

impedance sources, followed by comparison with particle
tracking simulations.

MEASUREMENTS OF THE INSTABILITY

A typical evolution of the bunch profile is shown in Fig. 2
(left). Shortly after transition crossing, a high frequency
modulation appears on the bunch profile bearing the signa-
ture of a longitudinal microwave instability. After the initial
fast break-up, the bunch resumes its normal synchrotron mo-
tion before arriving to top energy with a large, uncontrolled
longitudinal emittance.

In the PS, six high frequency cavities tuned to 200 MHz
are available for controlled longitudinal emittance blow-
up (BUP) with phase modulation [3]. Enabling three of
these at an amplitude of 3 kV generated sufficient controlled
emittance blow-up to stabilize the beam as seen in Fig. 2
(middle). A good compromise between beam stability and
generation of satellite bunches during rebucketing was found
in operation. Nonetheless, the margin in terms of longitudi-
nal emittance and beam intensity remained small.
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Figure 2: Evolution of the bunch profile at transition crossing. The beam is unstable at transition crossing (left) and
stabilized with controlled emittance blow-up before transition (middle, with 3 cavities pulsing at 3 kV). The bunch spectrum
corresponding to the unstable case is displayed on the right. The dashed line represents the moment of the RF phase jump

for transition crossing.

The evolution of the bunch spectrum during the instability
is shown in Fig. 2 (right). The spectrum can be decomposed
in two parts: the stationary spectrum at low frequency So
and the (unstable) spectrum S| from the perturbation at high
frequency. When the synchrotron motion is frozen like at
transition crossing, longitudinal microwave instability can
be driven by narrow-band impedance sources with f,.7; > 1
where f; is the resonance frequency of the impedance source
and 7; the bunch length [4, 5]. In that context and assuming a
Gaussian stationary component, the unstable beam spectrum
* s (n=n17)?

Sy ~nSo(n—n,)~ne”= 2z, (D)
where n = f/ fiey is the revolution frequency (fiy) index,
ny = fr/ frev is the impedance resonant frequency index
exciting the instability and oy is the rms bunch length.

According to Eq. (1), the unstable spectrum is centered
around the resonant frequency of the driving impedance and
can therefore be used as a estimator of f.. However, the
width of Sy is of the order of the stationary one. Bunches
are very short (= 3 ns) at transition crossing implying that
the increased width of S; will cause a large uncertainty to
the exact value of f,. In Fig. 2 (right), the first modulation
right after transition crossing suggests an impedance source
at f, = 1.3+0.2 GHz. Other candidates were also measured
at f, =1.6 £0.3 GHz and f, = 2.4 + 0.4 GHz.

IDENTIFICATION OF THE IMPEDANCE
SOURCE

A thorough survey of the devices that could contribute to
the longitudinal beam-coupling impedance was conducted
over the past years to study beam instabilities [6, 7]. Two
possible contributors corresponding to the measured f,- with
beam are the unshielded pumping manifolds and the sector
valves as presented in Fig. 3.

A hundred pumping manifolds are installed in the PS
downstream of each main magnet unit. A pick-up for the
beam trajectory measurement system [8] is inserted in most
of them, acting also as a partial impedance shield. Nonethe-
less, about one third is left empty causing a large longi-
tudinal impedance with multiple resonant frequencies at
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fr = 1.3 GHz, compatible with the measured modulation
on Fig. 2. These pumping manifolds were already suspected
decades ago to be responsible for longitudinal microwave in-
stabilities in the PS [9], and damping resistors were inserted
to reduce the quality factor of the resonance, with limited
effect on the measured instability.
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Figure 3: The PS impedance model at high frequency. The
PS sector valves (top) and unshielded pumping manifolds
(bottom) modeled with the CST software [10].

Additionally, ten sector valves are installed in the PS and
also contribute to the longitudinal impedance at resonant
frequencies at f, = 1.50 GHz and f, = 2.28 GHz which are
also compatible with the ones measured with beam [11].

MODELING TRANSITION CROSSING

Simulations were performed using the BLonD tracking
code [12] to assess whether the suspected impedance sources
can indeed be responsible for the observed instability. Simu-
lations are started 200 ms before transition crossing to begin
with stationary conditions during the ramp.

Several challenges were faced to introduce all features at
transition crossing. The first step was to include transition
crossing with the y, jump scheme [13]. The evolution of
the beam Lorentz factor y and the transition vy, is plotted in
Fig. 4. The linear vy, was calculated every millisecond with
the MAD-X code [14], using the programmed strengths for
the fast quadrupole magnets. Note that transition with the
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Figure 5: Simulated transition crossing. On the left, the simulated bunch length (colored) is compared with measurements
(black) for a stable situation with large longitudinal emittance. The measured bunch lengthening due to attenuation of the
cables is taken into account in simulations (blue vs. orange). The simulated profiles for unstable beam with low longitudinal

emittance are displayed including the y; jump (middle), and without (right). The main high frequency modulation is

specified for each case.

ion beam is crossed at higher magnetic fields compared to
the proton beam (different y for constant y; ), for which the
scheme was originally designed. Therefore, the amplitude
of the y, jump is small and saturation of the main dipole
magnets had to be taken into account for better comparison
with measurements.
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Figure 4: The beam y and transition y; at transition crossing
with the ion beam.

The longitudinal space charge, which is modeled as a pure
reactive impedance, also gives a relevant impedance contri-
bution. Space charge forces are defocusing below transition
and focusing above. This contributes to the mismatch mani-
festing as bunch length oscillations after transition which can
be observed both in simulated and measured bunch lengths
in Fig. 5 (left). To reach good agreement, the longitudinal
space charge was reduced by 30% in the model. It indicates
that either the space charge model should be refined, or that
inductive impedance is missing from the model.

The result of the simulation is displayed in Fig. 5 (middle).
A high frequency modulation can be seen after transition
with a frequency of f, = 1.3 GHz corresponding to the
effect of the unshielded pumping manifolds. Although the
instability is well reproduced under the same conditions in
terms of bunch intensity and emittance, the exact pattern
does not match exactly the measured one. A strong longitu-
dinal focusing is seen before the high frequency modulation,
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occurring with a delay of 5 ms with respect to measurements.
Further tests were performed by removing the y; jump to
evaluate its contribution. The result is shown in Fig. 5 (right)
and indicates that, despite its small amplitude, the y; jump
has an important influence on the beam. Indeed, the strong
focusing disappeared, and the modulation frequency is now
at f, = 2.1 GHz and increased in amplitude. The influence
of the y, jump was already noticed in [2] and should have a
stabilizing effect.

Despite the complexity of the simulation, the instability
is reproduced with a slightly different pattern with respect
to measurements. Further refinement is foreseen to obtain
a better agreement, more specifically on modeling of space
charge and the completion of the impedance model, the y;
jump with non-linear momentum compaction factor and
implementation of beam control loops.

CONCLUSIONS

A longitudinal microwave instability was measured at .

transition crossing with the ion beam. Although the limita-
tion was solved in operation with controlled emittance blow-
up, detailed studies were conducted to find the impedance
source responsible for the instability. Preliminary investi-
gations hint at the unshielded pumping manifolds and the
sector valves as driving impedance sources. A qualitative
agreement is obtained in simulations where the amplitude of
the y; jump was shown to be important. Possible mitigations
of the instability would be to increase the amplitude of the
v jump or impedance reduction by shielding primarily the
empty pumping manifolds, with additional inserts. Finally,
this study can finally be used a benchmark to evaluate the
threshold of microwave instability for the proton beam.
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