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Challenges for optics control in HL

F β∗ leveling: ≈50 optics need fine commissioning

F Arc errors enhanced without local quads for correction.

F β∗ accuracy with k-modulation challenged by tune jitter

F HL-LHC non-linear magnetic errors affect: DA, Landau
damping, β∗ and coupling. All changing Vs crossing angle.
Beam-based measurements are mandatory.

F We have no idea how to correct b6



β∗ leveling
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HL-LHC arc errors correction simulation
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With current tools we expect 10-20% β-beating in HL-LHC.
Collimation & β∗-reach request 5% (as LHC).



Flat and round ATS optics MDs (βarc×4)
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Measured tune jitter in MDs

Courtesy: Sergey Antipov

What is this 100s oscillation? How large will it be in HL-LHC? It
could impair β∗ measurements with K-modulation.



β∗ accuracy, K-modulation and tune jitter

F ATLAS/CMS Lumi imbalance should be below 5%

F From power supply ripple in current baseline we expect:

tune jitter=4.1×10−5 → β∗ accuracy=7.7% → Lumi imb.≈15%

F If we upgrade 4 arc dipole PCs to class 0:

tune jitter=2.7×10−5 → β∗ accuracy=4.3% → Lumi imb.≈10%

F Further noise reduction techniques, statistics would still be
required to achieve the 5% goal in lumi.



Non-linear errors: Landau damping (in LHC)

What you want

What you get without
IR non-lin corr.

Non-linear correction is critical for Landau damping.
Beam-based correction differed from Wise by about 30%.



Non-linear errors: Landau damping and

skew octupoles (a4)

0.320

0.322

0.314 0.316 0.318

Q
y

Qx

Increasing Jx

Increasing Jy

|C
-
|=0.000000     Qx − Qy = 0



Non-linear errors: Feeddown

HL-LHC WP2 meeting, 19th December 2017

Impact on linear optics can become considerably more serious for
smaller β∗

e.g. simulation studies of HL-LHC (15cm, 295µrad)
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Also need to consider effect on linear coupling

Direct impact due to feed-down

Ability to measure

IR
Non-linear errors plus crossing angle heavily affect linear optics.
It might be more important to correct for feeddown than for DA!
Strategy to be defined.



Non-linear errors: DA

F DA without non-linear correction is 5σ

F This challenges optics measurements which use ≈2σ oscillation

F Iterative corrections linear↔non-linear together with

F 1st guess from magnetic measurements will be critical

Accurate magnetic and alignment measurements are
fundamental

F Ideal correction for DA gives 9σ

F What will be the DA value when correcting for feed-down?



Possible AC dipole review in 2018

F AC dipole is fundamental for linear and non-linear optics
commissioning

F It is limited to 1 measurement per minute to allow for cool-down

F Tunes away injection/collision tunes requires intervention

F AC dip. amplifier breaks about once per year

F Review in 2018 to check possible improvements or upgrades



Turn-around-Time

Phase Time [minutes]
Old baseline New baseline

Nominal (Ultimate)

Ramp-down 60 40
Set-up, injection 55 65
Ramp & Squeeze 25 25
Flat-top, Squeeze 30 5 (10)
Adjust/collide 10 10
TOTAL 180 145 (150)

Faster ramp-down and Ramp & Squeeze have considerably reduced
turn-around-time.



Further improving turn-around-time?

LHC current ramp-down

Fig. 2: Typical BEAMDUMP, RAMPDOWN and the following SETUP sequence for a few main mag-
nets in LHC. The top figure is the measured current in the circuits as a function of time. The middle and
bottom figures are the first and second time derivatives numerically computed, respectively. The vertical
dashed lines delimit the different beam processes.

2.2.3 Maximum ramp and acceleration rates
The maximum and minimum values for current and ramp rates observed during fill #5848 are sum-
marised in Table 3. The values are divided between processes with beam (INJPROT, INJPHYS, PRE-
RAMP, RAMP, FLATTOP, SQUEEZE, ADJUST, STABLE) and without beam (BEAMDUMP, RAM-
PDOWN, SETUP). A comparison of the different processes divided by circuit type is also available in
Appendix A. Note that the sampling frequency of the data used for the analysis is 2 Hz, therefore faster
changes are not detectable here.

Table 3 shows that the maximum and minimum ramp rates are exploited during the SETUP and
RAMPDOWN processes. The energy ramp and the optics gymnastic during the squeeze also require fast
ramp-up rates. The speed of the D1 and D2 dipoles, as well as the corrector circuits, is also dominated by
the SETUP and RAMPDOWN processes when degauss cycles are performed for some of these circuits.

Figure 4 shows the use of the orbit correctors during the beginning of the analysed fill. For the
whole duration of the beam cycle the LHC orbit feedback [12] is active in order to keep the orbit close to
the “golden” orbit defined by the operators. Due to the tight constraint imposed by the quench protection
system, the RCBX correctors are not used by the orbit feedback in order to avoid undesired beam dumps
triggered by the Quench Protection System (QPS) [13]. During STABLE-beam operations the orbit
correctors are also used for luminosity optimisation. The histograms of orbit corrector current deviation
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Main dipoles

Triplet quads

Fig. 2: Typical BEAMDUMP, RAMPDOWN and the following SETUP sequence for a few main mag-
nets in LHC. The top figure is the measured current in the circuits as a function of time. The middle and
bottom figures are the first and second time derivatives numerically computed, respectively. The vertical
dashed lines delimit the different beam processes.

2.2.3 Maximum ramp and acceleration rates
The maximum and minimum values for current and ramp rates observed during fill #5848 are sum-
marised in Table 3. The values are divided between processes with beam (INJPROT, INJPHYS, PRE-
RAMP, RAMP, FLATTOP, SQUEEZE, ADJUST, STABLE) and without beam (BEAMDUMP, RAM-
PDOWN, SETUP). A comparison of the different processes divided by circuit type is also available in
Appendix A. Note that the sampling frequency of the data used for the analysis is 2 Hz, therefore faster
changes are not detectable here.

Table 3 shows that the maximum and minimum ramp rates are exploited during the SETUP and
RAMPDOWN processes. The energy ramp and the optics gymnastic during the squeeze also require fast
ramp-up rates. The speed of the D1 and D2 dipoles, as well as the corrector circuits, is also dominated by
the SETUP and RAMPDOWN processes when degauss cycles are performed for some of these circuits.

Figure 4 shows the use of the orbit correctors during the beginning of the analysed fill. For the
whole duration of the beam cycle the LHC orbit feedback [12] is active in order to keep the orbit close to
the “golden” orbit defined by the operators. Due to the tight constraint imposed by the quench protection
system, the RCBX correctors are not used by the orbit feedback in order to avoid undesired beam dumps
triggered by the Quench Protection System (QPS) [13]. During STABLE-beam operations the orbit
correctors are also used for luminosity optimisation. The histograms of orbit corrector current deviation
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In HL-LHC upgrading IR2 and IR8 triplet PCs could reduce TaT by
15 minutes, increasing integrated lumi by 2-3%.



Back-up



Optics control: LHC Vs HL-LHC
LHC HL-LHC

unit β ∗ = 40 cm β ∗ = 15 cm
CMS/ATLAS luminosity imbalance [%] 5 5
tolerance
Tune jitter (rms)

[
10−5] 2-4 4.1

Assumed tune measurement uncertainty
[
10−5] 1.5 2.5

β ∗ accuracy:
rms tolerance for lumi imbalance [%] 2 2
rms achieved or expected [%] 1 4

Peak β -beating after correction [%] 5 10-20
β -beating from crossing angle [%] 2 20
(without non-linear IR correction)
|C−|:

Tolerance for instabilities
[
10−3] 1 1.0

Tolerance for K-modulation
[
10−3] 1 0.6

7 month drift
[
10−3] 3 12

∆|C−| from crossing angle
[
10−3] 2 20

(without non-linear IR correction)
Dynamic aperture:

Before IR correction [σ ] 10 5
After IR correction [σ ] 12 9

Table 6: Tolerances and achieved or expected values for LHC and HL-LHC
optics control related parameters. Tune jitter values come from [16]. The
assumed tune jitter of 2.5×10−5 requires upgraded power supplies for the
telescopic arc dipoles. LHC DA values are taken from [84] and rescaled to
the HL-LHC emittance of 2.5 µm.

Both experiments and simulations suggest that peak β -beating will be about
20% in HL-LHC, specially appearing in the arcs used for the telescopic squeeze.

The non-linear errors will pose severe challenges even for the linear optics
commissioning via their feed-down to β -beating and coupling and by reducing
the available DA for optics measurements with the AC dipole. Iterative correc-
tions alternating the target between linear and non-linear orders will be required.
A broad spectrum of techniques to measure and correct IR non-linear errors are
emerging but a substantial effort is required to demonstrate their feasibility. A
strategy based on these techniques should be defined and verified with simula-
tions of realistic scenarios for optics commissioning in HL-LHC.
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The source HiLumi reports
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Beam dynamics requirements for HL–LHC electrical circuits
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Martino, R. Tomas Garcia
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Abstract
A certain number of LHC magnets and relative electrical circuits will be re-
placed for the HL-LHC upgrade. The performance of the new circuits will
need to be compatible with the current installation, and to provide the neces-
sary improvements to meet the tight requirements of the new operational sce-
nario. This document summarises the present knowledge of the performance
and use of the LHC circuits and, based on this and on the new optics require-
ments, provides the necessary specifications for the new HL-LHC electrical
circuits.
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LHC, HL–LHC, circuit specifications, power converters.
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Optics Measurement and Correction
Challenges for the HL-LHC
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and A. Wegscheider.
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Abstract

Optics control in the HL-LHC will be challenged by a very small β ∗ of 15 cm
in the two main experiments. HL-LHC physics fills will keep a constant luminosity
during several hours via β ∗ leveling. This will require the commissioning of a large
number of optical configurations, further challenging the efficiency of the optics
measurement and correction tools. We report on the achieved level of optics control
in the LHC with simulations and extrapolations for the HL-LHC.

Geneva, Switzerland
November 10, 2017



Baseline: DA validation
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Triplet trim circuits news
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F New Q1A trim circuit of ±35A added for k-modulation:
critical for accurate β∗ control.

F Q2A trim removed: Q2A/Q2B TF relative difference minimized
via magnetic measurements and sorting.



Power converter noise
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Fig. 12: Variation of Beam 1 tune per ppm of current variation (with respect to Irated) for each of the
main circuits of LHC with nominal 40 cm β∗ round optics (a) and for HL-LHC with nominal 15 cm β∗

round optics (b). The difference in between RB circuits for HL–LHC is due to the features of the ATS
optics.
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F Increased β-functions in the ATS arcs magnifies power converter
noise, challenging β∗ control.

F A new power converter class 0 is being proposed to reduce tune
jitter, improving β∗ accuracy from 8% to 4%.



IR non-linear correction

LHC IR non-linear correction at β∗ = 14 cm in ATS MD:
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Figure 29: Surviving fractional intensity versus time, calculated from BCT
data. The fractional intensity is calculated from ∼ 2minutes prior to appli-
cation of the b4 correction (blue), and for 2minutes from the time of MCOX
trim completion. The time period during which the b4 correction is being
applied is ignored, as feed-down to tune causes transient losses.

beam. Furthermore the β ∗ imbalance generated by the IR sextupoles in most
cases is operationally intolerable.

Having the facility to compensate such errors will be essential for the HL-
LHC, but may require a serious revision to the linear optics correction strat-
egy. While application of nominal commissioning methods may be possible, in
the LHC linear optics has always been commissioned with flat-orbit and correc-
tion with crossing scheme applied is entirely untested at low β . Furthermore, if
crossing-angle bumps are to be varied during operation (to provide luminosity or
pile-up leveling or to limit energy deposition in the triplets) changing feed-down
will dynamically alter the β ∗-imbalance during leveling unless local sextupole
corrections are implemented.

Feed-down to coupling also represents a significant challenge. Figure 31
shows a histogram over the target error table seeds, of the linear coupling gen-
erated by sextupole feed-down alone for β ∗ = 15 cm, 295 µrad. Feed-down
from the nonlinear errors in the experimental IRs has the potential to generate
very large shifts to the linear coupling during the squeeze, up to 0.025. In the
LHC |C−| ≈ 0.004 has been observed to cause instabilities and a tolerance of
|C−| ≤ 0.001 is estimated for HL-LHC [17]. Therefore, correction of the IR cou-
pling from feed-down during the squeeze will be essential. Further, allowing for
a residual |C−| at the 10−3 level, the majority of seeds in Fig. 31 would gen-
erate enough coupling to cause HL-LHC beams to become unstable under the
∼ 60 µrad crossing-angle manipulations proposed for leveling during HL-LHC

36

F Losses without IR correction of 4%/h at β∗ = 14 cm.

F Lifetime recovered thanks to beam-based corrections

F HL-LHC has larger IR non-linear errors → Challenge ahead!



Concluding remarks

F New baseline scenario meets goals at 50% efficiency

Pushed: optics, collimation, impedance, beam-beam, DA, etc.
New: Q1A trim, remote alignment, PC class 0, etc.

F A slightly flat optics increases performance by 2-4%

F The largest threat is e-cloud, 8b4e reduces performance by 25%

A mixed filling scheme 25ns/8b4e could mitigate loss

F Not having CCs would result in 7-10% lower luminosity with
25% larger ρ


