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Theory of the Alternating-Gradient Synchrotron:
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“Thus if the variation in k from magnet to magnet
were 1% (...) we would have a β-beating of 4%.
Any particular machine (...) would be unlikely to be
worse by more than factor of 2.”

→ Expected β-beating below 8% for any machine
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120% in LHC, commissioning 2016
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≈400% in PEP-II, commissioning 2005

BETA-BEAT CORRECTION USING STRONG SEXTUPOLE BUMPS IN 

PEP-II* 

G. Yocky
#
, SLAC, Menlo Park, CA94025, USA

Abstract 
A method for correcting lattice beta mismatches has 

been developed for the PEP-II collider using orbit offsets 

in strong sextupoles.  The solution is first predicted in the 

MAD program by modelling closed orbit bumps in the 

plane of correction at the sextupoles strongest in that 

plane.  The derived solution is then tested in the machine 

to confirm prediction, and finally dialled into the machine 

under high-current conditions.  

INTRODUCTION 

During PEP Run 5, a large horizontal beta-beat 

developed in the LER (Fig 1) of approximately four to 

one.  The vertical beta-beat of about 1.4:1 (Fig 2) was less 

a worry.  Concern for the dynamic aperture of the 

machine as well as the desire to have a machine that 

matches the design lattice for future optics work led to the 

search for a fix. 

Several constraints limited the approach, however.  The 

most prominent of which was delivering luminosity to 

BaBar.  Given that any quadrupole magnet perturbed 

would require a full machine standardize, a process which 

takes 30 minutes, a beta-fix solution that includes 

electromagnets is less likely to find machine development 

time to test. 

 

Fig. 1:  LER horizontal beta-beat from 16-Aug-2005. 

Since the LER lattice has relatively few, strong 

sextupoles segregated into focussing and defocussing 

arcs, a closed orbit bump in a sextupole of the proper 

phase can be made that creates a beta-wave that cancels 

the beta deviation from design. 

By using the MAD program iteratively, it is possible to 

find a solution of closed orbit bumps in the sextupoles to 

find such a solution. 

 
Fig. 2:  LER vertical beta-beat from 16-Aug-2005. 

SOFTWARE 

In order to model the solution, two tools were used.  

Primarily, an OSX port of MAD 8.51 [1] was used 

iteratively with Matlab R14 to produce and analyze 

potential solutions.  A Matlab script was created that 

auto-generated the MAD input files for ease of use and to 

allow a looping mechanism that determined whether or 

not a potential solution was of the desired class or not. 

 

Figure 3:  LER horizontal beta-beat, MAD-derived 

modelled solution. 

_____________________ 
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Even ∆β/β ≈ 700% was reached when LER tune
was pushed closer to the half integer



Colliders in the tune space
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β∗ in hadron colliders

β∗‖ β∗×
[m] [m]

ISR 0.3 3
SppS 0.15 0.6

Hera-p 0.18 2.4
RHIC 0.50

Tevatron 0.28
LHC 0.4

HL-LHC 0.15
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β∗ in FCC-hh? 5 cm?
17

TABLE VI. Summary of the presented triplet options. The shielding thickness defines the minimum β∗. The β∗ used for
FLUKA studies was set to the “ultimate” goal where possible and mainly impacts the dose via the crossing angle.

L∗
Shielding
thickness

Minimum
β∗a

β∗ for
FLUKA

study
Crossing

angle
Dose for

17 500 fb−1

[m] [mm] [m] [m] [µrad] [MGy]

0 50 100 150 200

Q1
Q2
a

Q2
b

Q3

46 0 0.8 0.8 86 (horizontal) 14000

0 50 100 150 200

Q1 Q2a Q2b Q3

36 15 0.2 0.3 140 (vertical)

250

175b

120c

0 50 100 150 200

Q1 Q2a Q2b Q3

61 15 0.2 0.3 170 (vertical) 215

0 50 100 150 200

Distance from IP [m]

Q1 Q2a Q2b Q3

45

15

55

0.05d

0.15

0.3 178 (vertical)

145

15

a Assuming an ambitious beam stay clear requirement of 12σ
b With Q1 split
c With Q1 split and crossing angle variation
d Optics solution for arc integration only found for β∗ = 0.1m or larger
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Luminosity imbalance CMS/ATLAS

Fill number in 2011
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ATLAS was not happy to get lower luminosity (due
to β-beating). Now 5% imbalance is too large.



HL-LHC: β∗ accuracy Vs tune resolution

F. Carlier et al, Phys. Rev. Accel. Beams, 20, 011005 (2017)
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β-beating versus time
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Comparing β measurement techniques I

well for these oscillation amplitudes, as they were included
in the tracking simulations where an accuracy of below
0.3% of the measured β-function was achieved, as shown in
Fig. 5. These assumptions are supported by analyzing the
frequency spectrum in Fig. 7, where no cubic distortions
are visible, as it was for example the case in [3].
Figure 8 shows the β-beating as computed from the

phase of the betatron oscillation with theN-BPMmethod in
comparison with the results obtained with LOCO. The error
bars for the N-BPM method contain systematic and
statistical uncertainties, whereas the error bars for LOCO
account only for the reproducibility of the results.
There is a good agreement for many data points between

both methods, however in general the deviations from
LOCO to the nominal model are smaller, as shown in
Table V. Another method which can be used to obtain the
β-function uses the amplitude information of the betatron
oscillation. A prerequisite for this method is the knowledge
of the kick action, as well as the gain of the BPMs. Instead
of assessing these values, a normalized β-function was
computed [8]. The β-beating from the amplitude method is
compared to the N-BPM method in Fig. 9. The rms
β-beating to the nominal model is for each method shown

in Table V. Furthermore, in the second part of Table V, the
results which are obtained by the different methods are
compared pairwise, by computing the rms deviation of the
β-function between two methods.
The amplitude method shows the largest deviation from

the nominal model. Using the normalized β-function on the
one hand does not suffer from uncertainties of the com-
puted kick action or BPM gains, but on the other hand
introduces further systematic errors. For the computation of
the β-function from amplitude, the LOCO model could not
be used to refine the BPM gains, as both measurements are
performed in two operational modes of the BPM electron-
ics, and different errors may occur.
Since the N-BPM method uses model transfer matrix

elements, it was also tested to run the analysis not with the
ideal model, but the model that has been fitted with LOCO.
The idea is that if the LOCO model is closer to the real

FIG. 7. Frequency spectrum of the horizontal (H) and vertical
(V) turn-by-turn oscillations. The two peaks correspond to the
tunes Qx ¼ 18.15 and Qy ¼ 8.36.

FIG. 8. Comparison of β-beating as derived from BPM turn-by-
turn data using the phase of the betatron oscillation (N-BPM
method with an 11-BPM range) to the β-beating from LOCO.

FIG. 9. Comparison of β-beating as derived from BPM turn-by-
turn data using either the amplitude information or phase of the
betatron oscillation (N-BPM method).

TABLE V. The first part shows the rms deviation of the
β-function to the nominal model as computed from the different
methods. The second and third part compares the deviation of the
β-functions which are obtained by two different methods. In the
third part for the N-BPM method the LOCO fitted model was
used in the analysis instead of the ideal model.

rms β-beating (%)

Method vs. Nominal model Horizontal Vertical

N-BPM (phase) 1.4 2.0
From amplitude 2.0 2.7
LOCO 1.1 1.6
Method 1 vs. Method 2
N-BPM (phase) vs. LOCO 1.0 1.3
N-BPM (phase) vs. amplitude 1.7 1.9
From amplitude vs. LOCO 1.4 1.7
N-BPM using LOCO model
N-BPM (phase) vs. LOCO 0.8 1.1

UTILIZING THE N BEAM POSITION MONITOR … PHYS. REV. ACCEL. BEAMS 19, 092803 (2016)
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IV. COMPARISON OF RESULTS

As discussed we use the model inferred from ORM to
reduce the error coming from the model dependency. The
more accurate input model the less biased is the measure-
ment. Table II and Figure 9 show the resulting relative
difference of β-functions. The average relative error of
β-functions obtained by different method is shown in Ta-
ble III. The N-BPM uncertainty remains at 4 h even if
the lattice uncertainties are tripled or nominal model is
used, as it is dominated by statistical error. The uncer-
tainty of Amplitude method is dominated by BPM gain
errors.

TABLE II. Relative difference of βs (β-beating) between the
results obtained by different methods using the ORM model
for the analysis.

Relative difference of βs rmsx rmsy
[h] [h]

N-BPM vs Amplitude 17 12
Amplitude vs ORM model 20 13
N-BPM vs ORM model 11 9

TABLE III. Relative precision of βs obtained by different
methods using the ORM model for the analysis.

Mean relative uncertainty of βs x y
[h] [h]

N-BPM 3.7 4.0
Amplitude 15 12
ORM 6 6

Phase advances between the neighbouring BPMs (a
more robust observable) were measured from TbT data
and compared to the ones obtained from ORM model,
their difference is shown in Figure 10. Normalized dis-
persion was measured from closed orbit using ORM and
from TbT data, their difference shown in Figure 11. Mea-
surements are in very good agreement within the mea-
surement errors. The chromatic W-function, which de-
scribes how the β-function depends on momentum, is de-
fined by:

W =
1

2
·
√(

∆β

β ·∆p

)2

+

(
∆α

∆p
− α ·∆β
β ·∆p

)2

, (4)

where α, β are Twiss parameters and ∆p is relative
changed of beam momentum. It was measured using

turn-by-turn data and ORM model, the rms difference
between the ORM model and the measurement is 2 with
mean error of 5 in horizontal plane and 1 with mean er-
ror of 7 in vertical plane. The comparison is shown in
Figure 12.

V. CONCLUSIONS AND OUTLOOK

Three optics measurement methods were used and
their results compared for the ESRF storage ring. The
β-beating measured by N-BPM method and ORM are in
agreement to the 10 h level, which is within the accuracy
of the methods. The agreement of the results obtained
by the Amplitude method with the other two techniques
is worse.

The β-beating from the Amplitude method is system-
atically influenced by BPM calibration errors and non-
linearity.

The N-BPM method gives the mean relative precision
of β-beating of 4h after inclusion of all systematic effects
with the model uncertainties tailored down to realisti-
cally reproduce the errors. It shows the best performance
among the three methods although the maximum of the
transverse oscillations was about 0.5 mm, in spite of the
findings of more general analytical discussion presented
in [9]. There was similar measurement performed in
ALBA storage ring [8], which has better BPM resolution
and achieved slower damping of transverse beam motion
than in ESRF. The N-BPM optics measurement could
possibly be more accurate than shown in [8], by taking
the oscillation damping into account and decreasing the
kick size. Nevertheless, the N-BPM method applied to
TbT bunch positions excited by a kickers is limited to
optics with low decoherence while the ORM method per-
formance remains unchanged for higher decoherence op-
tics, which are more common in routine operation in light
sources.

This can be overcome by beam excitation by an
AC-Dipole [13], which will allow to acquire more
turns at even lower amplitude without being limited
by BPM resolution and feed-downs from sextupoles
as much as in kicker excitation case. Moreover, the
AC-Dipole has a variety of other applications [18, 22–25].
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Comparing β measurement techniques II

 

Algorithm Δβx/βx 

% 

Δβy/βy 

% 

Δψx 

° 

Δψy 

° 

Δηx 

mm 

ηy 

mm 

no corr. 8 10 4.5 3.5 18 8 

LOCO 2.1 1.4 0.5 0.2 2.6 4.4 

phase only
1
 2.3 1.8 0.6 0.5 39 9.9 

phase&amp.
1
 2.8 1.7 0.7 0.9 11 7.8 

ICA 2.6 1.6 0.5 0.4 5.0 2.3 

MIA 2.8 1.7 0.7 1.0 5.4 6.8 

DTBLOC 3.0 1.9 0.4 0.8 2.3 4.5 
1
 no dispersion corrected 

 

 
Figure 3: Convergence of beta function: horizontal (upper 

plot) and vertical (lower plot). 

 

 

 
Figure 4: Convergence of betatron phase: horizontal (upper

plot) and vertical (lower plot).  

 

CONCLUSION 
A crosscheck of 4 algorithms for lattice correction 

based on analysis of turn-by-turn beam position measured 

by BPMs has been performed in comparison with the 

LOCO algorithm based on the orbit response matrix. The 

measurement results show that the turn-by-turn-based 

algorithms (weighted correction of betatron phase and 

amplitude, independent component analysis, model-

independent analysis, and driving-terms-based linear 

optics characterization) provide almost the same correc-

tion quality as LOCO, but they are much less time-

consuming. 
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LHC optics correction
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Figure 3: β-beating at 40 cm β∗
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Figure 5: The predicted transverse coupling from the tilt of
the IR1 and IR5 triplet. The position is measured once every
hour.

corrections, the use of appropriate weights on the differ-
ent optics parameters, the longer AC-dipole plateau, the
N-BPM method and the reduction of the orbits drifts from
the quadrupole movements. The effect deriving from the
sextupolar errors in the IRs in combination with crossing
angles is proposed to be corrected in 2017. This should help
reducing the β-beating further for the operational beams.
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∆Qmin limits the resonance-free space

LHC beam-beam tune footprint and a hypothetical
large coupling:
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Coupling control versus time
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Accuracy limits in coupling still to be probed.
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Three world records via passive corrs.

εy = 0.9± 0.4 pm
via random walk optimization

HL-

LHC

L = 2.1× 1034 cm−2s−1

Luminosity optimized via
downhill Simplex
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FFS of future lepton colliders

L∗[m] β∗y [µm] ξy ∼ (L∗/β∗y )
CLIC 3.5 70 50000
ILC 4.5 480 9000
ATF2 1.0 100 10000
ATF2 Ultra-low 1.0 25 40000
SuperKEKB LER 0.9 270 3460
FCC-ee 2 1000 2000
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ATF2 finding: Something is missing
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M. Patecki et al, Phys. Rev. Accel. Beams 19, 101001

→Predictions are too optimistic
→Was it the same in SLC and FFTB?



Conclusion for Linear Colliders

Reduce the vertical betafunction and emittance as much as possible

Plasma-based linacs might lead to larger energy spreads
 R&D required to get to same beamsizes as with conventional 

technology
 Or reduce energy spread and take a hit in efficiency

• Smaller emittance need better sources
•  e.g. undulator-based damping?
•  But makes emittance preservation in linac even more challenging

• Smaller betafunction could be achieved using novel beam delivery 
system design

•  Plasma lenses?
•  Crystals?
•  Electron/proton lenses?
•  RF quadrupoles  to correct correlated energy spread?

D. Schulte
Thoughts on Future Colliders, December 

2016 15



Space charge simulations with measured
optics in J-PARC, K. Ohmi et al., IPAC 2013

 

 
Figure 1: Measured optics parameters, Twiss parameters 
(α,β), x-y coupling (r1-4). 
 

 
Figure 2: Beam loss given by space charge simulation 
with the measured optics. Top and bottom plots depict 
beam loss for optics errors in sextupoles and space charge 
elements, respectively. 

 
Figure 2 shows beam loss given by space charge 

simulation with the measured optics. In the top picture, 
measured optics V=BR is adopted at space charge 
elements, while V=BR, V=B and V=B0R are adopted at 
the sextupoles, in Green, Blue and Magenta lines, 
respectively. Strong beam loss is seen in Green (V=BR) 
and Magenta (V=B0R) lines. This behavior indicates that 
x-y coupling in sextupoles is dominant for the beam loss. 

In the bottom picture, V=B0 is adopted in sextupoles, 
while V=BR, V=B and V=B0R are adopted at the space 
charge elements in Green, Blue and magenta lines, 
respectively.  The loss rate is far less than the cases with 
optics erros in sextupoles. Error of beta function 
dominates in the beam loss compare than x-y coupling for 
space charge elements.  

 

LATTICE RESONANCE INDUCED BY 
MEASURED OPTICS 

We now study resonance characteristics induced by 
sextupole magnets for the measured linear optics. One 
turn map is modeled by tune spread due to space charge 
potential (U0(Jx,Jy)) and resonance (Gm(Jx,Jy)) from 
sextupoles hereafter as follows, 

 
 

(11) 
where resonance terms due to space charge and tune 
spread due to sextupoles are neglected. This model is 
motivated by the simulation results, in which the beam 
loss is mainly caused by optics error in sextupoles (Figure 
2).  

Beam particles are diffused by a resonance and its 
modulation due to synchrotron motion [3]. Resonance 
island width is essential parameter to characterize the 
emittance growth,  

,                       (12) 
where Λ, which is tune sloop in J space, is represented by 
second derivatives of the space charge potential, 

(13) 
Figure 3 shows d2U/dJx

2 of the space charge potential for 
a round beam. d2U/dJy

2 and d2U/dJxdJy have similar 
behavior. The tune sloop of space charge is far larger than 
that of lattice nonlinearity. The values of z axes are 
d2U/dJx

2=3x106 for J/ε=4 (2σ), 1x106 for J/ ε =9(3σ). The 
space charge force induces resonances far from the 
operating point, while their widths are small due to the 
large tune sloop. Lattice tune spread (weak space charge) 
induces resonances near the operating point, while their 
widths are large due to the small tune sloop. 
   The tune shift (spread) of the space charge potential is 
shown in Figure 4. Black and red dots show tune for peak 
and its half line density of the J-PARC beam in every 0.5 
ε step (0<Jxy<16 ε). Resonance lines overlapping the tune 
spread area are indicated by (mx,my), where the operating 
point is (νx, νy)=(0.4,0.75).  
   The resonance strengths (Gm) of sextupoles are 
evaluated by polynomial one turn map by 12-th order. 
The map is factorized by 
 
 

       (14) 
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Beam loss due to
introducing
measured ∆β

β
=5%

in simulations

K. Ohmi et al.: “Estimation of errors of accelerator
elements is inevitable to study beam loss.”
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Momentum acceptance Vs β-beating in
diffraction limited light sources

High Energy Photon Source Y. Jiao, Z. Duan, NIM-A 841 2017

where the synchrotron motion and radiation effects were considered.
In this lattice model, a 100 MHz RF system with a voltage of 2.5 MV
was used to provide a bucket height of 3.8%, and the same focusing
errors as set in Fig. 4 were used. Figs. 5 and 6 present the evolution of
the transverse and longitudinal coordinates of particles with initial δ of
−2.35% and −2.45%, which correspond to υ(δ) below and above half
integer in vertical plane, respectively. The variation of the transverse
tunes with time was obtained (also plotted in Fig. 5) by calculating the
fundamental frequencies of every consecutive 32 turns of transverse
coordinates with the NAFF (numerical analysis of fundamental analy-
sis) method [28]. However, it should be noted that this method applies
only to weakly chaotic system; if the betatron motions are greatly
disturbed, NAFF may predict fundamental frequencies that are differ-
ent from the betatron tunes. One can see from Figs. 5 and 6 that in the
case with initial δ of −2.35%, the particle remains stable over tracking
of 1×104 turns, where the oscillation amplitudes gradually decrease
due to radiation damping effect, and meanwhile the transverse tunes
moves towards the nominal tunes. By contrast, in the case with initial δ
of −2.45%, the particle was trapped by the vertical half integer
resonance accompanied by a rapid growth in its transverse oscillation
amplitude, and eventually got lost within 400 turns. Before the particle
got lost, the fundamental frequencies of the motion have unphysical
sudden changes, indicating strongly chaotic behaviors induced by the

half integer resonance. Also note that the process of resonance trapping
and particle loss lasts a much shorter time compared to the damping
time that is about 4500 turns. Thus, including radiation damping in the
tracking does not affect the MA size calculation result. Nevertheless, in
the simulation results shown in the following subsection, the radiation
effects were always considered.

3.2. Statistical analysis of the MA reduction induced by half integer
resonances

First, we considered the case with only the quadrupole field errors
in the lattice. Totally 5×104 ensembles of random errors were
generated and evaluated, and the error amplitude was set so that the
resulting (Δβx/βx)rms and (Δβy/βy)rms are less than 10% for most of
the error ensembles. The results are presented in Fig. 7. It appears that
the MA reduction is more likely to occur for larger beta beats. In
addition, for the cases with reduced MA, most of the MA sizes are
around 2.4% or 2.9%, corresponding to particle loss due to crossing of
the vertical or horizontal half integer resonance, respectively.

Based on these results, we then analyzed separately the effects of
the horizontal and vertical half integer resonances. For a specific set of
(Δβx/βx)rms and (Δβy/βy)rms, if there were more than 100 error
ensembles in the vicinity, the corresponding probability of MA reduc-
tion will be calculated by counting the proportion of the cases with MA
reduction. The results are presented in Fig. 8. It shows that the
probability of MA reduction induced by a specific half integer reso-
nance relies mainly on the beta beat amplitude at the same plane,
which is particularly pronounced in the cases with (Δβ/β)rms below 3%.
In addition, it appears that with the same level of beta beats, the
horizontal half integer resonance leads to a higher MA reduction
probability than the vertical one, implying a stronger impact on the
beam dynamics. For example, to attain a small MA reduction prob-
ability of about 1%, the rms beta beat amplitude needs to be kept below
1.5% in the x plane and below 2.5% in the y plane, respectively.

Secondly, we considered another case where both the quadrupole
field errors and displacements at sextupoles were included in the lattice
model. In this case, more error ensembles (1×105) were generated, and
the dipole dipole kicks were set so that the maximum (xDS)rms is about
30 µm and the induced (Δβ/β)rms by only the displacements at
sextupoles is about 10%. Therefore, some error ensembles resulted in
(Δβ/β)rms larger than those with only the quadrupole field errors.
Nevertheless, it was found that including nonzero horizontal displace-
ments at sextupoles makes little difference in the contours of the MA
reduction probability (not shown here), especially for small beta beat
amplitudes, e.g., below 3%. In addition, further analysis revealed that

Fig. 6. Synchrotron motions with initial δ of −2.35% (blue) and −2.45% (red). The same
focusing errors as set in Fig. 4 were used and the RF and synchrotron radiation were
turned on. The initial transverse offsets were set to 0.1 mm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7. Cases of MA reduction (red points in the left plot and the points with MA size of below 3.5% in the right plot) in the presence of 5×104 ensembles of the quadrupole field errors
(all the points). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Y. Jiao, Z. Duan Nuclear Instruments and Methods in Physics Research A 841 (2017) 97–103

101

MA > 3.5%

MA < 3.5%

In HEPS rms β-beating should be below 1.5%
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Summary & outlook

F Will hadron colliders’ β∗ reach the cm level?
F Linear colliders’ FFS not fully understood

Plasma will require even harder FFS
Novel FFS designs?
Need more R&D

F β-beating after correction has reached the
measurement resolution of ≈1%.

Luminosity imbalance, Diffraction limited SRs and
Space charge limited rings would benefit from
sub-% optics control
New faster and more accurate techniques are
needed: AC ORM? AC dipole in light sources?

F Transverse coupling accuracy limits still to be
probed
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