13th Int. Computational Accelerator Physics Conf.
5 ISBN: 978-3-95450-200-4

Abstract

At the CERN accelerator complex, it seems that only
- the highest energy machine in the sequence, the LHC,
£ with space charge (SC) parameter close to one, sees the
£ predicted beneficial effect of SC on transverse coherent
S instabilities. In the other circular machines of the LHC
f injector chain (PSB, PS and SPS), where the SC parame-
= ter is much bigger than one, SC does not seem to play a
2 major (stabilising) role, and it is maybe the opposite in the
2 SPS. All the measurements and simulations performed so
£ far in both the SPS and LHC will be reviewed and ana-
£ lysed in detail.
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INTRODUCTION

In the PSB, transverse instabilities (which still need to
be fully characterized) are observed without damper dur-
g ing the ramp, where space charge could potentially play a
4 role but no important change of instability onset was
& observed along the cycle when changing the bunch length
£ (and shape) for constant intensity.

E Inthe PS, a Head-Tail (HT) instability with six nodes is
i'j predicted at injection without space charge and observed
£ with natural chromaticities and in the absence of Landau
2 octupoles, linear coupling and damper.

In the SPS, a fast vertical single-bunch instability is ob-
% served at injection above a certain threshold (depending
& on the slip factor), with a travelling-wave pattern along
© the bunch. Several features are close to the ones from the
§ predicted Transverse Mode-Coupling Instability (TMCI)
8 between modes - 2 and - 3 without SC (for Q’ ~ 0).

Finally, in the LHC, the predicted HT instability with
one node for a chromaticity of about five units, with nei-
8 ther Landau octupoles nor damper, is observed only above
O a certain energy, as confirmed by simulations with space
charge. Furthermore, the intensity threshold for the TMCI
at injection for a chromaticity close to zero (which has not
£ been measured yet as it is much higher than the current
8 LHC intensities) is predicted to be significantly increased
2 by space charge according to simulations.

g Considering the case of a TMCI with zero chromaticity,
£ a two-particle approach would conclude that both SC
§ and/or a reactive transverse damper (ReaD) would affect
= TMCI in a similar way and could suppress it (see Fig. 1).

Using a two-mode approach (instead of the previous
£ two-particle approach), a similar result would be obtained
% in the “short-bunch” regime (i.e. TMCI between modes 0
2 and — 1, such as in the LHC) as both a ReaD and SC are
'é expected to be beneficial: the ReaD would shift the mode
g 0 up and SC would shift the mode — 1 down, but in both
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cases the coupling would therefore occur at higher inten-
sities. However, the situation is more involved for the
“long-bunch” regime (i.e. TMCI between higher-order
modes, such as in the SPS). As the ReaD modifies only
the (main) mode 0 and not the others (where the mode-
coupling occurs), it is expected to have no effect for the
main mode-coupling (as confirmed in Fig. 2, using the
Vlasov solver GALACTIC [3]). As concerns SC, it modi-
fies all the modes except 0, and the result is still in discus-
sion and the subject of this paper, which is structured as
follows: the first section is devoted to the many SPS stud-
ies, while the LHC results will be discussed in the second
section before concluding and discussing the next steps.

a Instability
growth-rate

Figure 1: Two-particle approach for the TMCI following
Ref. [1] but adding a reactive transverse damper (ReaD).
This combines the results from Ref. [1] (with SC only)
and Ref. [2] (with reactive damper only).
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Figure 2: Usual TMCI plots for the LHC (left) and SPS
(right) assuming a Broad-Band resonator impedance (with
Q’ =0), without / with ReaD (50 turns) in blue / red [3].
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SPS

A fast vertical single-bunch instability with protons (p")
was observed at the SPS injection in 2003 using a longi-
tudinal emittance of ~ 0.2 €Vs, i.e. much smaller than the
nominal one of 0.35 eVs, to probe the transverse single-
bunch limit of the machine (see Fig. 3) [4].
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Figure 3: (Left) observation of a fast (compared to the
synchrotron period) vertical single-bunch instability with
protons (p*) at the SPS injection in 2003. (Right) stabili-
sation by increasing the chromaticity. bet stands for beam
current transformer, which measures the total intensity,
whereas Peak measures a bunch length dependent bunch
intensity.
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Figure 4: Comparison of the intra-bunch motion between
measurements (upper) and HEADTAIL [5] simulations
(lower) using a single bunch with 1.2 10! p/b, an rms
bunch length of 0.7 ns and zero chromaticity, interacting
with a Broad-Band resonator (with a resonance frequency
of 1 GHz, a quality factor of 1 and a shunt impedance of
20 MQ/m).
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This instability featured a travelling-wave pattern along
the bunch (with a frequency close to 1 GHz), which was
in relatively good agreement with HEADTAIL simula-
tions using a Broad-Band resonator model (with a reso-
nance frequency of 1 GHz, a quality factor of 1 and a
shunt impedance of 20 M(2/m), as can be seen in Fig. 4. A
travelling-wave pattern along the bunch should be the
sign of a TMCI as the coupling between two HT modes
(which are standing-wave patterns) generates a travelling
wave, as can be seen in Fig. 5 [6]. This was confirmed in
Fig. 6 for the case of the SPS, using a Broad-Band resona-
tor with a shunt impedance of 10 MQ/m. A TMCI be-
tween modes — 2 and — 3 (for the main mode-coupling,
i.e. after some mode-coupling decoupling due to the
“long-bunch” regime) is predicted in the absence of SC. A
similar result was predicted with the full impedance mod-
el which was developed in parallel [9,10].

The next question was: why do we observe “what looks
like a TMCI (with a travelling-wave along the bunch)”
whereas space charge should suppress it, according to
some past theoretical analyses, with the pioneer work of
M. Blaskiewicz in 1998 [11] followed by several other
analyses [12-15]? Can we observe the coupling of the
(negative or positive) modes? How do measurements
compare to HEADTAIL simulations? According to
Ref. [11], the negative modes should rapidly disappear for
a strong SC parameter, defined as the ratio between the
space charge tune spread (for a KV distribution or half the
tune spread for a Gaussian distribution) and the synchro-
tron tune (see Fig. 7). So do we still see the negative
modes predicted without SC (or do we see the positive
ones or another mechanism taking place)?

First simulations with the combined effect of an imped-
ance and SC, using a 3" order symplectic integrator for
the equation of motion, taking into account non-linear SC
forces coming from a Gaussian shaped bunch revealed a
minor beneficial effect of SC, raising the intensity thresh-
old by ~ 5-10%, as shown in Fig. 8. It is more difficult to
see what happens exactly to the modes but it could still be
compatible with a mode-coupling between modes — 2 and
— 3, as the main activity appears at about the same posi-
tion as without SC.

Direct measurements of the modes in the SPS were
tried and resulted in Fig. 9. Here again, it is difficult to
conclude but it could still be compatible with a mode-
coupling between modes — 2 and — 3, as the main activity
appears at about the same position as without SC.

An indirect measurement of mode-coupling (in addition
to the travelling-wave pattern resulting from mode-
coupling between two HT modes with standing-wave
patterns) in the “long-bunch” regime consists of measur-
ing the beam stability vs. increasing bunch intensity, as
the bunch should be first stable until mode-coupling (of
the low-order modes) and then stable again after de-
coupling before becoming very unstable at the main
mode-coupling. This is what was predicted from HEAD-
TAIL simulations using both a Broad-Band resonator
model and a more realistic impedance model of the SPS
and this is what was measured, as reported in Fig. 10.
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This observation was another argument to state that
mode-coupling was taking place even if the direct meas-
urement of mode-coupling was still missing...
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Figure 5: The coupling of two HT modes (standing-wave
= patterns) generates a travelling-wave pattern. Example
from the DELPHI Vlasov solver for a coupling between
modes 0 and — 1 [6].
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Figure 6: Comparison between MOSES [7] and HEAD-
TAIL simulations (using SUSSIX [8] to process the out-
put data) using the parameters of Table B.3 (for MOSES)
and B 4 (for HEADTAIL) of Ref. [9].
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Figure 7: Mode-frequency shifts vs. the SC parameter for
the case of the Air-Bag Square well (or ABS) model [11].
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Figure 8: Simulations with both impedance and SC, re-
vealing a minor beneficial effect from SC for the SPS

case (upper) [16].
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Figure 9: Direct measurements of the modes in the
SPS [9].
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Figure 10: Indirect measurement of mode-coupling by
trying to identify in the SPS the regions of stable and
unstable bunch intensities (see Fig. 6.26 in Ref. [9]). The-
se measurements were performed for a longitudinal emit-
tance of 0.16 eVs, and rms bunch length of 0.7 ns and a
chromaticity as close to zero as possible.

As 1) the SPS instability seemed to be relatively well
described by TMCI using a Broad-Band resonator (with-
out SC) and ii) in this case (“long-bunch” regime) a sim-
ple formula exists within a numerical factor 2 as men-
tioned in Refs. [17-18] (see Eq. (1)), which was recently
checked in Ref. [19], it was proposed to modify the optics
to increase the slip factor [20]: the “Q20” optics (named
like this as the integer part of the tune is 20) replaced the
previous “Q26” optics (where the integer part of the tune
was 26). Within the TMCI formalism, the simple formula
can be derived using a two-mode approach (considering
the two most critical modes overlapping the maximum of
the real part of the impedance): bunch stability is reached
when the head and the tail are swapped sufficiently rapid-
ly (due to synchrotron oscillations) compared to the insta-
bility rise-time, i.e. when the synchrotron period divided
by m is equal to the instability rise-time derived from this
simple model (sm): Ty = 7 T7}jc;. This leads to the fol-
lowing stability criterion for the threshold number of
protons N, g, which can be written in two forms (e.g. in
the vertical plane)
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where f; is the synchrotron frequency, O, the unperturbed
(low-intensity) vertical tune, £ the total energy, 7, the full
(40) bunch length in s, e the elementary charge, ¢ the
speed of light, f; the resonance frequency of the Broad-
Band (Q = 1) resonator, Z, the shunt impedance, § the
relativistic velocity factor, & the longitudinal emittance
and 7 the slip factor, given by

pe- o frw o L _1_1

dp/p vy oy

It is interesting to note that i) within the framework of
this model the simple formula giving the instability rise-
time well above the TMCI threshold (which was checked
with MOSES and HEADTAIL, within the same factor 2
as before for the intensity threshold [21]) can be written
as Tiner = (Ts / ) X (Np ¢ / Np) and ii) in the second
form of Eq. (1), the notion of synchrotron oscillations
disappears. This equation is the same as for coasting
beams, but written with peak values, where the Landau
damping is provided by the momentum spread. What is
important is the product of the longitudinal emittance and
the slip factor, i.e. the distance to transition. As the longi-
tudinal emittance should be kept at 0.35 eVs for the
beams to be sent from the SPS to the LHC, the only pa-
rameter on which one can act is the product of the vertical
tune times the slip factor. For machines made of simple
FODO cells it can be shown that the slip factor is approx-
imately given by the horizontal tune (y; = Q,¢), Which
means that if one wants to modify y;, one should modify
the horizontal tune. The SPS slip factor as a function of
the horizontal tune is depicted in Fig. 11. For the Q26
optics, y; = 22.8, whereas for the Q20 optics, y; =~ 18.
This means that for the Q20 optics, the product of the slip
factor times the horizontal tune gives 1.80 1073 X
20.13 =~ 0.0362, whereas for the Q26 optics it gives
0.62 1073 x 26.13 =~ 0.0162 (considering for this case a
non-integer part of the tune of 0.13, which can be slightly
different in practice but this does not change the picture).
Therefore, according to Eq. (1) the intensity threshold
should be increased by the factor 0.0362 / 0.0162 = 2.2.
This is in good agreement with measurements, as can be
seen in Fig. 12, where an intensity increase of a factor 4.0
/1.6 = 2.5 was observed.

These results are also in good agreement with HEAD-
TAIL simulations from 2014 for different optics (adding
also the case of the Q22 optics, which is a better optics for
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Figure 13: Comparison of the bunch intensity thresholds
between measurements and HEADTAIL simulations.

Finally, a good agreement was also reached between
measurements and pyHEADTAIL [22] simulations with
SC this time for the Q20 optics, still considering the
Broad-Band resonator model, as the intensity threshold
was found close to the no-SC case (see Fig. 15). However,
a detailed analysis of the modes involved seems to reveal
different modes involved at the start of the instabil-
ity: without SC, a mode-coupling between azimuthal
modes — 2 and — 3 (with radial mode 0) is observed while
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with SC, a mode-coupling between azimuthal modes 1
and 2 (with radial mode 1) seems to be found [23].
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between measurements (left) and HEADTAIL simulations
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Figure 15: pyHEADTAIL simulations with the Q20 optics
comparing the cases without SC (left) and with SC
(right).

The comparison of the intra-bunch motions in Fig. 16
between measurements and HEADTAIL simulations
without SC reveals also a good agreement in particular for
the Q20 optics. For the Q26 optics, the measured intra-
bunch motion seems to be more towards the tail than in
the simulations, as recently pointed out by A. Burov, who
discovered a new destabilising effect of SC, which could
be responsible for this effect [24]. This disagreement was
not present in the first studies (without SC) of Fig. 4,
which means that both impedance and SC could have a
similar effect, which needs to be disentangled. The Q20
optics seems less subject to this effect but it is true that
the Q26 optics has a much higher SC parameter (~ 27)
compared to Q20 (~ 5).

New pyHEADTAIL simulations without and with SC
were performed for different shunt impedances of Broad-
Band resonators and the very interesting results are de-
picted in Fig. 17. It is seen that in the absence of SC, a
higher shunt impedance leads to an intra-bunch motion
pushed towards the tail. The effect of SC seems three-
fold: i) its pushes the intra-bunch motion even more to-
wards the tail; ii) it increases the frequency of oscillation
and iii) it increases or reduces the oscillation amplitude.
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The (simple) 2-mode approach (with a mode-coupling
between two consecutive modes m and m + 1), which was
used in the past in the case of the (very) “long-bunch”
bunch regime to reveal almost no effect of SC on
TMCI [25,26], can be extended also to the general case,
leading to the intensity threshold of Eq. (2)

Qs [Va&+ (a+ D2 =& + | =2|8037,,] @

where g, = AQs. / (2Qg) and g = |m| + 2 k (with 0 <
k < +oo defining the radial mode number). This means
that the same intensity threshold as the no-SC case is
obtained, i.e. it is the same as Eq. (1), except that Q; is

now multiplied by the term +/q% + (q+ 1)?—

Vqéc + g%, which is equal to 1 when g >> g and to 0
when qg. >> ¢. In particular, the same scaling with re-
spect to the other parameters is obtained and therefore the
same mitigation measure should be applied.

Based on these new results, another measurement cam-
paign is planned to try and disentangle between the im-
pedance and SC effects by varying the SC tune spread.
However, it is worth emphasizing that a solution has been
already found in practice for this instability in the SPS
and that it is not a performance limitation anymore.

LHC

Using the impedance model of the High-Luminosity
(HL-) LHC at injection and considering the case of zero
chromaticity, it was found with pyHEADTAIL simula-
tions that the TMCI between modes 0 and -1 without SC
is suppressed over the intensity range studied [26].

For the chromaticity Q” =+ 5, a HT instability with one
node (m = - 1) is observed without SC whereas it is com-
pletely suppressed with SC [26]. Studying the effect of
energy during the ramp, which reduces the SC tune spread
(by increasing the transverse emittances at injection ener-
gy), the instability re-appears at ~ 2 TeV. This energy is
the energy at which the first transverse single-bunch in-
stability was observed in the LHC during the first ramp
performed in 2010 with neither Landau octupoles nor
transverse damper [27].

CONCLUSION

A beneficial effect of SC is predicted in the (HL-) LHC
(working in the “short-bunch” regime) for both the HT
instability and TMCI. SC simulation with pyHEADTAIL
gives an explanation of the first single-bunch HT instabil-
ity observed in the LHC in 2010 with neither Landau
octupoles nor transverse damper. This might be good to
re-do a controlled experiment to confirm it. Furthermore,
SC simulation also predicts that SC increases significantly
the TMCI intensity threshold (Q* = 0) at (HL-) LHC in-
jection. This could not be studied at the moment as the
TMCl is currently out of reach in the LHC.

As concerns the SPS (working in the “long-bunch” re-
gime), several past measurements were close to the case
without SC. The intensity threshold was increased consid-
erably in practice by increasing the slip factor (based on
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theoretical analysis without SC) and this is working very
well: Q20 optics has replaced Q26 optics in the SPS for
all the beams to be sent to the LHC. However, a recent
theoretical analysis by A. Burov [24] predicts a detri-
mental effect of SC (even below the TMCI intensity
threshold without SC), which was confirmed by recent SC
simulations with Q26. The (simple) 2-mode approach was
also extended to the general case and the same intensity
threshold as the no-SC case is obtained, except that the
synchrotron tune is now reduced by SC. However, the
same scaling as without SC is obtained and therefore the
same mitigation measure should be applied. A new meas-
urement campaign is planned to analyze all this in detail.
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Figure 16: Comparison of intra-bunch motions between
measurements (left) and simulations with HEADTAIL
(right) for different cases with Q26 and Q20 optics.
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Figure 17: Intra-bunch motion from pyHEADTAIL simu-
lations without and with SC for different shunt impedanc-
es of Broad-Band resonator impedances.
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