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q Motivation for using optics to reduce collective effects
q Ring performance parameters

q Optics quantities affecting collective beam behavior
q Energy, beam sizes, slippage factor

q Concrete examples for rings in design or operation
q High intensity and/or high-power rings

q Negative momentum compaction factor - PS2 ring
q Ultra-low emittance rings

q Optics design of IBS dominated rings – CLIC damping rings
q Negative-α operation -> SUPER-ACO, VSOR, DAFNE, KEKB,…

qHigh-brightness hadron injectors and colliders
q Increasing impact of Landau octupole with optics – HL-LHC
q Raising instability thresholds – LHC beams at SPS
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Ring performance 
parameters
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• Luminosity (brightness)Colliders 
(and their 
injectors)

• Beam powerHigh-
power 
rings

• Photon brillianceX-ray 
storage 
rings

Extreme 
intensity within 
ultra-low beam 

dimensions

Collective 
effects become 
predominant

B =
Np

4⇡2✏̄x✏̄y

P = ĪEk

L =
N1N2fnb
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Linear optics for 
reducing collective effects
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qUnconventional approach
q Already large amount of single-
particle constraints to be satisfied, 
including non-linear dynamics
q Parameter space becomes entangled
and difficult to control and optimise

Analytical and 
numerical methods 

for obtaining global
parameterization

Cost effective 
solution if successful

q For operating rings, changing 
the optics is subject to restrictions

q Existing magnets and powering 
scheme
q Critical systems as RF and beam 
transfer elements
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“Optics” knobs I
q Beam energy (not a real optics constraint…)

q Depends on users needs, pre-injectors’ reach, cost…
q Almost all collective effect (e-cloud is one exception) 
are reduced with increased energy
q In e+/e- rings, and optimum needs to be 
found for reaching high-brightness

✏x / �2

q Transverse optics functions
q Larger beam sizes can reduce collective effects due to 
self-induced fields (space-charge, IBS)
q High-brightness requires low emittances, thus optics 
functions are only handle for increasing beam sizes
q Beta functions can also be manipulated to enhance 
impact of magnets used for Landau damping



“Optics” knobs II

24/09/20198MCBI 2019 - YP

qPhase slip factor with the⌘ = ↵p �
1

�2

momentum compaction factor ↵p =
1

C

I
Dx(s)

⇢(s)
ds

qDepends on energy and transverse beam sizes
q“Connects” transverse and longitudinal motion

q Synchrotron frequency (or bunch length)  
proportional to 

qInstability intensity thresholds (TMCI, microwave, 
coupled bunch,…)

p
⌘

Nth / ⌘
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PS2 ring
q Studied until 2010, as a 
possible upgrade scenario of the 
LHC injector complex
q Beam injected at 4 GeV/c 
from the LP-SPL and extracted 
at 50 GeV/c
q High-intensity ring with 
negative momentum 
compaction arc cells (avoid 
transition) and doublet straights
q Most of the design concepts 
adapted to a study of a High-
Power PS (2 MW) for neutrinos 
(LAGUNA-LBNO)

HP-PS

YP et al, IPAC2013



Optics optimization 
for PS2

q Applying GLASS method 
q Global view of the “imaginary” transition gamma and geometrical acceptance 
dependence on tunes

q Low transition energy for reducing collective effects (large horizontal tune)
q Large acceptance (vertical tune) for losses and magnet constraints (but small beam 
sizes)

q Working point choice based on this analysis and non-linear dynamics 
optimization
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CLIC damping rings
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q Ultra low-emittance bunches with high bunch 
charge trigger several collective effects

q Emittance dominated by IBS (significant blow up)
q Large vertical space charge tune-shift 
q Single and multi-bunch instabilities (TMCI, 
microwave, e-cloud, fast-ion, coupled bunch,…) 

Optics 
parameter 
optimization 
for reducing 
collective 
effects

F. Antoniou, PhD thesis, NTUA, 2013



Parameterization 
of TME cells
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f1 =
s2 (4s1ld + ld

2 +8Dxcρ)
4s1ld + 4s2ld + ld

2 −8Dsρ +8Dxcρ

=
lds2 12s1 + ld Dr +3( )( )

12ld s1 + s2( )+ ld2 Dr +3( )− 24Dsρ

f2 =
8s2Dsρ

−4s1ld − ld
2 +8Dsρ −8Dxcρ

=
24s2Dsρ

12lds1 + ld
2 Dr +3( )− 24Dsρ

q Analytical representation 
of TME quadrupole focal 
lengths (thin lens)

q Depending on horizontal 
optics conditions at dipole center 
(horizontal emittance) and drift 
lengths
q Multi-parametric space for 
applying optics stability criteria, 
magnet constraints, non-linear 
optimization, collective effects 
reduction,…

Dr =
Dxc

Dxc
min ,βr =

βxc

βxc
min ,εr =

εxc
εxc
min

Ds = g(s1, s2, s2, ld,βr,Dr )



TME optimization for 
reducing IBS

q Low cell phase advances can 
minimize IBS growth rates
q Correspond to large deviation
from absolute theoretical 
emittance minimum  

q Optimal also for minimizing 
space-charge tuneshift and 
increase momentum compaction 
factor
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Negative-α operation
q (Low) Negative-α in low emittance rings for 
reaching shorter bunches (short X-ray pulses for 
light sources or luminosity in e+/e- colliders)
q Interesting regime to study and possibly mitigate 
instabilities

q Head-tail damping and TMCI threshold increase with 
natural (negative) chromaticity (zero sextupole current)

lengthening threshold is decreased when a1 is reduced
and for operational beam current intensities above 5 mA,
the bunch length is independent of the magnitude of a1
(Fig. 4). These bunch length measurements were made
with a streak camera.

Figure 3. Experimental bunch lengthening with positive
and negative a1.

Figure 4. Experimental bunch lengthening
with three different negative values of a1.

3.4. Energy spread measurement versus current
The energy spread has been measured with two

methods. The first uses the variation of the horizontal
beam dimension with current at a location were the
dispersion function hx is not zero while the second is
based on the spectrum of an optical klystron [8]. The
result of these measurements, given in figure 5, shows
that the energy spread is almost constant at positive a1
whereas a significant increase with current is observed at
negative a1. This result is consistent with the predictions
of G. Besnier et al. [5].

Figure 5. Measured energy spread versus current
with positive and negative a.

4. CONCLUSION
The first order of the momentum compaction factor

a1 has been reduced by a factor 100 by both changing the
dispersion function in the bending magnets and
compensating the second order term a2.

The bunch length was measured at two values of a1,
respectively 0.015 and 0.0036 and shows that bunch
shortening is only clear at very low current.

Negative a1 operation has achieved a 100 mA stored
beam current in a single bunch with all the sextupoles
turned off. The bunch lengthening with current was
smaller than with positive a1 but the energy spread was
significantly larger.

Experiments with different negative a1 values show
that the bunch length is independent of the magnitude of
a1 for beam current intensities above 5 mA.
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SUPER-ACO

negative alternatively at the entrance and at the exit of the 

arcs along the beam direction. The dispersion adjustments 

should preserve the transverse betatron functions and the 

relative betatron phase advances in the two interaction 

regions and minimize their variation along the rings. This 

requires a general reconfiguration of the currents in all 

quadrupoles. During a short period devoted to machine 

studies two different value of �c have been investigated: 

�c = -.02 (in both rings) and �c = -.036 (only in the 

electron ring). After applying the new optics with 

negative momentum compaction and slight lattice 

optimization the ring has been completely characterized 

by measuring betatron functions, first and second order 

dispersion, chromaticity with and without sextupoles and 

the synchrotron frequency before starting systematic 

bunch length measurements. The optics implementation 

and measurements required less than one day per ring. In 

both rings the experimental data are in a good agreement 

with the optics model both for the linear and non-linear 

parts [10]. As an example, the transverse betatron 

functions and the dispersion measured in the positron ring 

are compared with the computed ones in Fig. 1. 

BEAM DYNAMICS 

Many beam dynamics experiments, including bunch 

length measurements, study of high current multibunch 

operation and first beam-beam collisions, were performed 

with �c=-0.019 in the positron ring and �c=-0.021 in the 

electron one. The absolute values of the negative �c were 

chosen to be as close as possible to the positive one in the 

normal collider operating conditions. 

Bunch Shortening 

Impedances and wake fields are well known for both 

the positron [11] and the electron [12] ring. Numerical 

simulations based on the wake fields reproduce well 

bunch length, charge distribution inside the bunch and the 

microwave instability threshold with positive momentum 

compaction. These wakes have been also used to simulate 

bunch shortening with negative alfa [13]. According to 

the predictions the bunch length should be shorter by 

50÷70% than in nominal operating conditions.  

In order to confirm these predictions the bunch length 

in both rings has been measured by means of a streak 

camera. The measurement set up is discussed else-

where [14]. The results are shown in Fig. 2 comparing 

bunch length for positive and negative �c. It can be 

observed that the bunch is substantially shorter with 

�c < 0, it shortens up to the microwave threshold and then 

starts growing. As predicted by simulations, for the 

positron ring the microwave instability threshold is only 

slightly lower than with the positive alfa: it is shifted from 

9÷10 mA down to 7 mA. No instability sidebands have 

been observed up to 16 mA/bunch which is higher than in 

the present working conditions. No intensity loss due to 

the head-tail instability has been detected for positron 

bunch currents as high as 40 mA with high negative 

chromaticities. 
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Figure 2: Bunch length as a function of bunch current in 

positron (left) and electron (right) rings (squares: positive 

alfa; circles: negative alfa). 

In the electron ring the bunch length is also shorter with 

the negative momentum compaction, but the microwave 

instability threshold is significantly lower than in the 

positron ring. This is explained by the larger coupling 

impedance of the electron ring (by about a factor 2) [12]. 

Multibunch Operation 

The RF cavity operation with negative momentum 

compaction factor required only: 

• change of the RF phase by about 170 degree (1.3 ns 

in time units) with respect to the injection complex, 

since the synchronous phase in this case is on the 

positive slope of the RF voltage; 

• re-adjustment of the tuning loop to get a certain posi-

tive detuning of the accelerating mode frequency, i.e. 

to provide some Robinson damping already at low 

current. 

High current operation in both rings has been tested by 

injecting 100 consecutive bunches (out of a maximum of 

120). No particular problem has been detected in manag-

ing the multibunch dynamics. Surprisingly, feedbacks 

were not necessary to store 400 mA in the electron ring. 

In order to obtain about 1 A of stable currents in both 

electron and positron beams the following procedures and 

set ups of the feedback systems have been applied: 

• Longitudinal feedback: ‘standard’ FIR filter (broad-

band, ‘low gain’), front-end and back-end retiming in 

both rings. 

• Vertical feedback: only back-end and front-end 

retiming in both rings. 

• Horizontal feedback: back-end and front-end 

retiming only in the positron ring; no horizontal 

motion in the electron ring till about 1A. 

The maximum storable currents at the level of 1 A were 

limited by injection saturation. Further current increase 

would require careful adjustment of injection closed 

bumps and dynamic aperture optimization. 

First Beam-Beam Collisions 

Optimization of beam-beam collisions has been carried 

out at low beam currents (less than 100 mA/beam) by 

measuring the luminosity as a function of calibrated 

vertical and horizontal bumps at the interaction point (IP). 

The average geometric rms beam sizes (�x,y) at IP, 

extracted from these measurements, have been minimized 

by adjusting collider parameters such as tunes, coupling, 

DAFNE

hand, at the negative a lattice, the dispersion function alters
from negative to positive in the bend and a large negative
dispersion function makes the integral of the dispersion in
the arc negative.

3 MEASUREMENT OF BUNCH
LENGTHENING

A dual-sweep streak camera is a powerful tool to observe
the electron distribution in the bunch and its variation in a
certain time range [5].  Since a slow-sweep axis can be
expanded up to 100 ms from the one turn period, we can only
observe the collective longitudinal oscillation with the
synchrotron frequency of about 15 kHz (see Table 1) but also
detect instabilities of which the electron distribution is
slowly varied.

Current dependent bunch lengthening has been measured
up to ~100 mA with the single-bunch mode for the almost
same absolute values of the positive and the negative
momentum compaction factors ( |a | = 0.03).  RMS bunch
lengths were deduced from spectra averaged  over many turns
in the two-dimensional dual-sweep  images of SR from a
bending magnet.  Figure 2 shows variations of  the bunch
length at a wide rang of the single bunch current.  For the
case of positive a, the bunch lengthens monotonously,
which is in agreement with our previous measurement. 

Basically the bunch lengthening is dominated by
potential-well distortion and microwave instability due to
the broad band impedance  of the beam chamber.  For the
case of the positive a, the bunch lengthening due to
potential-well distortion caused by the inductive impedance
is theoretically evaluated by Laclare as a function of the
beam currents  as
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where  sb is the bunch length at the current  I and sb0, a, n s

and R are the natural bunch length, the momentum
compaction factor, the synchrotron tune and the mean radius
of the ring, respectively [6].  The effective coupling
inductive impedance  [Z/n]eff is here normalized to the
revolution frequency.  A solid line in Fig. 2 is a fit with eq.
(1) to the bunch lengths in the positive a operation below
50 mA, and the effective coupling impedance of 1.3W  was
obtained.   Although it is not clear, one can see a
discontinuity point around 60 mA.

The bunch lengthening with the negative a was
drastically changed.  As one can see, the bunch shortening
was observed up to ~15 mA and then the bunch lengthening
with the current.

The bunch shortening can be simply explained assuming
the wake field generated by an inductive (L) impedance as
Vwake = - L(dI/dt).  Since the synchronous phase of the

beam with the negative a is the opposite side
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Fig. 2 Measured bunch lengths plotted as a function of the
beam current.

of the slope of the accelerating RF field, a combined field
with the RF field and wake filed become steep if the other is
gently-sloping.

4  MEASUREMENT OF ENERGY SPREAD
Radiation spectrum from the optical klystron is very

sensitive to the beam energy spread.  A modulation factor,
which indicates degree of interference between two radiation
from undulators separated by a dispersive section, defined as,
fmod = (s+ - s-)/(s+ + s-), where s+ and s- are the maximum and
the minimum intensities of a jagged-structure spectrum,
respectively.  Complete interference in both spatial and
frequency domains makes fmod = 1.  An actual modulation
factor may be separated into two terms as  fmod = fe• fg, where
fe and fg  are the modulation factors originated from the
emittance and the energy spread, respectively.  The
analytical formula of fg is written as
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               (2)
where  Nu and Nd are the period number of one undulator and
the interference order of the radiation.

We chose a resonant wavelength of 355 nm to measure
the modulation factor, and  at the wavelength was 130.
Results of the measurement of the energy spread are plotted
as a function of the beam current in Fig. 3.  Absolute values
were normalized to calculated one at the very low beam
current.  One can apparently notice the threshold beam
current  around 50 mA and 15 mA exits for the increase of
the energy spread in the positive and negative a operation,
respectively, which correspond with the discontinuity seen
in data of the bunch length measurement (Fig 2.)  These

VSOR

a shorter bunch length than that of positive α optics. The 
shortening of the bunch length is enhanced as the bunch 
current increases although the calculation shown in Table 
2 predicts a small effect on the bunch length in the zero-
current limit. The bunch length of the HER was measured 
only by the RMS bunch length monitor (Figure 12) and it 
was also shorter at negative  α optics.  

SUMMARY 
The flexible KEKB lattice enables us to adjust the 

horizontal emittance and momentum compaction factor 
independently. Lattice setting of negative α optics was 
successfully done. The synchrotron tune is consistent with 
the calculated value and the beam phases were changed 
between negative and positive α optics as expected. We 
confirmed that bunch lengthening was reduced at negative 
α optics using the three methods. The bunch length 
shortening using the negative α lattice has the potential to 
increase the KEKB luminosity further. 
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Figure 12: Bunch length measurement for the HER at 

KEKB using the RMS bunch length monitor.
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Negative-α operation
q Drawbacks: 

q Difficult optics conditions to achieve in operating 
rings (in particular for low-α values)
q Energy spread dependence w.r.t. current shows 
stronger increase for negative-α due to microwave 
instability

lengthening threshold is decreased when a1 is reduced
and for operational beam current intensities above 5 mA,
the bunch length is independent of the magnitude of a1
(Fig. 4). These bunch length measurements were made
with a streak camera.

Figure 3. Experimental bunch lengthening with positive
and negative a1.

Figure 4. Experimental bunch lengthening
with three different negative values of a1.

3.4. Energy spread measurement versus current
The energy spread has been measured with two

methods. The first uses the variation of the horizontal
beam dimension with current at a location were the
dispersion function hx is not zero while the second is
based on the spectrum of an optical klystron [8]. The
result of these measurements, given in figure 5, shows
that the energy spread is almost constant at positive a1
whereas a significant increase with current is observed at
negative a1. This result is consistent with the predictions
of G. Besnier et al. [5].

Figure 5. Measured energy spread versus current
with positive and negative a.

4. CONCLUSION
The first order of the momentum compaction factor

a1 has been reduced by a factor 100 by both changing the
dispersion function in the bending magnets and
compensating the second order term a2.

The bunch length was measured at two values of a1,
respectively 0.015 and 0.0036 and shows that bunch
shortening is only clear at very low current.

Negative a1 operation has achieved a 100 mA stored
beam current in a single bunch with all the sextupoles
turned off. The bunch lengthening with current was
smaller than with positive a1 but the energy spread was
significantly larger.

Experiments with different negative a1 values show
that the bunch length is independent of the magnitude of
a1 for beam current intensities above 5 mA.
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points can be considered as onsets of the microwave
instability.  As seen in the figure, the growth rate of the
microwave instability in the negative a operation is faster
than in the positive one, which may be interpreted by the
higher peak current coming from the bunch shortening
effects due to the inductive impedance.

5  SUMMARY

The bunch length and the energy spread were measured as
a function of the beam current for the positive and negative
momentum compaction factor.  In the positive a operation,
the bunch was lengthened monotonously with beam current.
However at the very high current the microwave instability
was occurred, which is confirmed by the measurement of the
energy spread.  The bunch shortening was observed in the
negative a operation below the threshold current for the
microwave instability.  Once the microwave instability was
occurred, the energy spread grew rapidly with the beam
current. The averaged bunch length with the negative a is
shorter than that with the positive a at the wide range of the
beam current.  Nevertheless the negative a operation has no
advantage because of the lower threshold current of
microwave instability.  As far as the UVSOR ring, the
suggestion of Fang et. al. is not realized.  Probably the
impedance model of the low Q resonator employed in their
article is not suitable for the UVSOR ring.
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is indicated by the growth of the energy spread for the
bunch current I > Ith. Dependence of the energy spread on
current is shown in Fig. 6 for positive and negative mo-
mentum compaction (MC) factors for the same wake. As
the figure shows, the / 20 mA threshold for !0 > 0 is
reduced to 5 mA for !0 < 0. However, even 5 mA bunch
current is by a factor of 2 higher that the present PEP-II
bunch current and may be acceptable.

VII. LONGITUDINAL HEAD-TAIL INSTABILITY

The longitudinal head-tail (LHT) instability is, probably,
the main problem of the low-momentum compaction lat-
tices. The growth rate of instability [6]

1

"
! " 1

3T0

!1

!0

!
#z
E

"!
d!E
d#z

"
; (8)

where T0 is revolution period, #z is the rms bunch length,
!E is the energy loss per turn per bunch, E is the beam
energy. The growth rate depends on the variation of the
energy loss with the bunch length. For the case of !1 ’ !0
the growth rate is low and the instability is usually sup-
pressed by the synchrotron radiation (SR) damping. The
situation is different for our case with the anomalous large
ratio #!1=!0$. The growth rate in this case may exceed the
SR damping. As an example, the extreme case of the strong
instability is shown in Fig. 7. The bunch dynamics for the
2 mA bunch current is shown in the phase plane #z;$$.
Time indicated in the figure is in number of turns. Initially,
the bunch is located at the FP corresponding to momentum
compaction !< 0. After t > 600 turns, the bunch splits in
halves. The same simulations with the bunch initially
located at the FP corresponding to !> 0 shows only stable
motion. Results are obtained using the direct solution of
the Fokker-Planck equation [8].

To study the longitudinal HT instability, we carried out
two type of simulations. In the simple simulations, we

calculate trajectories of four particles solving with
MATHEMATICA equations of motion. That allows study of
the dynamics of the system including quantitative result for
the emittance variation. Equations include synchrotron
oscillations and interaction between particles proportional
to the wake convoluted with # ! 8 mm Gaussian bunch,

d%i
d"
! "$i#1% &$i$; (9)

d$i
d"
! %i "

1

4

X
j
IbunchW&%i " %j';

where#i; j$ ! 1; 2; 3; 4, the dimensionless % is the distance
of a particle from the bunch center in units of the rms bunch
# and $ is relative energy offset !E=E in units of the
relative rms energy spread $0, " ! !st, and & !
#!1=!0$$0. Note that in this units one revolution period
T0 ! 2'. In the simulations we used LER parameters, the
synchrotron period equal to 56 revolution periods, !0 !
5:34( 10"4, !1 ! 5:54( 10"4, $0 ! 7:7( 10"4, and
# ! 8 mm.

Trajectories were calculated with initial conditions %i !
"0:33;"0:27; 0:27; 0:33, $i ! 0 for the particles initially
located at the FP corresponding to !< 0 for the time
interval up to 700 synchrotron periods. Results for the
bunch current Ibunch! 0:5 mA clearly show that the sys-
tem in unstable although the growth rate is small.

We tried to understand whether the instability can be
compensated. The LHT instability is a peculiar one:
although it is a single-bunch instability, the cause of the
instability is the variation of the energy loss per bunch
coupled to the motion of the bunch centroid. Therefore, it
seems that the instability might be stabilized by the longi-
tudinal feedback system (FB).

We model the FB generating a buffer %1; . . . ; %56 which
stores positions of the bunch centroid for the last of 56

FIG. 6. (Color) Energy spread vs beam current for positive and negative momentum compaction factors.
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q Motivation for using optics to reduce collective effects
q Ring performance parameters

q Optics quantities affecting collective beam behavior
q Energy, beam sizes, slippage factor

q Concrete examples for rings in design or operation
q High intensity and/or high-power rings

q Negative momentum compaction factor - PS2 ring
q

q
q

qHigh-brightness hadron injectors and colliders
q Increasing impact of Landau octupole with optics – HL-LHC
q



Instabilities 
in the LHC

q Instabilities mitigated with high 
octupoles, chromaticity and ADT 
gain (need well-corrected coupling)
q Octupole settings based on 
measurements 

q Within reach for BCMS
q Out of reach for BCS (higher
brightness)
q Similar needs for HL-LHC beams

Octupole 
current [A]
2017/
2018a 2018b

X. Buffat et al. Evian 2017



From ATS to ATS

q Telescope of ATS optics 
employed to enhance β at 
octupoles’ location and thereby 
achieve more Landau damping
for maximum current (HL-LHC
operational scenario)s

MO tune spread 
amplification @ 25 cm 

vs.b*
pre-squeeze

b*
pre-squeeze [m]

60 % @ b*
pre-squeeze =60cm

S. Fartoukh
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q Motivation for using optics to reduce collective effects
q Ring performance parameters

q Optics quantities affecting collective beam behavior
q Energy, beam sizes, slippage factor

q Concrete examples for rings in design or operation
q High intensity and/or high-power rings

q Negative momentum compaction factor - PS2 ring
q

q
q

qHigh-brightness hadron injectors and colliders
q
q Raising instability thresholds – LHC beams at SPS



Injectors for high
brightness – CERN SPS

q LHC injectors upgrade (LIU 
project) for High Luminosity LHC 
(HL-LHC)

q Significantly higher intensity and 
brightness is required from injectors, 
including the SPS

M. Medahi et al. IPAC 2019

q Intensity limitations of SPS
q Beam loading in 200MHz and 800MHz RF system – RF upgrade
q Transverse mode coupling instability at injection (TMCI)
q Longitudinal instabilities (single and multi-bunch)
q Electron cloud for 25ns

WG chaired by E. Shaposhnikova
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q Increase slippage factor in 
SPS (all FODO lattice) by 
reducing horizontal tune 
(from 26 to 20, Q26 vs. Q20)

Increasing slip factor
(lowering γt)

⇥ =
1
�2

t

� 1
�2

�tF ODO � Qx

0 200 400 600 800 1000
0

20

40

60

80

100

120

s (m)

!
x
, 
!

y
 (

m
)

−2

0

2

4

6

8

10

D
x
 (

m
)

 

 

D
x

!
x

!
y

SPS

Qx,Qy=26.13,26.18

0 200 400 600 800 1000
0

20

40

60

80

100

120

s (m)

!
x
, 
!

y
 (

m
)

−2

0

2

4

6

8

10

D
x
 (

m
)

 

 

D
x

!
x

!
y

SPS

Qx,Qy=20.13,20.18

Slippage factor increased by a factor of 
2.8 at injection and 1.6 at flat top

15 20 25
0

1

2

3

4

5

6

!
t

"
/"

n
o

m
.

 

 

"/"
nom.

 at injection (26 GeV/c)

"/"
nom.

 at extraction (450 GeV/c)

Slip factor relative to 
nominal SPS optics

Nominal 
optics Q26

Q20



TMCI threshold
q In nominal optics, measured/simulated threshold at 
1.6x1011p/b for low chromaticity Nth / "l

�y
⌘

q Measured/simulated 
threshold in Q20 > 
4x1011p/b!!!

H. Bartosik et al, IPAC 2014

• High-chromaticity increases threshold, but for high losses



E-cloud instability 
threshold

q Simulations with HEADTAIL code
q Injection energy, uniform cloud distribution, 
located in dipole regions

q Linear scaling with Synchrotron tune 
demonstrated
q Clearly higher thresholds predicted for Q20 H. Bartosik et al, IPAC2011
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Longitudinal impedance 
threshold

q Impedance threshold has minimum at flat top
q Controlled longitudinal emittance blow-up during ramp for Q26
q Less (or no) longitudinal emittance blow-up needed in Q20
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200 MHz RF

Voltage program 200 MHz RF system

Higher RF-voltage in Q20 for 
same bucket filling factor Becomes critical

E. Shaposhnikova

q Instability limit at flat bottom 
q Crtitical with Q26 when pushing intensity
q Big margin with Q20 (factor of 3) but for increased voltage

Nth / ✏5/2l ⌘

Q22?



Stability without 
longitudinal blow-up

T. Argyropoulos,
PhD thesis 2015
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LHC brightness with 
SPS Q20

q Operational deployment of Q20 optics for LHC beams since 2012 allowing 
around 20% brighter beams on LHC flat bottom

q Opened way for ultra-high brightness beams of HL-LHC era

Q20 Q26 

YP et al. IPAC 2013



Summary
q Optimization of linear optics parameters with 

direct impact to collective effects
q Using analytical and numerical methods 
q NMC cell design and working point choice in high-

intensity (or high-power) rings
q Conceptual design of ultra-low emittance rings 
q Negative-α optics for instability mitigation
q Enhance Landau damping with optics manipulation
q Break intensity limitations in operating LHC injectors, 

without any cost impact or hardware change
q Optics design needs to go beyond single-particle 

dynamics and include collective effects for reaching 
optimal performance
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Instability thresholds and 
slippage factor

q Transverse instabilities
q TMCI at injection - single bunch instability in vertical plane

q Threshold at 1.6x1011p/b (εl=0.35eVs, τ=3.8ns) with low vertical 
chromaticity

Nth / "l
�y

⌘

q E-cloud vertical instability for 25ns beam 
q Threshold higher than 1.2x1011p/b due to scrubbing

Nth / Qs /
p
⌘

q Longitudinal instabilities
q Single bunch and coupled bunch due to loss of Landau damping

q Threshold at 2x1010p/b for single harmonic RF (800 MHz cavity use is 
mandatory) 

T. Argyropoulos, PhD thesis, 2015


