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Abstract

During the 2012 run transverse coherent beam instabili-
ties have been observed in the LHC at 4 TeV, during the be-
tatron squeeze and in collision for special filling patterns.
Several studies to characterize these instabilities have been
carried out during operation and in special dedicated ex-
periments. In this paper we summarize the observations
collected for different machine parameters and the present
understanding of the origin of these instabilities.

INTRODUCTION

The 2012 run of the Large Hadron Collider (LHC) has
shown, despite the great physics discovery of a Higgs-like
boson, several instabilities which have perturbed the accel-
erator performances. To achieve the required integrated lu-
minosity several parameters had been changed and pushed
compared to 2011: reduced B* operation (from 1 m to
0.6 m) and higher brightness beams (approximately two
times larger than nominal). To ensure protection collima-
tor gaps have been reduced to tight settings with apertures
close the nominal 7 TeV configuration leading to larger
impedances [1]. A first type of instabilities [2] occurred
during stable beams after many hours of physics and af-
fected specific bunches colliding only in the LHCb experi-
ment. In this paper we will focus on instabilities develop-
ing at the end of the betatron squeeze and while bringing
the beams into collision. The origin of the instability is
still not understood however some observations have led to
considerations on the beam stability to help defining possi-
ble future scenarios. There were several other observations
which need further studies and analysis will not be covered
in this paper but be found in [3].

END OF SQUEEZE INSTABILITY

In 2012 the LHC peak luminosity has been more than
doubled as compared to 2011. The main beam parameters,
compared to those of 2010 and 2011, are in Table 1.

The LHC beams were accelerated in 2012 from injec-
tion energy (450 GeV) to top energy 4 TeV then the 5*-
functions at the different Interaction Points (IPs) squeezed
(from 10 m to 3 m in IP2 and IP8 and further down to 0.6 m
in IP1 and IP5). This process lasts around 15 min and is
called the 3 squeeze. At the beginning of the year during
the betatron squeeze at a value of 8* of ~ 1.5 m several
bunches were becoming unstable loosing intensity in a non
reproducible manner. In particular the instability was not
present in all physics fills. The bunches were unstable one
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Table 1: LHC Operational Parameters

Parameter 2010 2011 2012 Nominal
N,, (10*! p/b) 1.2 1.45 1.58 1.15
Ny 368 1380 1380 2808
Spacing (ns) 150  75/50 50 25

€ (umrad) 24-4 19-24 2225 3.75
B* (m) 35 1.5-1 0.6 0.55
L

(1032 cm2s™ 1) 2 35 76 100

after the other for several minutes till the head-on collision
was established. For some fills the instability was gener-
ating very high losses causing a beam dump. Another im-
portant parameter for stability is chromaticity which might
explain the non reproducibility of the instability when op-
erating close to zero value (LHC was operating at Q’ ~
2 units till the beginning of August 2012). At the begin-
ning of AUgust 2012 the machine configuration has been
changed drastically in terms of chromaticity (changed from
2 units to 15 units [4]), the polarity of the Landau octupoles
(changed from negative to positive [5]) and the transverse
damper (to 50 turns). The changes have been implemented
from Fill 2926 but not always at the same time to distin-
guish the implications of the three parameters. As a result
of these changes the instability has showed important as-
pects: it became reproducible always occurring after two
minutes from the end of the squeeze and has changed to
the vertical plane. An example of the bunch by bunch in-
tensity losses versus time during this type of instability is
shown in Fig. 1.

The coherent mode is shown in Fig. 2 where several fre-
quencies are visible all spaced by Qs =~ 0.002, the syn-
chrotron tune. Several bunches were loosing up to half their
intensity while coherently oscillating. Bunches where go-
ing unstable at different moments and the instability could
last till the head-on collision was established and coherent
motion stoped.

The stability of beams before going into the 3 squeeze is
given by the Landau octupoles which ensure a given stabil-
ity area under which all impedance driven modes should be
damped. For the specific case of the LHC the stability re-
gion is shown in Fig. 3 (dashed lines). In red we show the
stability area with negative octupole polarity and in blue
the positive polarity effect. The negative polarity was pre-
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Figure 1: Bunch by bunch losses in beam 1 during an end
of squeeze instability as a function of time for Fill 2648
with negative octupole polarity (top picture) and Fill3250
with positive polarity(bottom plot).
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Figure 2: Beam 1 vertical frequency spectrum as a function
of time during an end of squeeze instability.

ferred for single beam since gives larger area [6]. How-
ever the long-range interactions also contribute to the pic-
ture and they result in a change of the stability properties at
the end of the 3 squeeze (solid lines in Fig. 3). For the case
of negative polarity they reduce the stability area while for
the positive polarity they increase it. This was the motiva-
tion for inverting the polarity of the Landau octipoles but
the instabilities observed at the end of the squeeze with the
positive polarity remain unexplained.

GOING INTO COLLISION

The end of squeeze instability, as shown in Fig. 2, was
lasting also during the collision beam process. At the be-
ginning of the year the process was long (= 200 s) and was
not directly going for head-on collisions in IP1 and IP5 but
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Figure 3: Beam stability diagrams for the two LHC oc-
tupole configurations: positive (blue lines) and negative
(red lines) before the betatron squeeze (dashed lines) and
at the end with long-range contribution (solid lines).

was slowed down to allow the tilting of IP8 crossing an-
gle and only at the end optimized for luminosity. Several
instabilities were observed developing during these steady
states of IP1 and IP5 at an intermediate separation before
having a head-on collision. In Fig. 4 we show the beam
amplitude of oscillation and IP1 and IP5 separation reduc-
tion as a function of time. The beams are not yet in head-on
collision and an exponential growth of the oscillation am-
plitude can be observed, causing a dump which occurred
for a separationof =~ 1 — 2 0.
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Figure 4: Oscillation amplitude of beam1 during the col-
lapse of the separation bumps as a function of time.

Over the year a change of the collision beam process has
been proposed and implemented in the second half of the
run. The main ideas behind the change was to speed up
the collapse of the separation bumps and to go straight to
head-on collision to ensure stability. It is intuitive from the
footprint of Fig. 5 upper plot and proved from the stabil-
ity diagrams [7] that the stability area varies as a function
of the beams separation and that during the collapse there
is a minimum of stability. This minimum defines a weak
moment in the process to bring the beams into collision
which might have been the reason for the beam dumps ob-
served in 2012 since the beams separation was reduced in
steps and then stopped at some intermediate values to al-
low the tilting of IP8. It has been also shown that several
times this process was keeping the beams at a separation of
around 1-2 ¢ which corresponds to this minimum of stabil-
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ity. Observations have also demonstrated that the only cure
to this instability is the head-on collision which gives the
largest possible stability area. To use this important prop-
erty of the opposite beam several test have been carried out
to allow for the future operation of the machine collisions
before the 3 squeeze [8].
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Figure 5: Footprint evolution during separation collapse in
both planes synchronously (upper) and only in the horizon-
tal plane (lower).

However to guarantee a stronger stability several config-
urations have been tested with simulations and have shown
that a synchronous collapse of both horizontal and vertical
plane separation will lead to a minimum (magenta dots) of
stability in both planes at the same time, as shown in Fig. 5
upper plot, where we show the beam footprint for differ-
ent beam separations equal in both planes. The lower plot
shows how one can avoid this minimum by just collapsing
one plane at the time. The stability for this second con-
figuration has been studied for both cases and results from
multi-particle tracking simulations are shown in Fig. 6. The
figure shows the amplitude of oscillation as a function of
time for the different separations in either both planes at the
same time (upper plot) or only the horizontal plane (lower
plot). One can see that when only one plane goes through
the stability minimum the other plane helps in the damping
making this option more robust compared to the one going
both planes together (or as for the LHC both IPs together)
where for a defined separation of ~ 1.5 ¢ separation the
system in not stable.

SUMMARY

‘We have shown few cases of transverse coherent beam
instabilities observed in the LHC during the 2012 physics
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Figure 6: Beam oscillation amplitude as a function of time
for different separations at the interaction point in both hor-
izontal and vertical plane (upper) and for only the horizon-
tal plane (lower).

run. The instabilities were mainly occurring at the end of
the 3 squeeze and in the collision beam process. They
have changed during the year as a consequence of changed
parameters (Q’, octupoles currents and polarity and trans-
verse damper gain). The origin of the instabilities is not
understood yet however counter measures to have more sta-
bility are described for the different beam processes.
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