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LONGITUDINAL MICROWAVE INSTABILITY IN A MULTI-RF SYSTEM
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Abstract

The longitudinal microwave instability is observed as a
fast increase of the bunch length above some threshold in-
tensity. Recently, this type of instability was seen for a sin-
gle proton bunch at high energies in the CERN SPS and is
proven to be one of the limitations for an intensity increase
required by the HL-LHC project. In this paper a theoret-
ical approach to the analysis of the microwave instability
is verified by particle simulations. The study is applied to
the SPS and is based on the current SPS impedance model.
Finally, the effect of the 4th harmonic RF system on the
microwave instability threshold is investigated as well.

INTRODUCTION

There is a very wide range of phenomena in high-
intensity circular accelerators that is called by the same
name “microwave (uw) instability”. Usually, but not al-
ways, an instability is called pw if

frm>1, (D

where 7 is the bunch length and f, = w,./(27) is the reso-
nant impedance frequency. In proton accelerators pw insta-
bility is observed as a fast increase of the bunch length and
thus of the longitudinal emittance ¢;. This bunch lengthen-
ing can be distinguished from the bunch lengthening due to
potential well distortion by a change in the slope of bunch
length versus intensity. The break point where the slope
changes is considered as the instability threshold.

The operation of the CERN SPS in the past was lim-
ited by pw instability. At that time, measurements with
long bunches and RF off had allowed the dominant res-
onant impedances with high Rg,/Q to be seen as peaks
in the unstable beam spectrum [1], where Ry is the shunt
impedance and @ the quality factor. Most of the impedance
sources were identified and it was proved, both by measure-
ments and simulations, that the pumping port impedance
was the main source of instability. Consequently, shielding
these devices led to a significant improvement of the beam
stability [2].

Today, the SPS is used as the LHC injector where parti-
cles are accelerated by the main 200 MHz RF system. In
addition to that, for proton beams, a 4%h harmonic RF Sys-
tem (800 MHz) operated in bunch shortening mode (BSM)
is used for beam stability (Landau damping). During mea-
surements in 2012, before long shutdown 1 (LS1), a sta-
ble LHC proton beam (4 batches of 72 bunches each)
with a bunch spacing of 25 ns and a bunch intensity of
N, =1.35x10'! p/b was accelerated to the SPS top energy
(450 GeV/c) [3]. Nevertheless, according to the HL-LHC
project [4], beams with an intensity of up to 2.5x 10! p/b
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will be requested from the SPS. This means that one needs
to almost double NN, while maintaining the same bunch
length at SPS extraction (74, < 1.7 ns), restricted by the
LHC 400 MHz RF system. The maximum bunch length
allowed by the Beam Quality Monitor (BQM) for injection
into the LHC is 7 = 1.9 ns.

Recent measurements for single high-intensity bunches
(Np > 2.0x10* p/b) showed that longitudinal emittance
increases during the cycle, pointing out that a pw instability
could be responsible for this effect.

UNCONTROLLED EMITTANCE
BLOW-UP

Longitudinal emittance blow-up is observed in the SPS
for both single and multi-bunch beams. An example of
bunch lengths measured in 2012 for single high-intensity
bunches at the SPS flat top is presented in Fig. 1. The mea-
surements were performed in a double RF system in BSM
with RF voltages Vo99 = 2 MV and Vggo = 200 kV in the
200 MHz and 800 MHz RF systems, respectively [5]. Note
that V500 = 2 MV is much lower than the V599 = 7 MV
that is used in normal operation in order to compress the
bunch before extraction to the LHC.
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Figure 1: Measured bunch length as a function of intensity
for a single bunch at the SPS flat top in a double RF system
(BSM). The voltages Vo09 = 2 MV and Vg9 = 200kV [5].

A strong increase of the bunch length with intensity is
shown in Fig. 1 which can not be attributed to the poten-
tial well distortion with the SPS longitudinal impedance
model [6]. In particular, in the current model, which in-
cludes the RF cavities, resistive wall, injection and ex-
traction kickers, the low frequency reactive part of the
SPS impedance is ImZ/n =~ 3.5 ), while much higher
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impedance is needed to explain the observed emittance
growth (ImZ/n ~ 15 Q) [7]. Therefore, a blow-up of the
bunch must have occurred during the cycle.

Indeed, measurements performed in 2014 under similar
conditions showed that instability occurs during the accel-
eration ramp. Examples are presented in Fig. 2, where the
bunch length evolution during the cycle is depicted. As can
be seen in the figure, for intensities above 2.5x 10! p a
blow-up in emittance takes place during the ramp, leading
to larger bunch lengths at the SPS flat top. Note that the
voltage program for the 200 MHz RF system was adjusted
to have a constant bucket area of 0.5 eVs along the cycle.
Usually, 0.6 eVs is used for the LHC type of beams. This
was done in order to increase the filling factor and thus to
increase Landau damping due to the non-linearity inside
the bunch.
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Figure 2: Measured bunch length along the SPS cycle for a
single bunch with different intensities in double RF (BSM).

Similar behavior was also measured in the single RF sys-
tem. However, in that case, the instability during the cycle
was observed at lower intensity (~1.7x10! p) compared
to the double RF (BSM).

Great effort was made during the last 2 years to identify
the impedance sources, responsible for this instability, by
beam measurements and simulations [8]. In addition, elec-
tromagnetic simulations and measurements in the lab were
carried out to determine the impedance of different devices
in the SPS ring [9]. An example of beam measurements
performed at the SPS flat bottom with very long bunches
(T =~ 25 ns) and RF off, similar to those done in the past [1],
is presented in Fig. 3. A strong peak at a frequency around
1.4 GHz was observed [8].

A thorough, element-by-element impedance assessment
was then started to find the source of the 1.4 GHz reso-
nance. It has been found that this resonant peak originates
from the impedance of certain SPS vacuum flanges [10].
Several types of these flanges are used for the connection of
various machine elements and their total number in the ring
is around 550. Electromagnetic simulations and RF mea-
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Figure 3: Example of measurements performed on the SPS
flat bottom with long bunches (7 ~ 25 ns) and RF off [8].
Top: bunch profile modulated at 200 MHz and at a higher
frequency (~ 1.4 GHz). Bottom: projection of the Fourier
spectra of all the bunch profiles acquired during ~ 100 ms.
Measurements in the Q26 optics with N, ~ 1 x 1011,

surements [9] were carried out to determine the impedance
of these elements, and for a subset of ~ 120 of them, a res-
onance at 1.4 GHz has been found with an Ry, /Q ~ 9 kQ
and @) ~ 200. Significant resonances were also found from
other types of vacuum flanges at around 1.2 GHz, 1.8 GHz
and 2.5 GHz.

MICROWAVE INSTABILITY DUE TO
RESONANT IMPEDANCE

The effect that a resonant impedance at the high fre-
quency of 1.4 GHz has on the bunch stability was studied
in more detail both in single and double RF systems.

The fast pw instability threshold can be estimated for
a broad-band impedance using the Keil-Schnell-Boussard
criterion [11]. However, when applied for the SPS case
in the past, a much lower threshold in intensity was ob-
tained [12]. Analytical solutions for the instability thresh-
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olds can be calculated for a fast instability growth for a
bunch with Gaussian distribution in the limiting cases of a
broad-band (f,.7 > @) or narrow-band (f,7 < Q) reso-
nant impedance [12, 13]. For the instability threshold of a
single bunch in a single RF system defined by the interac-
tion with a narrow-band resonator it is the value of Ry}, /Q
which is important, while Ry}, /n, is relevant for a broad-
band impedance.

Macroparticle simulations were carried out to verify this
prediction, using the code BLonD [14]. The simulation was
set up to match the experimental conditions at SPS flat top.
The particle distribution closest to the measured one was
found to be F(H) = (1 — H/Hy)?, where H is the single
particle Hamiltonian and Hj is the Hamiltonian that cor-
responds to the limiting phase space trajectory. The initial
matched distribution was created iteratively and the parti-
cles were then tracked for 1.15 s (around twice the time of
the SPS flat top). The criterion used to estimate the thresh-
old was based on the bunch length growth and on its oscil-
lation amplitude at the end of the simulation. In particular,
the bunch was considered unstable when 7 /Ti > 5% or
AT > 100 ps, where 7y, 7; are the final and initial bunch
lengths and A7 is the maximum bunch length oscillation
amplitude.

Initially, the case with a single RF system was studied. In
order to compare with the above-mentioned expectations,
the same Ry, /Q = 10 k) was used while the value of )
(and Rg},) was varied. The simulation results are summa-
rized in Fig. 4 where the instability threshold as a function
of bunch emittance is plotted.
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Figure 4: Instability threshold as a function of intensity for
different Q) values, found in simulations for a single bunch
at SPS flat top (450 GeV/c) in single RF and for a resonator
with Ry, /@ = 10 k. The voltage Vogg = 2 MV.

For Q > 50 the instability threshold is practically un-
changed, confirming the fact that only Ry}, /@ is important
for the bunch stability when the resonator is in the narrow-
band regime. Note that for all the simulated bunches f,7 <
4 < 50. Instead, when Q < 50, R, becomes important
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for stability since the resonator approaches the broad-band
regime. As a consequence, for instability in narrow-band
impedance regime, damping the resonator does not help
much since Rg,/(Q) stays constant. In particular, a damp-
ing of more than a factor 50 should be achieved in order to
increase the instability threshold.

Similar dependence on Ry}, /@ and @) was also found for
a double RF system when the harmonic and the voltage
ratios are ho/hy = V1 /V, = 2. The two operating modes
of the double RF system were studied, namely the bunch-
shortening mode (BSM) and the bunch-lengthening mode
(BLM) in which, above transition, the phase between the
two RF systems is 7 and 0, respectively. The results for
@ = 250 are presented in Fig. 5, together with the single
RF case for comparison.
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Figure 5: Instability threshold as a function of intensity
found in simulations for a single bunch at the SPS flat
top (450 GeV/c) in single and double RF systems (BSM
and BLM) with ho/hy = V1 /Va = 2. A resonator with
Q = 250 and Rg,/Q = 10 k2 was used as an impedance
source. The voltages V09 = 2 MV and Vggg = 1 MV.

From pw theory, it is expected that the instability thresh-
old increases with relative momentum spread (Ap/p) in-
side the bunch [11, 12, 13]. The fact that BSM, which has
the maximum value of Ap/p, has the highest threshold is
in line with this. Similarly, BLM has the lowest threshold
amongst the three cases.

However, the previous result is not valid anymore when
the harmonic ratio between the two RF systems is ho /h1 =
4, as presently in the SPS. Particle simulations performed
for this harmonic ratio and for two different voltage ratios
showed that above a certain emittance the instability thresh-
old is higher in a single RF system (see Fig. 6).

A possible explanation of this fact can be obtained by
inspecting the synchrotron frequency distribution inside
the bunch f5(J), where J is the action (similar to the
€;). Examples of distributions calculated for a bunch of
e; = 0.6 eVs are presented in Fig. 7. As one can see, in
BSM, there are regions with zero derivative, f/(J) = 0
in the tails of the bunch which can reduce significantly
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Figure 6: Instability threshold as a function of intensity
found in simulations for a single bunch at SPS flat top
(450 GeV/c) in single and double RF systems (BSM) with
ha/h1 = 4. A resonator with Q = 250 and Ry,/Q =
10 k2 was used. The voltage Voqp = 2 MV.

the loss of Landau damping threshold, as has been shown
in [15, 16]. Note that ¢; ~ 0.6 eVs corresponds to the typ-
ical emittance of LHC-type proton beams at SPS flat top.
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Figure 7: Synchrotron frequency distribution inside the
bunch, corresponding to the points with ; = 0.6 eVs in
Fig. 6, with the same color convention.

SPS LONGITUDINAL INSTABILITY

Macroparticle simulations were performed for compari-
son with measurements for single- and multi-bunch beams.
The SPS impedance model [6], including in addition the
impedance of the vacuum flanges, was used. The results for
single high-intensity bunches in a double RF system (BSM)
are shown in Fig. 8, where bunch lengths found from sim-
ulations and measurements at the SPS flat top are plotted
together. For both of them, a strong increase of the bunch
length with intensity is observed.
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Figure 8: Measured and simulated bunch length as a func-
tion of intensity for a single bunch at SPS flat top in dou-
ble RF system (BSM). The voltages V509 = 2 MV and
Voo = 200 kV.

As aforementioned, this increase cannot be attributed
to potential well distortion, but to a pw type of instabil-
ity instead. Indeed, clear instability thresholds can be ob-
served in simulations. In particular, for the emittances of
e; = 0.35 eVs and ¢; = 0.45 eVs the thresholds were
found at Ny, = 2.5 x 10! and Ny, = 2 x 1011, respec-
tively. The final bunch lengths obtained in simulations are
in very good agreement with the measurements. In fact,
for the measurements done in 2014, the instability thresh-
old has been found at around Ny, = 2.5 x 10 | as in
the simulations with ¢, = 0.35 eVs. Unfortunately, for
the measurements performed in 2012, the threshold is not
visible, since points at low intensities are missing. Note
that in all these measurements the 200 MHz voltage was
very low (2 MV), which is good for Landau damping, but
unfavorable for pw instability due to the low momentum
spread. Furthermore, it was found from simulations that
the threshold was increased by increasing the RF voltage,
confirming the pw nature of the instability.

Simulations were also carried out with a multi-bunch
beam at the SPS flat top. At the moment, only six bunches
(spaced by 25 ns) could be simulated and thus only quali-
tative conclusions can be drawn. For the same longitudinal
emittance, the instability threshold for 6 bunches has been
found to be almost twice lower than that for a single bunch.
This result, presented in Fig. 9, is in agreement with mea-
surements in the double RF system, where the single bunch
instability threshold is approximately twice higher than the
multi-bunch one.

In addition, in simulations only a coupling between a
few bunches (3 or 4) was observed, and no coupled-bunch
mode could be identified, similar to all beam observations.
Indeed, in measurements bunches spaced by 25 ns or 50 ns
are coupled, but the distance of 225 ns between the PS
batches is enough to practically fully decouple them; in-

ISBN 978-3-95450-173-1
407



THO4LRO01

12

—e—1 bunch
—®—6 bunches

e
o
T

[22]

i

Intensity threshold [x10”]
(=]

%)

/

0.2 04 0.6 0.8 1 1.2
emittance [eVs]

Figure 9: Instability threshold found in simulations for a
single- and a 6-bunch beam at SPS flat top and double RF
(BSM). The voltages Vo9 = 7 MV and Vg9 = 640 kV.

stability thresholds in the SPS with 1 to 4 batches are very
similar [17].

Finally, simulations performed under similar conditions,
both for single- and multi-bunch beams, but without the
impedance of the vacuum flanges, showed that the insta-
bility threshold is twice higher. Therefore, measures for
reducing this impedance should be considered in order to
reach the intensity required by the HL-LHC project.

CONCLUSIONS

Uncontrolled longitudinal emittance blow-up has been
observed in the CERN SPS both for single- and multi-
bunch beams. This is presently one of the main limitations
for reaching the intensity required by the HL-LHC. Beam
measurements revealed a strong signal at 1.4 GHz coming
from the SPS vacuum flanges. The effect of this resonant
impedance on beam stability was studied using macropar-
ticle simulations. It was shown that for narrow-band res-
onators the instability thresholds scales with Ry, /Q, while
for broad-band, Rg}, is important, as expected from theory.
The cases of single and double RF systems were inspected.
In particular, for the double RF system with harmonic ratio
ha/hi = 2, the intensity threshold scales with the relative
momentum spread, i.e. it is higher in BSM and lower in
BLM compared to the single RF. On the contrary, above
a certain longitudinal emittance, beam stability becomes
worse in BSM than in single RF when ho/hy = 4. The
microwave nature of the instability observed in the SPS
was also confirmed by simulations using the current SPS
impedance model. SPS vacuum flanges were identified as
the responsible impedance source; measures for reducing
this impedance are currently being considered.
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