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HL-LHC Baseline Orbit corrector layout
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HL-LHC baseline designed to:

* Provide HV crossing plane in both Point 1, 5: compatible with flip of crossing plane and potential
installation of 2 additional crab cavities.

« Control orbit at the crab cavities in the HV planes independently from the IP.

« Adjust the IP position limiting the realignment of HW components (crab cavities only).

» Correct quadrupole misalignments and dipole tilt and transfer function errors based on LHC
experience.

* Need flexible bellows in between crab cavities not yet in baseline.

To reduce the number of correctors we need to change the design criteria.
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HL-LHC Option 1 Orbit corrector layout

MCBXFB MCBXFB MCBXFA No longer symmetric
< .|| ! (e.g H crossing only)
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HL-LHC Option 1 designed to :

Freeze HV crossing plane in both Point 1, 5: not compatible with flip of crossing plane and
potential installation of 2 additional crab cavities

Control orbit at the crab cavities in the crossing planes only independently of the IP

Adjust the IP position limiting the realignment of HW components (crab cavities only).
Correct quadrupole misalignments and dipole tilt and transfer function errors based on LHC
experience.

Need flexible bellows in between crab cavities not yet in baseline.

Layout changes with respect to the baseline:
* Q4: removing 1 corrector, reusing existing cold mass (needs rotation), no need of
1.9 K, additional warm corrector (1.3 Tm in plane of crossing).
* Q5: removing 2 correctors, reusing existing Q5 cold mass additional warm correct
"HiLumi) (0.9 Tm in plane of crossing), no need of 1.9 K
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HL-LHC Option 2 Orbit corrector layout

MCBXFB MCBXFB MCBXFA Again symmetric
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HL-LHC Option 2 designed to:
» Implement full remote alignment system usable with safe beams.
* Provide HV crossing plane in both Point 1, 5: compatible with flip of crossing plane and potential
installation of 2 additional crab cavities.
Control position of the crab cavities w.r.t beam using remote alignment system.,
Adjust the IP position using remote alignment system and small fraction of orbit correctors.
No need of flexible bellows in the crab cavities (thanks to crossing closed in D2, IP offset with
alignment).
Correct quadrupole misalignments and dipole tilt and transfer function errors based on LHC
experience (potential improvement using full remote alignment system with safe beam).
Changes with respect to the baseline
* Q4: removing 1 corrector, reusing existing cold mass (needs rotation), no
need of 1.9 K.
Hm * Q5: removing 2 correctors, rgusing existing Q5 cold mass, no need of 19 K.
( nevie et e Fyll deployment of remote alignment system to be used with safe beam.




Orbit baseline corrector budget

Right Point 5, H crossing, 2o strength for errors
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IP Q1Q2Q3D2 Q4 Q5 Q6-8
Triplets Matching section
Knobs (Horizontal and Vertical):
* [P crossing (£250 purad), , separation (£0.75 mm), offset: (x2.0 mm)
* Luminosity scan (individual beam IP shift of £100 ym)
« beam alignment in the crab cavities: 2 cavities (offset, separation £0.5 different beam
both planes), 4 cavities (offset same beam +0.25 mm both planes).
Machine errors (uniformly distributed, uncorrelated):
* 0.5 mm max transverse displacement of quadrupoles at the IT (IR. err.)
* 0.5 mm max transverse displacement of quadrupoles in the arc (Arc. err.).
« 10 mm max longitudinal displacement, 0.5 mrad max roll, 0.2% max field error for
D1 and D2 (IR err.) and in the arcs (Arc err.).
HHI_-I!FEELﬁJHOJECTi:




Orbit baseline corrector budget

Right Point 5, H crossing, 2o strength for errors
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Knobs (Horizontal and Vertical):
* [P crossing (£250 yrad), , separation (x0.75 mm), offset: (£2.0 mm)
* Luminosity scan (individual beam IP shift of £100 ym)
« beam alignment in the crab cavities: 2 cavities (offset, separation £0.5 different beam
both planes), 4 cavities (offset same beam +0.25 mm both planes).
Machine errors (uniformly distributed, uncorrelated):
0.7 mm max transverse displacement of quadrupoles at the IT (IR. err.)
« 0.6 mm max transverse displacement of quadrupoles in the arc (Arc. err.).
« 10 mm max longitudinal displacement, 0.5 mrad max roll, 0.2% max field error for
D1 and D2 (IR err.) and in the arcs (Arc err.).
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Orbit Option 1 corrector budget

Right Point 5, H crossing, 2o strength for errors
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Knobs (Horizontal and Vertical):
* [P H crossing (250 prad), V separation (£0.75 mm), offset: (2.0 mm)
* Luminosity scan (individual beam IP shift of £100 ym)
« beam alignment in the crab cavities: 2 cavities (offset, separation £0.5 different beam
crossing plane only)
Machine errors (uniformly distributed, uncorrelated):
0.7 mm max transverse displacement of quadrupoles at the IT (IR. err.)
* 0.5 mm max transverse displacement of quadrupoles in the arc (Arc. err.).
« 10 mm max longitudinal displacement, 0.5 mrad max roll, 0.2% max field error for
D1 and D2 (IR err.) and in the arcs (Arc err.).
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Orbit Option 2 corrector budget

Right Point 5, H crossing, 2o strength for errors
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Knobs (Horizontal and Vertical):
* |P crossing (250 prad), separation (£0.75 mm), offset (2.0 mm) using remote
alignment capabilities, crossing angle fully closed in D2 no crab flexible bellows.
* Luminosity scan (individual beam IP shift of £100 um)
« Limited beam alignment in the crab cavities: 2 cavities (individual orbit adjust £0.5
mm beam both planes) (knob up to Q6) to complement remote alignment.
Machine errors (uniformly distributed, uncorrelated):
0.7 mm max transverse displacement of quadrupoles at the IT (IR. err.)
0.9 mm max transverse displacement of quadrupoles in the arc (Arc. err.).
10 mm max longitudinal displacement, 0.5 mrad max roll, 0.2% max field error fo
. . D1 and D2 (IR err.) and in the arcs (Arc err.).
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Alignment scenarios

LHC design: one realignment per YTS better than 0.5 mm (LHC PR 1007 Note).

LHC experience: one realignment per LS (resulting in IP CMS off by 1.5 mm)
due to no tilt monitoring and time consuming procedures.

= HL-LHC design baseline: one realignment per YTS better than 0.5 mm with full
monitoring and quick and clean procedure.

= HL-LHC design Option 2: one realignment per YTS and possibility to realign
during a TS (2.5 mm stroke) with fine tuning during commissioning time
(resolution 0.1 mm).

Still needed for Option 2:

= Full alignment of vacuum equipment in between TAXN and D2

= Allocate budget for cabling

= Demonstrate feasibility of flexible wave guides for crab cavities

= Proof of principle demonstration in a machine (e.g. SPS or LHC)

Hf—’ To be checked with Survey Team
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Alignment of Crab Cavity

Crab cavity RF individual center will be aligned better that 0.5 mm (3 o) (M.
Sozin)

Tolerance beam with respect to RF center of +/- 1.0 mm in the crossing plane
(R. Calaga). Therefore +/-0.5 residual orbit margin.

Keep operational crab cavity 0.5 mm in the crossing plane.
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Offset [mm] -0.003 _ _
HOM only, no main mode P. Baudrenghien 1 mm
R. Calaga 12/1/2018 21/3/2014

Hilum ) s there any emittance growth due to HOM?




IP shift with remote alignment

Alignment needed before the run and after possible request of IP shift from the experiment.

1. Baseline knob: move the cavities (large shift, large shear), aperture loss, orbit corrector
strength loss, needs flexible bellows in between crab cavities (cost, space, impedance)

Orbit with respect to aperture center
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IP shift with remote alignment

Alignment needed before the run and after possible request of IP shift from the experiment.

1. Baseline knob: move the cavities (large shift, large shear), aperture loss, orbit corrector
strength loss, needs flexible bellows in between crab cavities (cost, space, impedance)
2. Option 2: Long re-alignment: move everything. no shear, no aperture loss in Q1-Q4,

very limited orbit corrector usage.

Orbit with respect to aperture center
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IP shift with remote alignment

Alignment needed before the run and after possible request of IP shift from the experiment.
1.

Baseline knob: move the cavities (large shift, large shear), aperture loss, orbit corrector
strength loss, needs flexible bellows in between crab cavities (cost, space, impedance)

Option 2: Long re-alignment: move everything. no shear, no aperture loss in Q1-Q4,
very limited orbit corrector usage.

Option 2: Short re-alignment: move only triplets, some shear (0.4 mm) to be allocated in
the bellows, some aperture loss in Q1-Q3 and Q5-Q6.

Orbit with respect to aperture center
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Apertures

Requirements

Round B*=15 cm Flat B*=7.5 cm >12 o with TCT and
phase <30°

TAXS 16.3 16.3 16.3/16.3 14.0 14.0 14.0/14.0 >14.6c0withTCT

and any phase

Triplets 12.0 12.0 12.6/13.1 12.3/12.7  >18 & without TCT
TAXN 154 154  17.1/17.3 124 124  13.7/139 | coceetal
D2 15,5 155  18.3/186 129 129  14.6/14.7 ATSNote

Q4 145 145 18.3/183 104 10.4  13.0/130

Q5 248 17.3  20.7/18.7 176 124  14.6/14.3

Q6 25,5 26.8 27.9/259 18.0 180  19.8/19.3

Option 2 with short IP offset brings:
« round: less stringent MKD-TCT phase advance or further * reduction,
 recover full flat optics potential?® lost with last re-baselining.

Ishort offset/long IP offset 2virt. lumi: +26% or 50% with
correction or without CC L. Medina, 7

_ annual meeting.
HiLumi Y
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Additional benefits of remote alignment
system

= Reduction of the residual orbit after transverse misalignment correction
from 2 mm (present assumption) to 0.1 mm [1]

= Aperture benefits in between 0.5 o to 2 o depending on the element.

Need to prove that a procedure exists to know the correct displacement to
apply to the quadrupoles to reduce residual orbit and orbit corrector strength.

Most of the ingredient already tested:

= [1] L. van Riesen-Haupt, et al., “K-Modulation Developments via Simultaneous Beam Based
Alignment in the LHC”, IPAC17, TUPVAQ42.

= [2] R. Tomas, et al., “Ballistic optics”, LMC meeting — May 10, 2017.

= [3] M. Hostettler, et al., “Impact of the Crossing Angle on Luminosity Asymmetries at the LHC in
2016 Proton Physics Operation” IPAC17, TUPVAQOS.

Unfortunately test with beam is not possible unless re-alignment capabilities
restored in the LHC (e.q. tilt monitoring).

HiLumi ’
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Open issues

Warm correctors

= New designs for 70 mm aperture

= Need to check space for power converter (~600A)

= Very long and bulky (could help with radiation though)

Reduced aperture in Q5
= Check energy deposition

Increased temperature in Q4 — Q5

= Check integration for QRL

To be checked with Integration and Energy Deposition Working Packages

HilLu |’
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Full HV symmetry
Build new MCBY
Reuse Q4/5 cold mass
Add warm corrector
Aperture bottlenecks
Alignment with beam
B* reach

Crab flexible bellows

Transverse residual misalign.

Additional radiation in Q5
TCT.6 mandatory

"H'iLU i ’
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Summary

Yes

No

No
Triplet/Q4
No

Same
Yes
0.7/0.6
No

No

No

Yes

Yes
Triplet/Q4
No

Same
Yes
0.7/0.5
tbc

Yes

_ T FRCETTE

No

Yes

No

Triplet

Yes

Improved

No

0.7/0.9 or better
tbc

Yes
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Orbit correctors: LHC Experience

Orbit correctors near the experiments are needed to:
= Correct the orbit from quadrupole misalignment and transfer function errors
= Implement crossing angle and separation bumps
= Implement IP adjustment for luminosity optimization
Available strength of the orbit correctors in

: : : : the LHC.:
Left Point 5: Typical physics fill
= Can correct for the worst case
L vv vy vy vy | EERLumisoan scenarios for the expected
s =§r§ﬁ"éii?.“°“ imperfections
- ] v on‘con'o'rmities . .
E L ¥ Design imit = Gives margins to be used for non-
conformities
0.5 i
Present LHC experience shows:
0 ]
92 29 33 Sndndn off op 28 B = 2 o of a uniform distribution of
>T > > 44 Jd Jd ] . .
5% On o5 033T SF £F BE SF expected imperfections reproduces th
Q Q Q
<% OSSN BEaadd o8 35 88 88 present average usage of the
LLI
correctors
IP Q1 Q2 Q3 4 Q5 Q6 Q7Q8

Outliers at the strength limit are
anyway present due to non-
conformities

| ,—7 When available margins used for unanticipated needs (e.g. 2mm shift
A in IP2, Totem bump, requested shift in IP5)

Triplets Matching section Dispersion suppressor




IP and CC alignment in HLLHCV1.3

The HL-LHC orbit correctors have the budget to provide £2 mm offset of the
beam in IP1/5 in both planes.

Crab cavities needs to realigned for any change of the average crossing angle
and IP position to keep beam loading power below the allowed power. No
other re-alignment needed.

If triplets can be realigned following the IP position, there is a gain in * reach
and in the required radial displacement of the bellows.

D2 Q4 Specification | Offset Shear
— —— e
—— Crossing angle 0.3 1.65
IP offset 2.2 2.4
Total 2.5 4.05

Shear

D2
HiLum Y E
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Nominal crossing bump

Baseline closed in MCBY.4 (acby.4=0.2 acbrd, £295 purad)

0.020 ‘ ‘ Bend h 0.020 ‘ : . Bend h

Beam1l , == ouwd Beam2, = |==ow
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Impact on crab cavity alignment

D2 tAB Q4 Crossing angle:

X,y: £1.15mm (Beam 1L)

X,¥: £(-0.5) mm (Beam 2)

For cryomodules:

IAB - average offset 0.3 mm
* shear 1.65 mm




Orbit knobs - offset

Beam 1 Beam 2
0.004 , ‘ : Bend h 0.004 . | Bend h
| : | : : Quad : | : | | Quad
0.003F oo L Kick h 0.003F o e b Kick h
0.002 Kick v 0.002 | Kick v
0021 coxt 002 cort
0.001} — T 0.001f & [ Az
£ 0.000 £ 0.000
E S :
—0.001} —0.001Ffebid LA
—0.002f | —0.002f || -
—0.003} A\ /N[ -0.003} A/
—0.004 i i i i i —0.004 i i i i i
0 200 400 600 800 1000 0 200 400 600 800 1000

s[m] s[m]

IP Offset knob: x,y= £2 mm same for the two beams to accommodate
alignment needs of the experiments with machine realignment, besides
crab cavities.

IP offset:

D2 1AB Q4 X,y: £3.4 mm (Beam 1, CD),
X,y: 1 mm (Beam 2, CD),
For cryomodules:

H « avg. offset 2.2 mm

* shear 2.4 mm
HilypY A8




Beam alignment at the CC in HLLHCV1.3

The HL-LHC orbit correctors have the budget to provide a shift of the orbit at crab cavities,
independently from the IP, in both planes for :

= + 0.5 mm average position of Beam 1 and Beam?2
= + 0.5 mm change of Beam 1 - Beam2 separation

=+ 0.25 mm change of slope of Beam 1 and Beam 2, independently, useful for 4 cavities
per beam, side, point scenarios

This is needed to absorb alignment imperfections in between two realignment campaigns.
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Residual orbit (respect to ideal orbit) [mm]

TAXS X|Y [mm] 0 0 0.1 4.99 0.75 2 0 0.04
MQXFA.[AB]1 X|Y [mm] 0.14 0 0.12 9.34 0.91 2.43 0 0.05
MQXFB.[AB]2 X|Y [mm] 0.24 0 0.16 14.28 1.2 3.52 0 0.23
MQXFA.[AB]3 X|Y [mm] 0.35 0 0.1 14.43 0.82 2.73 0 0.49
MBXF X|Y [mm] 0.43 0 0.03 12.96 0.47 2.23 0 0.5
TAXN X|Y [mm] 0.06 0 0.14 4.31 0.16 2.91 0 0.88
MBRD X|Y [mm] 0.06 0 0.19 2.59 0.1 3.18 0 1.01
MCBRD X |Y [mm] 0.08 0.02 0.2 1.25 0.06 3.26 0.04 1.05
MCBY[HV].[AB]?4 X|Y [mm] 0.01 0.2 0.02 0.07 0 3.66 0.47 1.05
MQY.4 X|Y [mm] 0 0.11 0 0 0 3.52 0.45 0.97
TCLMB.5 X|Y [mm] 0.01 0.52 0 0 0 2.97 0.07 0.19
MCBY[HV].[AB]?5 X|Y [mm] 0.01 0.63 0 0 0 2.91 0.02 0.09
MQY.5 X|Y [mm] 0.01 0.61 0 0 0 2.76 0 0.06
TCLMC.6 X|Y [mm] 0 0.53 0 0 0 1.86 0 0.06
MCBC[HV].6 X|Y [mm] 0.01 0.55 0 0 0 1.46 0 0.06
MQML.6 X|Y [mm] 0 0.54 0 0 0 1.68 0 0.06
MCBC[HV].7 X|Y [mm] 0 0.51 0 0 0 0 0 0.09
MQM.[AB]7 X|Y [mm] 0 0.5 0 0 0 0.35 0
MCBC[HV].8 X|Y [mm] 0 0.62 0 0 0 0 0
MQML.8 X|Y [mm] 0 0.6 0 0 0 0 0
MCBC[HV].9 X|Y [mm] 0 0.49 0 0 0 0 0
MQMC.9 X|Y [mm] 0 0.45 0 0 0 0 0
MQM.9 X|Y [mm] 0 0.48 0 0 0 0 0
MCB[HV].10 X|Y [mm] 0 0.63 0 0 0 0 0
MQML.10 X|Y [mm] 0 0.61 0 0 0 0 0

Ve HiLumi )



Residual orbit (respect to quad center) [mm]

TAXS X|Y [mm] 0 0 0.1 4.99 0.75 2 0 0.04
MQXFA.[AB]1 X|Y [mm] 0.86 0 0.12 9.34 0.91 2.43 0 0.05
MQXFB.[AB]2 X|Y [mm] 0.88 0 0.16 14.28 1.2 3.52 0 0.23
MQXFA.[AB]3 X|Y [mm] 0.91 0 0.1 14.43 0.82 2.73 0 0.49
MBXF X|Y [mm] 0.43 0 0.03 12.96 0.47 2.23 0 0.5
TAXN X|Y [mm] 0.06 0 0.14 4.31 0.16 2.91 0 0.88
MBRD X|Y [mm] 0.06 0 0.19 2.59 0.1 3.18 0 1.01
MCBRD X |Y [mm] 0.08 0.02 0.2 1.25 0.06 3.26 0.04 1.05
MCBY[HV].[AB]?4 X|Y [mm] 0.01 0.2 0.02 0.07 0 3.66 0.47 1.05
MQY.4 X|Y [mm] 0 0.69 0 0 0 3.52 0.45 0.97
TCLMB.5 X|Y [mm] 0.01 0.52 0 0 0 2.97 0.07 0.19
MCBY[HV].[AB]?5 X|Y [mm] 0.01 0.63 0 0 0 2.91 0.02 0.09
MQY.5 X|Y [mm] 0.01 0.58 0 0 0 2.76 0 0.06
TCLMC.6 X|Y [mm] 0 0.53 0 0 0 1.86 0 0.06
MCBC[HV].6 X|Y [mm] 0.01 0.55 0 0 0 1.46 0 0.06
MQML.6 X|Y [mm] 0 0.57 0 0 0 1.68 0 0.06
MCBC[HV].7 X|Y [mm] 0 0.51 0 0 0 0 0 0.09
MQM.[AB]7 X|Y [mm] 0 0.56 0 0 0 0.35 0
MCBC[HV].8 X|Y [mm] 0 0.62 0 0 0 0 0
MQML.8 X|Y [mm] 0 0.47 0 0 0 0 0
MCBC[HV].9 X|Y [mm] 0 0.49 0 0 0 0 0
MQMC.9 X|Y [mm] 0 0.6 0 0 0 0 0
MQM.9 X|Y [mm] 0 0.56 0 0 0 0 0
MCB[HV].10 X|Y [mm] 0 0.63 0 0 0 0 0
MQML.10 X|Y [mm] 0 0.45 0 0 0 0 0

Ve HiLumi )



Knobs

Lumi scan
- |P crossing

IP separation
IP offset
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Knobs 1B (H orbit)

Lumi scan

IP crossing
- |P separation

IP offset
— CC B1 move

CC B2 move
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Knobs 1B (V orbit)

Lumi scan

IP crossing
- |P separation

IP offset
— CC B1 move

CC B2 move
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Option 1b
Like 1 with reduce crab knobs




Orbit Option 1b corrector budget

Right Point 5, H crossing, 2o strength for errors

50 Svvey T T Lumi sean For the Left and Point 1
. v I:I:Ecrossmtg . .
[ B separation -
3 [P sopar symmetries applies:
=3r 1 | cc Bt :
3 s oo v + Left B1 -> Right B2,
2r <4 | 25(R err.) .
lzniprosr) . Left B2 -> Right B1
1H 4| W Design limit . ]
0 e HPoint5->V Point 1
CF 22 £F pond  pdmind R
- ol 0509 [Te|Te]Te]TelTplTs) OO OO VL OO
IS S 9 cooo)  cooood O | T T o
R EA Bn 1SS 293SEY £8sE s
00 OO 0L oon ;I>-;;>- 00 0O 0Q QO
I< << < oo >-nmomm M| MM md 0Om
momm MOmOO00 00 OO QO QO
c&)ggc&) EES(D{{{{ < < << <<
IP Q10Q2Q3D2 Q4 Q5 Q6-8
Triplets Matching section

Knobs (Horizontal and Vertical):
* [P crossing (£250 yrad), , separation (x0.75 mm), offset: (£2.0 mm)
* Luminosity scan (individual beam IP shift of £100 ym)
« Limited beam alignment in the crab cavities: 2 cavities (orbit adjust £0.5 different
beam both planes) (knob up to Q6)
Machine errors (uniformly distributed, uncorrelated):
« 0.58 mm max transverse displacement of quadrupoles at the IT (IR. err.)
« 0.6 mm max transverse displacement of quadrupoles in the arc (Arc. err.).
« 10 mm max longitudinal displacement, 0.5 mrad max roll, 0.2% max field error for
D1 and D2 (IR err.) and in the arcs (Arc err.).
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Residual orbit (respect to ideal orbit) [mm]

IR err. Lumi scan. gl

[2#std] [+0.1 mm]

adjust [£0.5]adjust [+0.5

TAXS X|Y [mm] 0 0 0.1 4.99 0.75 2 0 0

MQXFA.[AB]1 X|Y [mm] 0.12 0 0.12 9.34 0.91 2.43 0 0
MQXFB.[AB]2 X|Y [mm] 0.21 0.01 0.16 14.2 1.19 3.47 0.1 0.1
MQXFA.[AB]3 X|Y [mm] 0.3 0.01 0.1 14.31 0.8 2.67 0.21 0.21
MBXF X|Y [mm] 0.37 0.01 0.03 12.85 0.45 2.11 0.23 0.23
TAXN X|Y [mm] 0.05 0 0.14 3.85 0.13 2.85 0.42 0.42
MBRD X|Y [mm] 0.06 0 0.19 2.06 0.06 3.12 0.48 0.48
MCBRD X |Y [mm] 0.07 0 0.2 1.02 0.01 3.15 0.5 0.5
MCBY[HV].[AB]?4 X|Y [mm] 0.01 0.08 0.09 0.1 0 2.93 0.5 0.5
MQY.4 X|Y [mm] 0.01 0.05 0.08 0 0 2.75 0.48 0.48
TCLMB.5 X|Y [mm] 0.03 0.24 0.02 0 0 2.14 0.28 0.28
MCBY[HV].[AB]?5 X|Y [mm] 0.04 0.31 0.01 0 0 2.08 0.25 0.25
MQY.5 X|Y [mm] 0.04 0.36 0 0 0 1.98 0.22 0.22
TCLMC.6 X|Y [mm] 0.02 0.54 0 0 0 1.35 0.07 0.07
MCBC[HV].6 X|Y [mm] 0.02 0.59 0 0 0 1.18 0 0
MQML.6 X|Y [mm] 0.02 0.57 0 0 0 1.22 0.04 0.04
MCBC[HV].7 X|Y [mm] 0.01 0.48 0 0 0 0 0 0
MQM.[AB]7 X|Y [mm] 0.01 0.47 0 0 0 0.25 0 0
MCBC[HV].8 X|Y [mm] 0 0.62 0 0 0 0 0 0
MQML.8 X|Y [mm] 0 0.6 0 0 0 0 0 0
MCBC[HV].9 X|Y [mm] 0 0.49 0 0 0 0 0 0
MQMC.9 X|Y [mm] 0 0.45 0 0 0 0 0 0
MQM.9 X|Y [mm] 0 0.48 0 0 0 0 0 0
MCB[HV].10 X|Y [mm] 0 0.63 0 0 0 0 0 0
MQML.10 X|Y [mm] 0 0.61 0 0 0 0 0 0

"Hi—Lur‘m y
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Residual orbit (respect to quad center) [mm]

IR err. Lumi scan. gl

[2#std] [+0.1 mm]

adjust [£0.5]adjust [+0.5

TAXS X|Y [mm] 0 0 0.1 4.99 0.75 2 0 0

MQXFA.[AB]1 X|Y [mm] 0.74 0 0.12 9.34 0.91 2.43 0 0
MQXFB.[AB]2 X|Y [mm] 0.75 0.01 0.16 14.2 1.19 3.47 0.1 0.1
MQXFA.[AB]3 X|Y [mm] 0.78 0.01 0.1 14.31 0.8 2.67 0.21 0.21
MBXF X|Y [mm] 0.37 0.01 0.03 12.85 0.45 2.11 0.23 0.23
TAXN X|Y [mm] 0.05 0 0.14 3.85 0.13 2.85 0.42 0.42
MBRD X|Y [mm] 0.06 0 0.19 2.06 0.06 3.12 0.48 0.48
MCBRD X |Y [mm] 0.07 0 0.2 1.02 0.01 3.15 0.5 0.5
MCBY[HV].[AB]?4 X|Y [mm] 0.01 0.08 0.09 0.1 0 2.93 0.5 0.5
MQY.4 X|Y [mm] 0.01 0.69 0.08 0 0 2.75 0.48 0.48
TCLMB.5 X|Y [mm] 0.03 0.24 0.02 0 0 2.14 0.28 0.28
MCBY[HV].[AB]?5 X|Y [mm] 0.04 0.31 0.01 0 0 2.08 0.25 0.25
MQY.5 X|Y [mm] 0.04 0.73 0 0 0 1.98 0.22 0.22
TCLMC.6 X|Y [mm] 0.02 0.54 0 0 0 1.35 0.07 0.07
MCBC[HV].6 X|Y [mm] 0.02 0.59 0 0 0 1.18 0 0
MQML.6 X|Y [mm] 0.02 0.63 0 0 0 1.22 0.04 0.04
MCBC[HV].7 X|Y [mm] 0.01 0.48 0 0 0 0 0 0
MQM.[AB]7 X|Y [mm] 0.01 0.56 0 0 0 0.25 0 0
MCBC[HV].8 X|Y [mm] 0 0.62 0 0 0 0 0 0
MQML.8 X|Y [mm] 0 0.46 0 0 0 0 0 0
MCBC[HV].9 X|Y [mm] 0 0.49 0 0 0 0 0 0
MQMC.9 X|Y [mm] 0 0.6 0 0 0 0 0 0
MQM.9 X|Y [mm] 0 0.56 0 0 0 0 0 0
MCB[HV].10 X|Y [mm] 0 0.63 0 0 0 0 0 0
MQML.10 X|Y [mm] 0 0.45 0 0 0 0 0 0

"Hi—Lur‘m y
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Knobs (H orbit)

Lumi scan

IP crossing
- |P separation

IP offset
— CC B1 move

CC B2 move
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Knobs (V orbit)

Lumi scan

IP crossing
- |P separation

IP offset
— CC B1 move

CC B2 move
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Option 2a
(offset knob does not use Q4)




Orbit Option 2a corrector budget

Right Point 5, H crossing, 2o strength for errors

5f \AASEEEEE T wmiscan For the Left and Point 1
A vv ] :E crossmtg . .
[ b sSeparation "
3 I P scpar symmetries applies:
=9 [ CC B1 move -
S vVY VvV | -
|:2_ YYYYYY I:IS(EISZG::;)ve i Left Bl > nght BZ,
20(Ac erm) « Left B2 -> Right B1
1F ¥ Design limit . ]
« H Point 5-> V Point 1
O 0w 0w 0w — QA -l — AN AN T— QA —Ql — Qd —Ql —Q
g6 Zf 2¢ 3kd) BZadzd a3 |2% 28 53
—r AN «am
Is s Is §§§§ Cooror oo o or oF
53 55 %5 33fF|Is¥Egg £9 9% 5 o9
00 OO OO af2n >;;>I; 0O 100 0L DO
<€ 32 32 giPe|Gasens 4t |94 48 &8
22%2 <<<<22 << [ < << <<
P Q102Q3D2 Q4 Q5  Q6-8
Triplets Matching section

Knobs (Horizontal and Vertical):
* |P crossing (250 prad), separation (£0.75 mm), offset (2.0 mm) using remote
alignment capabilities.
* Luminosity scan (individual beam IP shift of £100 um)
« Limited beam alignment in the crab cavities: 2 cavities (orbit adjust £0.5 different
beam both planes) (knob up to Q6)
Machine errors (uniformly distributed, uncorrelated):
0.7 mm max transverse displacement of quadrupoles at the IT (IR. err.)
0.7 mm max transverse displacement of quadrupoles in the arc (Arc. err.).
10 mm max longitudinal displacement, 0.5 mrad max roll, 0.2% max field error fo

Hm D1 and D2 (IR err.) and in the arcs (Arc err.).
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Residual orbit 2 (respect to ideal orbit) [mm]

IR err. . | Lumi scan.
[2#std] [+0.1 mm]

TAXS X|Y [mm] 0 0 2

MQXFA.[AB]1 X|Y [mm] 0.14 0 0.12 9.34 0.91 2 0 0
MQXFB.[AB]2 X|Y [mm] 0.24 0 0.16 14.14 1.19 2 0.1 0.1
MQXFA.[AB]3 X|Y [mm] 0.35 0 0.1 14.12 0.8 2 0.21 0.21
MBXF X|Y [mm] 0.43 0 0.03 12.63 0.45 2 0.23 0.23
TAXN X|Y [mm] 0.06 0 0.14 3.3 0.13 2 0.42 0.42
MBRD X|Y [mm] 0.07 0 0.19 1.45 0.06 2 0.48 0.48
MCBRD X|Y [mm] 0.08 0.02 0.2 0.25 0.01 2 0.5 0.5
MCBY[HV].[AB]?4 X|Y [mm] 0.01 0.2 0.1 0 0 2 0.5 0.5
MQY.4 X|Y [mm] 0 0.13 0.09 0 0 2 0.48 0.48
TCLMC.5 X|Y [mm] 0 0.65 0.02 0 0 2 0.25 0.25
MCBC[HV].5 X|Y [mm] 0 0.74 0 0 0 2.04 0.21 0.21
MQML.5 X|Y [mm] 0 0.73 0.01 0 0 2.02 0.22 0.22
TCLMC.6 X|Y [mm] 0 0.63 0 0 0 2.19 0.07 0.07
MCBC[HV].6 X|Y [mm] 0 0.68 0 0 0 2.23 0 0
MQML.6 X|Y [mm] 0 0.67 0 0 0 2.24 0.04 0.04
MCBC[HV].7 X|Y [mm] 0 0.6 0 0 0 0.68 0 0
MQM.[AB]7 X|Y [mm] 0 0.59 0 0 0 0.76 0 0
MCBC[HV].8 X|Y [mm] 0 0.72 0 0 0 0 0 0
MQML.8 X|Y [mm] 0 0.7 0 0 0 0.07 0 0
MCBC[HV].9 X|Y [mm] 0 0.57 0 0 0 0 0 0
MQMC.9 X|Y [mm] 0 0.52 0 0 0 0 0 0
MQM.9 X|Y [mm] 0 0.56 0 0 0 0 0 0
MCB[HV].10 X|Y [mm] 0 0.74 0 0 0 0 0 0
MQML.10 X|Y [mm)] 0 0.71 0 0 0 0 0 0

*kk 1
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Residual orbit 2 (respect to quad center) [mm]

IR err. . | Lumi scan.
[2#std] [+0.1 mm]

TAXS X|Y [mm] 0 0 2

MQXFA.[AB]1 X|Y [mm] 0.86 0 0.12 9.34 0.91 0 0 0
MQXFB.[AB]2 X|Y [mm] 0.88 0 0.16 14.14 1.19 0 0.1 0.1
MQXFA.[AB]3 X|Y [mm] 0.91 0 0.1 14.12 0.8 0 0.21 0.21
MBXF X|Y [mm] 0.43 0 0.03 12.63 0.45 0 0.23 0.23
TAXN X|Y [mm] 0.06 0 0.14 3.3 0.13 0 0.42 0.42
MBRD X|Y [mm] 0.07 0 0.19 1.45 0.06 0 0.48 0.48
MCBRD X|Y [mm] 0.08 0.02 0.2 0.25 0.01 0 0.5 0.5
MCBY[HV].[AB]?4 X|Y [mm] 0.01 0.2 0.1 0 0 0 0.5 0.5
MQY.4 X|Y [mm] 0 0.81 0.09 0 0 0 0.48 0.48
TCLMC.5 X|Y [mm] 0 0.65 0.02 0 0 2 0.25 0.25
MCBC[HV].5 X|Y [mm] 0 0.74 0 0 0 2.04 0.21 0.21
MQML.5 X|Y [mm] 0 0.69 0.01 0 0 2.02 0.22 0.22
TCLMC.6 X|Y [mm] 0 0.63 0 0 0 2.19 0.07 0.07
MCBC[HV].6 X|Y [mm] 0 0.68 0 0 0 2.23 0 0
MQML.6 X|Y [mm] 0 0.66 0 0 0 2.24 0.04 0.04
MCBC[HV].7 X|Y [mm] 0 0.6 0 0 0 0.68 0 0
MQM.[AB]7 X|Y [mm] 0 0.65 0 0 0 0.76 0 0
MCBC[HV].8 X|Y [mm] 0 0.72 0 0 0 0 0 0
MQML.8 X|Y [mm] 0 0.54 0 0 0 0.07 0 0
MCBC[HV].9 X|Y [mm] 0 0.57 0 0 0 0 0 0
MQMC.9 X|Y [mm] 0 0.7 0 0 0 0 0 0
MQM.9 X|Y [mm] 0 0.65 0 0 0 0 0 0
MCB[HV].10 X|Y [mm] 0 0.74 0 0 0 0 0 0
MQML.10 X|Y [mm)] 0 0.52 0 0 0 0 0 0

*kk 1
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Knobs 2 (H orbit)

Lumi scan

IP crossing
- |P separation
IP offset -
—— CC B1 move
CC B2 move

~Lumi scan
IP crossing

—— |P separation \ \
~——IP offset \
~—CC B1 move

CC B2 move




Knobs 2 (V orbit)

Lumi scan

IP crossing
- |P separation

IP offset
— CC B1 move

CC B2 move
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Offset knob -- 2

400

200

-200

400

200

-200

s [m]

s [m]

Displacements

vVVvVYy

Parameters
vVVvVVvYy

vVVvVvyYy

3

Ad<-GH'SO
AQ<-SHVvO
AQ<-GH'€0
Ad<-§49¢D
AQ<-SHVY'¢D
Ad<-SH’1O
AQ<-§T1O
Ad<-§1V'¢D
Ad<-§19¢D
AQ<-GT€0
AQ<-G1+0
AQ<-G§7'SD
XAd<-84'sO
XA<-s4'+0
Xd<-SH'€D
Xd<-GH4'¢O
Xd<-SHV'¢D
Xd<-S4'1O
Xd<-9710
Xd<-§1v'¢D
Xd<-§1d¢0
XAd<-S71'€0
Xd<-§T+0
Xa<-571'S0

¢gs4d'8HOg0v
LdS4'8A0d0V
¢dsd"/AD0d0v
Lged"/HOHOV
¢dS4d'9HOg0v
+gSd"9N\0g0V
¢dS4d'sN\Od0oVv
1854 'SHOdOV
€d9971'gHO4dOv
FHST1°SAD90VY
¢d91'9N080v
L9971 9HOGOV
€d97/HO4g0v
RElpprelsio)4
¢gs18A0ddv
1991 8HOAOV




Option 2b
(proposed one)




400

AQ<-G4'SO
Ad<-GHVvO
AQ<-GH'€D
Ad<-§49°¢0
AQ<-S4Vv'¢D
Ad<-S4’1O
Ad<-GT1O
Ad<-§1V'¢D
Ad<-§19d¢0
Ad<-GT€0
AQ<-S7%0D
AQd<-S7'SD
XA<-84'SO
XA<-84'¥O
Xd<-S4'€0
Xd<-G4d'¢D
Xd<-GHV'¢D
Xd<-S4'1O
Xd<-97T10
Xd<-§1V'¢D
Xd<-§1d¢0
XA<-S71€0
Xd<-§1+0
Xa<-S71°60

—B1
—B2

200

0
s [m]
Displacements

-200

-400

¢964'8H049Jv
LS4 8A\Od OV

LeH YSHAGOV
¢dSd YHAEOV
LS4 YAADOV

Offset knob = 2b

-400 -200 0 200 400
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Orbit Option 2b corrector budget

Right Point 5, H crossing, 2o strength for errors

5[ \AAJRERERE T T (B Lumi scan For the Left and Point 1
vv e crossing . .
N | [ cepaton symmetries applies:
=3 1 | CC B1 .
£ YYYYYY YV VY I E5C B2 move « Left Bl -> nght B2,
ol \A A A4 [ 25 (R err.) .
EH 20(Ac erm) « Left B2 -> Right B1
1F M ¥ Design limit . ]
0  HPoint5->V Point 1
0w 0w 0w — QA -l — AN AN T— QA —Ql — Qd —Ql —Q
Cr oo oo OO0 5582838 22|58 22 8%
TS IS Lo ToEC oorood oo XX oo G
X5 F& ma ¥3SF I3I¥23 9999 55 %%
00 00 OO0 oQoan >-;;>-I; 00 00 00 0O
<< <% 3% gEee B888%5 8538 82 o8
22%2 <<<<22 << [ < << <<
IP Q1Q2Q3D2 Q4 Q5 Q6-8
Triplets Matching section

Knobs (Horizontal and Vertical):
* |P crossing (250 prad), separation (£0.75 mm), offset (2.0 mm) using remote
alignment capabilities.
* Luminosity scan (individual beam IP shift of £100 um)
« Limited beam alignment in the crab cavities: 2 cavities (orbit adjust £0.5 different
beam both planes) (knob up to Q6)
Machine errors (uniformly distributed, uncorrelated):
0.7 mm max transverse displacement of quadrupoles at the IT (IR. err.)
0.9 mm max transverse displacement of quadrupoles in the arc (Arc. err.).
10 mm max longitudinal displacement, 0.5 mrad max roll, 0.2% max field error fo

Hm D1 and D2 (IR err.) and in the arcs (Arc err.).
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Residual orbit 2b (0.7, 0.9 mm DX/DY...)

Respect to quad centres
B 2o(R err)

[ J20(Arcerr)

-200 -100 0 100 200 300 400

B 2o(R err)
[ J20(Arcerr)




Residual orbit 2b (respect to ideal orbit) [mm]

IR err. . | Lumi scan.
[2#std] [+0.1 mm]

TAXS X|Y [mm] 0 0 2

MQXFA.[AB]1 X|Y [mm] 0.14 0 0.12 9.34 0.91 2 0 0
MQXFB.[AB]2 X|Y [mm] 0.24 0 0.16 14.14 1.19 2 0.1 0.1
MQXFA.[AB]3 X|Y [mm] 0.35 0 0.1 14.12 0.8 2 0.21 0.21
MBXF X|Y [mm] 0.43 0 0.03 12.63 0.45 2 0.23 0.23
TAXN X|Y [mm] 0.06 0 0.14 3.3 0.13 2 0.42 0.42
MBRD X|Y [mm] 0.07 0 0.19 1.45 0.06 2 0.48 0.48
MCBRD X|Y [mm] 0.08 0.02 0.2 0.25 0.01 2 0.5 0.5
MCBY[HV].[AB]?4 X|Y [mm] 0.01 0.25 0.1 0 0 2 0.5 0.5
MQY.4 X|Y [mm] 0 0.17 0.09 0 0 0.12 0.48 0.48
TCLMC.5 X|Y [mm] 0 0.84 0.02 0 0 1.61 0.25 0.25
MCBC[HV].5 X|Y [mm] 0 0.95 0 0 0 1.57 0.21 0.21
MQML.5 X|Y [mm] 0 0.93 0.01 0 0 1.55 0.22 0.22
TCLMC.6 X|Y [mm] 0 0.82 0 0 0 1.37 0.07 0.07
MCBC[HV].6 X|Y [mm] 0 0.88 0 0 0 1.34 0 0
MQML.6 X|Y [mm] 0 0.86 0 0 0 1.32 0.04 0.04
MCBC[HV].7 X|Y [mm] 0 0.77 0 0 0 0.42 0 0
MQM.[AB]7 X|Y [mm] 0 0.75 0 0 0 0.42 0 0
MCBC[HV].8 X|Y [mm] 0 0.93 0 0 0 0 0 0
MQML.8 X|Y [mm] 0 0.9 0 0 0 0.04 0 0
MCBC[HV].9 X|Y [mm] 0 0.73 0 0 0 0 0 0
MQMC.9 X|Y [mm] 0 0.67 0 0 0 0 0 0
MQM.9 X|Y [mm] 0 0.72 0 0 0 0 0 0
MCB[HV].10 X|Y [mm] 0 0.94 0 0 0 0 0 0
MQML.10 X|Y [mm)] 0 0.91 0 0 0 0 0 0

*kk 1
‘ |H‘L| Lc Pmc) It requires to translate Q1-Q4 of 2 mm in the d'reCttlfJP;a%ct}g]?ﬁ%%uﬁrfgm?%%%tmeeting



Residual orbit 2b (respect to quad center)

IR err. . | Lumi scan.
[2#std] [+0.1 mm]

TAXS X|Y [mm] 0 0 2

MQXFA.[AB]1 X|Y [mm] 0.86 0 0.12 9.34 0.91 0 0 0
MQXFB.[AB]2 X|Y [mm] 0.88 0 0.16 14.14 1.19 0 0.1 0.1
MQXFA.[AB]3 X|Y [mm] 0.91 0 0.1 14.12 0.8 0 0.21 0.21
MBXF X|Y [mm] 0.43 0 0.03 12.63 0.45 0 0.23 0.23
TAXN X|Y [mm] 0.06 0 0.14 3.3 0.13 0 0.42 0.42
MBRD X|Y [mm] 0.07 0 0.19 1.45 0.06 0 0.48 0.48
MCBRD X|Y [mm] 0.08 0.02 0.2 0.25 0.01 0 0.5 0.5
MCBY[HV].[AB]?4 X|Y [mm] 0.01 0.25 0.1 0 0 0 0.5 0.5
MQY.4 X|Y [mm] 0 1.04 0.09 0 0 0.12 0.48 0.48
TCLMC.5 X|Y [mm] 0 0.84 0.02 0 0 1.61 0.25 0.25
MCBC[HV].5 X|Y [mm] 0 0.95 0 0 0 1.57 0.21 0.21
MQML.5 X|Y [mm] 0 0.89 0.01 0 0 1.55 0.22 0.22
TCLMC.6 X|Y [mm] 0 0.82 0 0 0 1.37 0.07 0.07
MCBC[HV].6 X|Y [mm] 0 0.88 0 0 0 1.34 0 0
MQML.6 X|Y [mm] 0 0.85 0 0 0 1.32 0.04 0.04
MCBC[HV].7 X|Y [mm] 0 0.77 0 0 0 0.42 0 0
MQM.[AB]7 X|Y [mm] 0 0.84 0 0 0 0.42 0 0
MCBC[HV].8 X|Y [mm] 0 0.93 0 0 0 0 0 0
MQML.8 X|Y [mm] 0 0.68 0 0 0 0.04 0 0
MCBC[HV].9 X|Y [mm] 0 0.73 0 0 0 0 0 0
MQMC.9 X|Y [mm] 0 0.9 0 0 0 0 0 0
MQM.9 X|Y [mm] 0 0.84 0 0 0 0 0 0
MCB[HV].10 X|Y [mm] 0 0.94 0 0 0 0 0 0
MQML.10 X|Y [mm)] 0 0.65 0 0 0 0 0 0

*kk 1
‘ |H‘L| Lc Pmc) It requires to translate Q1-Q4 of 2 mm in the d'reCttlfJP;a%ct}g]?ﬁ%%uﬁrfgm?%%%tmeeting



Option 2
(proposed one with short offset)




400

AQ<-G4'SD
AQ<-GHVO
AQ<-GH'€D
Ad<-§49¢0
AQ<-§4Vv'¢D
AQ<-SH'1O
AQ<-GT10
AQ<-§1V'¢D
Ad<-§19d¢0
AQd<-GT€ED
AQ<-S1%0
AQ<-G71'SD
Xd<-84'SO
XA<-S4¥O
Xd<-S4’€0
Xd<-64d'¢O
Xd<-GHV'¢D
Xd<-84’1O
Xd<-97T10
Xd<-§1V'¢D
Xd<-§1d¢0
XA<-S1€0
Xd<-G1+0
Xa<-S71°60

200

0
s [m]
Displacements

-200

400

¢dSd ¥Ha49gov
LS yAQHEOY
¢95d vAQdgOv
r 1 1994 YHAY9OV
1 GH'EAXAOV
1 S4'€HXa0V
- 1 94°¢AXdOv
SHgHXaoVv
SH" LAXEOV
SH' L HXAOV
1 ST IAXEOV
ST IHXa0V
S1enXdaov
§TeHXaoVv
- 1 S1TEAXa0V
1GTEHXa0V
r 1495 1vHA4gov
1 +8STYAQHEOV
r 1295 1vAddaov
r 1 +aST1YHAYEaOV

200

Offset knob (short) — 2c

0
s [m]
Parameters

-200
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Orbit Option 2c corrector budget

Right Point 5, H crossing, 2o strength for errors

5[ \AAJRERERE T T (B Lumi scan For the Left and Point 1
vv e crossing . .
N | [ cepaton symmetries applies:
=3 1 | CC B1 .
£ YYYYYY vy vy Eccm:g:g « Left Bl -> nght B2,
ol \A A A4 [ 25 (R err.) .
20(Ac erm) « Left B2 -> Right B1
1F ¥ Design limit . ]
0 manEae HH Ol i Al - H Point 5-> V Point 1
0w 0w 0w — QA -l — AN AN T— QA —Ql — Qd —Ql —Q
T @ oo @OHP0 oosnon 00|90 00 29
TS IS Lo ToEC oorood oo XX oo G
X5 F& ma ¥3SF I3I¥23 9999 55 %%
00 00 OO0 oQoan >-;;>-I; 00 00 00 0O
<< << << GHSE 3888nn 36 158 85 83
22%2 <<<<22 << [ < << <<
IP Q1Q2Q3D2 Q4 Q5 Q6-8
Triplets Matching section

Knobs (Horizontal and Vertical):
* |P crossing (250 prad), separation (£0.75 mm), offset (2.0 mm) using remote
alignment capabilities.
* Luminosity scan (individual beam IP shift of £100 um)
« Limited beam alignment in the crab cavities: 2 cavities (orbit adjust £0.5 different
beam both planes) (knob up to Q6)
Machine errors (uniformly distributed, uncorrelated):
0.7 mm max transverse displacement of quadrupoles at the IT (IR. err.)
0.9 mm max transverse displacement of quadrupoles in the arc (Arc. err.).
10 mm max longitudinal displacement, 0.5 mrad max roll, 0.2% max field error fo

Hm D1 and D2 (IR err.) and in the arcs (Arc err.).

HL-LHC PROJECT




Residual orbit 2c (0.7, 0.9 mm DX/DY...)

Respect to quad centres
B 2o(R err)

[ J20(Arcerr)

-200 -100 0 100 200 300 400

B 2o(R err)
[ J20(Arcerr)




Residual orbit 2c (respect to ideal orbit) [mm]

IR err- + [ Lumi scan.
[2%std] [+0.1 mm]

TAXS X|Y [mm] 0

MQXFA.[AB]1 X|Y [mm] 0.14 0 0.12 9.34 0.91 2.27 0 0
MQXFB.[AB]2 X|Y [mm] 0.24 0 0.16 14.14 1.19 2.62 0.1 0.1
MQXFA.[AB]3 X|Y [mm] 0.35 0 0.1 14.12 0.8 2.46 0.21 0.21
MBXF X|Y [mm] 0.43 0 0.03 12.63 0.45 1.00 0.23 0.23
TAXN X|Y [mm] 0.06 0 0.14 3.3 0.13 0.48 0.42 0.42
MBRD X|Y [mm] 0.07 0 0.19 1.45 0.06 0.24 0.48 0.48
MCBRD X|Y [mm] 0.08 0.02 0.2 0.25 0.01 0.05 0.5 0.5
MCBY[HV].[AB]?4 X|Y [mm] 0.01 0.25 0.1 0 0 0 0.5 0.5
MQY.4 X|Y [mm] 0 0.17 0.09 0 0 0 0.48 0.48
TCLMC.5 X|Y [mm] 0 0.84 0.02 0 0 0 0.25 0.25
MCBC[HV].5 X|Y [mm] 0 0.95 0 0 0 0 0.21 0.21
MQML.5 X|Y [mm] 0 0.93 0.01 0 0 0 0.22 0.22
TCLMC.6 X|Y [mm] 0 0.82 0 0 0 0 0.07 0.07
MCBC[HV].6 X|Y [mm] 0 0.88 0 0 0 0 0 0
MQML.6 X|Y [mm] 0 0.86 0 0 0 0 0.04 0.04
MCBC[HV].7 X|Y [mm] 0 0.77 0 0 0 0 0 0
MQM.[AB]7 X|Y [mm] 0 0.75 0 0 0 0 0 0
MCBC[HV].8 X|Y [mm] 0 0.93 0 0 0 0 0 0
MQML.8 X|Y [mm] 0 0.9 0 0 0 0 0 0
MCBC[HV].9 X|Y [mm] 0 0.73 0 0 0 0 0 0
MQMC.9 X|Y [mm] 0 0.67 0 0 0 0 0 0
MQM.9 X|Y [mm] 0 0.72 0 0 0 0 0 0
MCB[HV].10 X|Y [mm] 0 0.94 0 0 0 0 0 0
MQML.10 X|Y [mm)] 0 0.91 0 0 0 0 0 0

*kk 1
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Residual orbit 2c (respect to quad center) [mm]

IR err- + [ Lumi scan.
[2%std] [+0.1 mm]

TAXS X|Y [mm] 0

MQXFA.[AB]1 X|Y [mm] 0.86 0 0.12 9.34 0.91 1.37 0 0
MQXFB.[AB]2 X|Y [mm] 0.88 0 0.16 14.14 1.19 1.72 0.1 0.1
MQXFA.[AB]3 X|Y [mm] 0.91 0 0.1 14.12 0.8 0.96 0.21 0.21
MBXF X|Y [mm] 0.43 0 0.03 12.63 0.45 0.68 0.23 0.23
TAXN X|Y [mm] 0.06 0 0.14 3.3 0.13 0.48 0.42 0.42
MBRD X|Y [mm] 0.07 0 0.19 1.45 0.06 0.24 0.48 0.48
MCBRD X|Y [mm] 0.08 0.02 0.2 0.25 0.01 0.05 0.5 0.5
MCBY[HV].[AB]?4 X|Y [mm] 0.01 0.25 0.1 0 0 0 0.5 0.5
MQY.4 X|Y [mm] 0 1.04 0.09 0 0 0 0.48 0.48
TCLMC.5 X|Y [mm] 0 0.84 0.02 0 0 0 0.25 0.25
MCBC[HV].5 X|Y [mm] 0 0.95 0 0 0 0 0.21 0.21
MQML.5 X|Y [mm] 0 0.89 0.01 0 0 0 0.22 0.22
TCLMC.6 X|Y [mm] 0 0.82 0 0 0 0 0.07 0.07
MCBC[HV].6 X|Y [mm] 0 0.88 0 0 0 0 0 0
MQML.6 X|Y [mm] 0 0.85 0 0 0 0 0.04 0.04
MCBC[HV].7 X|Y [mm] 0 0.77 0 0 0 0 0 0
MQM.[AB]7 X|Y [mm] 0 0.84 0 0 0 0 0 0
MCBC[HV].8 X|Y [mm] 0 0.93 0 0 0 0 0 0
MQML.8 X|Y [mm] 0 0.68 0 0 0 0 0 0
MCBC[HV].9 X|Y [mm] 0 0.73 0 0 0 0 0 0
MQMC.9 X|Y [mm] 0 0.9 0 0 0 0 0 0
MQM.9 X|Y [mm] 0 0.84 0 0 0 0 0 0
MCB[HV].10 X|Y [mm] 0 0.94 0 0 0 0 0 0
MQML.10 X|Y [mm)] 0 0.65 0 0 0 0 0 0

*kk 1
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Knobs B

Lumi scan
- |P crossing

IP separation
IP offset

4 crabs offset

2 crabs offset ccp
2 crabs offset ccm
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HL-LHC Option 1b Orbit corrector layout

MCBXFB MCBXFB MCBXFA ??Again _
symmetric?
1.9K
B1(E
- 2E|[ LG
BRE e 0
MCBRD1.9 K MCBY 4.5 K MCBC 45K

HL-LHC baseline designed to:

» Correct quadrupole misalignments and dipole tilt and transfer function errors based on
LHC experience.

« Not compatible with potential installation of 2 additional crab cavities.
* Reduced control orbit at the crab cavities.

« Adjust the IP position limiting the realignment of HW components (crab cavities only).

Layout changes with respect to the baseline:
* Q4: removing 1 corrector, reusing existing cold mass, no need of 1.9 K
* Q5: removing 2 correctors, reusing existing Q5 cold mass.




Orbit Option 1b corrector budget

Right Point 5, H crossing, 2o strength for errors

50 Svvey T T Lumi sean For the Left and Point 1
. v I:I:Ecrossmtg . .
[ B separation -
3 [P sopar symmetries applies:
=3r 1 | cc Bt :
3 s oo v + Left B1 -> Right B2,
2r <4 | 25(R err.) .
lzniprosr) . Left B2 -> Right B1
1H 4| W Design limit . ]
0 e HPoint5->V Point 1
CF 22 £F pond  pdmind R
- ol 0509 [Te|Te]Te]TelTplTs) OO OO VL OO
IS S 9 cooo)  cooood O | T T o
R EA Bn 1SS 293SEY £8sE s
00 OO 0L oon ;I>-;;>- 00 0O 0Q QO
I< << < oo >-nmomm M| MM md 0Om
momm MOmOO00 00 OO QO QO
c&)ggc&) EES(D{{{{ < < << <<
IP Q10Q2Q3D2 Q4 Q5 Q6-8
Triplets Matching section

Knobs (Horizontal and Vertical):
* [P crossing (£250 yrad), , separation (x0.75 mm), offset: (£2.0 mm)
* Luminosity scan (individual beam IP shift of £100 ym)
« Limited beam alignment in the crab cavities: 2 cavities (orbit adjust £0.5 different
beam both planes) (knob up to Q6)
Machine errors (uniformly distributed, uncorrelated):
« 0.58 mm max transverse displacement of quadrupoles at the IT (IR. err.)
« 0.6 mm max transverse displacement of quadrupoles in the arc (Arc. err.).
« 10 mm max longitudinal displacement, 0.5 mrad max roll, 0.2% max field error for
D1 and D2 (IR err.) and in the arcs (Arc err.).
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Assumptions (errors)

For the time being we consider each aperture as independent.
Errors defined w.r.t. ideal machine (MAD-X), and the magnetic center of each single aperture.
Errors are assumed to be represent the worst case within two alignment campaigns.
All errors are given as tmaximum value, assuming square distributions
= (i.e. if £0.5 mm, then r.m.s. = 0.5/sqrt(3) = 0.29 mm)
= Alignment error for all type of quadrupoles:

= +0.5mm transverse (DX/DY), £10mm (should probably be better => £3mm?) longitudinal (DS), +1
mrad roll (DPSI), [£0.002 relative strength error]

= pitch and yaw are assumed to be O (i.e. their effect is assumed to be “included” in the £0.5mm
transverse error).

= Alignment error for all type of dipoles:

= +10mm (should probably be better => £3mm?) longitudinal (DS), £0.5 mrad roll (DPSI), [+0.002
relative strength error]

= transverse alignment, pitch and yaw should not have major impact, so they are assumed to be
zero.

= Alignment error for crab cavities (with respect to the RF center):
= The assumption being used by AWG is to have all cavities aligned within to 0.5 mm (3 sigma).
= Alignment error for instrumentation and other equipment (e.g. valves):
= Assumption is that the standard alignment will be good enough not to affect aperture (better than
+2 mm(?))
= 2.5 mm transverse adjustments on cold machine and under vacuum possible (with or without remote
control) (minutes of AWG meeting #1 — EDMS1856717)

= +10 mm general adjustment capabilities of supports (112 WP2 meeting — Mateusz presentation)

iLumj ’
HL-LHC PROJECT D. Gamba - 112th HiLumi WP2 meeting



https://edms.cern.ch/document/1856717/1
https://indico.cern.ch/event/682404/contributions/2810130/attachments/1570001/2476158/adjustment_v4.pdf

Survey-fiducialization tolerances

__|Groundmotion | Fiducializaton

r h \Y; r h \Y;
[mm] | [mm] | [mm] | [mm] | [mm] | [mm]
2.0 0 0 0 0.5 0.5

TAXS (*) ;
Triplets 0.6 0 0 0 1.0 1.0

BPMs 0 0 0 25 0 0

TAXN(*) 084 036 O 0 1.0 1.0

D1 06 036 O 0 1.0 1.0

D2/Q4/Q5 0.84 0.36 O 0 09 0.6

Value derived from J. Jeanneret, LHC rep 1007 but to be validated by
survey, WP3, WP8 teams.

Values for experimental beam pipe under discussions

Still shape tolerances needs to subtracted from the available aperture.

‘HiLU i ’
HL-LHC PROJECT



Vacuum shapes (minimum inner diameter)

Shape Design With mech. tol. Sep
[mm] [mm] [mm]

TAXS  Circle
Q1 Octagon 99.7(hv), 99.7(45°) 94.94(hv), 94.94(45°) nla
Q2-D1 Octagon 119.7(hv), 110.7(45°) 115.3(hv), 106.3(45°) n/a

TAXN  Circle tbd 85 158-148
D2 Octagon 86(hv), 77(45°) 83(hv), 74(45°) 188
Q4-Q5 Rectellipse 61.4(r), 51.8(g) 57.8(r), 48(9) 194
Q6 Rectellipse 48.5(r), 38.9(g) 45.1(r), 35.3(9) 194

Q4 HV  VH
Q6 HV  VH

C. Garion, 30/11/2015

‘L’JL'E%{WEN" LHC-VSS-ES-0002 revl1.2, 2004




Aperture Margins: Round 15cm, 12.5 ¢

Bare Mech Beam Crab Offset 0,.= + 295 prad;
TAXS 240 21.4 17.3 17.3 15.1 dC _‘+ 0.75 '
MOQXFA.[AB]1 212 19.4 16.4 164 15.1 sep— = Y./o mm,

MQXF[AB]..[23] 155 14.4 122 12.0 11.0

MBXF 169 16.0 13.6 135 12.7 o
TAXN 223 209 17.7 17.2 155 needs phase <=30° and
MBRD 26.7 237 19.9 190 16.4 slightly reduced margins
MCBRD 292 26.3 22.1 21.2 18.3
TCLMB.4 249 233 19.0 18.0 14.7
MCBY[HV].[AB]?4 26.2 24.1 19.6 18.6 15.1
MQY.4 202 266 21.7 20.7 17.1
TCLMB.5 36.3 343 287 285 252
MCBY[HV].[AB]?5 37.5 35.3 29.4 29.4 26.2
MQY.5 394 37.1 31.0 31.0 27.9
TCLMC.6 37.0 344 281 281 256
MCBC[HV].6 38.2 359 294 294 27.2
MQML.6 38.6 358 29.3 29.3 27.1

Aperture in o at 2.5 ym/y at 7 TeV

HiLygD




Aperture Margins: Round 15cm , 10 ¢

Bare Mech Beam Crab Offset 0,.= + 235 prad;
TAXS 25.3 22.7 185 185 16.2 dC _‘+ 0.75 .
MQXFA.[AB]1 22.4 20.7 17.5 17.5 16.3 sep— = Y- fo Mm,

MQXF[AB]..[23] 16.8 15.7 13.3 13.2 12.1

MBXE 18.2 17.3 147 146 138 o
TAXN 229 216 183 178 16.1 needs phase <=40
MBRD 271 241 202 193 16.8
MCBRD 205 265 22.4 214 186
TCLMB.4 25.0 234 19.0 18.1 148
MCBY[HV].[AB]?4 26.2 24.1 19.7 18.7 15.1
MQY.4 292 266 21.7 207 17.1
TCLMB.5 36.3 343 287 285 252
MCBY[HV].[AB]?5 37.6 35.3 29.4 29.4 26.2
MQY.5 39.4 371 31.0 31.0 27.9
TCLMC.6 37.0 344 28.1 281 256
MCBC[HV].6 38.2 359 20.4 294 27.2
MQML.6 38.6 359 293 293 27.1

Aperture in o at 2.5 ym/y at 7 TeV

HiLygD




Aperture Margins: Round 20cm, 125 ¢

Bare Mech Beam Crab Offset 0,.= + 255 prad;
TAXS 28.7 25.7 20.9 20.9 183 dC __+ 0.75 mr’n_
MQXFA.[AB]1 254 234 199 199 184 sep— — ’

MQXF[AB]..[23] 18.9 17.6 15.0 14.8 13.6

MBXE 205 195 16.6 165 156 I
TAXN 26.2 247 209 204 184 needs phase <=55
MBRD 311 27.7 233 223 19.3
MCBRD 34.0 30.6 25.8 247 214
TCLMB.4 28.9 269 22.0 209 17.1
MCBY[HV].[AB]?4 30.3 27.9 22.7 216 175
MQY.4 33.7 308 251 240 198
TCLMB.5 41.9 396 331 32.9 292
MCBY[HV].[AB]?5 43.4 40.7 34.0 340 30.3
MQY.5 455 42.9 358 35.8 32.3
TCLMC.6 42.7 39.6 32.4 32.4 295
MCBC[HV].6 44.0 41.4 340 340 314
MQML.6 445 414 33.8 33.8 31.3

Aperture in o at 2.5 ym/y at 7 TeV

HiLygD




Aperture Margins: Round 20cm, 10 o

Bare Mech Beam Crab Offset B8.= + 205 prad;
TAXS 29.9 269 220 22.0 193 dC — +0.75 mm:
MQXFA.[AB]1 26.6 246 21.0 21.0 195 sep — :
MQXF[AB]..[23] 20.1 189 16.1 16.0 14.7
MBXF 21.7 20.7 17.7 17.6 16.7 Ok f h
TAXN 269 254 215 21.0 19.0 orany phase
MBRD 315 28.1 236 226 19.6
MCBRD 342 30.8 26.0 249 21.6
TCLMB.4 29.0 27.0 2211 21.0 17.2
MCBY[HV].[AB]?4 30.3 279 228 21.6 175
MQY.4 33.7 30.8 25.1 24.0 1938
TCLMB.5 419 39.6 33.1 329 29.2
MCBY[HV].[AB]?5 43.4 40.8 34.0 34.0 30.3
MQY.5 455 429 358 358 323
TCLMC.6 42.7 39.6 324 324 295
MCBC[HV].6 440 414 34.0 340 314
MQML.6 445 414 33.8 33.8 313

Aperture in o at 2.5 ym/y at 7 TeV

HiLygD




Aperture Margins: Flat 15/40 cm

Bare Mech Beam Crab Offset .= + 210 prad;
TAXS 29.8 27.1 225 225 20.1 dC — +0.75mm
MQXFA.[AB]1 27.4 257 221 22.1 20.8 sep — :
MQXF[AB]..[23] 21.8 20.8 17.9 17.8 16.7
MBXF 23.1 222 19.2 19.1 183 Ok h
TAXN 255 242 207 202 18.4 any phase
MBRD 29.3 26.8 228 222 20.2
MCBRD 319 295 252 245 223
TCLMB.4 254 23.7 193 184 151
MCBY[HV].[AB]?4 26.4 24.4 19.8 18.8 15.3
MQY.4 29.3 26.7 21.8 20.8 17.1
TCLMB.5 36.4 34.3 28.7 285 254
MCBY[HV].[AB]?5 37.6 35.4 29.6 29.5 26.3
MQY.5 394 372 311 311 281
TCLMC.6 37.2 345 282 28.2 256
MCBC[HV].6 385 36.1 295 295 27.8
MQML.6 38.6 359 293 293 27.1

Aperture in o at 2.5 ym/y at 7 TeV

HiLygD




Aperture Margins: Flat 10/40 cm

Bare Mech Beam Crab Offset 0,.= + 210 prad
TAXS 239 21.7 17.9 17.9 1509 dC . 0.75 !
MOQXFA.[AB]1 219 206 17.6 17.6 16.6 sep— T U.1o MM,

MQXF[AB]..[23] 17.4 16.6 14.3 14.2 13.3

MBXE 18.0 17.3 14.8 147 141 .
TAXN 20.8 19.7 16.8 164 150 Needs phase <40
MBRD 223 203 17.2 16.7 151
MCBRD 245 222 188 183 165
TCLMB.4 207 193 157 14.9 12.2
MCBY[HV].[AB]?4 21.6 19.9 16.1 15.3 12.4
MQY.4 23.9 21.8 17.7 16.9 13.9
TCLMB.5 207 28.0 23.4 232 207
MCBY[HV].[AB]?5 30.7 28.9 24.1 240 215
MQY.5 322 304 254 254 22.9
TCLMC.6 304 282 230 23.0 209
MCBC[HV].6 315 295 241 241 22.7
MQML.6 31.6 29.3 23.9 239 22.1

Aperture in o at 2.5 ym/y at 7 TeV

HiLygD




Aperture Margins: Flat 10/40 cm

Bare Mech Beam Crab Offset 0,.= + 210 prad
TAXS 239 21.7 17.9 17.9 1509 dC . 0.75 !
MOQXFA.[AB]1 219 206 17.6 17.6 16.6 sep— T U.1o MM,

MQXF[AB]..[23] 17.4 16.6 14.3 14.2 13.3

MBXF 18.0 17.3 14.8 147 141 .
TAXN 20.8 19.7 16.8 164 150 Needs phase <40

MBRD 223 203 17.2 167 151

MCBRD 245 222 188 183 165

TCLMB.4 20.7 19.3 15.7 149 122 If Q5 is replaced by MOML
MCBY[HV].[AB]?4 21.6 19.9 16.1 153 12.4 .

MQY.4 23.9 21.8 17.7 16.9 13.9 TCT.6 strictly needed and
TCLMC.5 232 215 175 17.3 14.7 no big gain with MQYY anymore
MCBC[HV]. 5 24.0 22.0 17.9 17.8 152

MQML.5 25.1 232 18.8 188 16.3

TCLMC.6 30.4 282 23.0 23.0 20.9

MCBC[HV].6 315 295 241 241 22.7

MQML.6 31.6 29.3 239 239 22.1

Aperture in o at 2.5 ym/y at 7 TeV
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Aperture Margins: Round 15cm, 10.5 ¢

Bare Mech Beam Crab Offset GC: + 250 prad;
TAXS 25.1 22.6 18.518.5 16.3 d. =+0.0mm
MQXFA.[AB]1 22.1 205 17.417.4 16.2 U ’
MQXF[AB]..[23] 16.5 15.5 13.213.1 12.0
MBXF 17.2 16.3 13.913.7 12.9
TAXN 229 21.6 184179 16.2
MBRD 25.6 22.7 19.018.1 15.5
MCBRD 26.9 24.0 20.119.1 16.3
TCLMB.4 25.3 23.0 18.817.9 14.5
MCBY[HV].[AB]?4 26.6 24.3 19.9 18.8 15.3
MQY.4 29.0 26.8 22.021.0 1/.3
TCLMB.5 36.1 33.9 28.328.2 24.8
MCBY[HV].[AB]?5 37.3 35.2 29.4 29.3 26.2
MQY.5 39.2 37.1 31.031.0 27.9
TCLMC.6 36.6 34.2 28.028.0 25.5
MCBC[HV].6 37.7 35.5 29.029.0 26.4
MQML.6 38.1 35.4 29.029.0 26.8

Aperture in o at 2.5 ym/y at 7 TeV
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Aperture Margins: Flat 18/7.5cm, 11.3 ¢

Bare Mech Beam Crab Offset GC: + 240 prad;
TAXS 21.0 19.1 15.815.8 14.0 d. =+0.0mm
MQXFA.[AB]1 19.4 18.2 15.7 15.7 14.8 U ’
MQXF[AB]..[23] 15.4 14.7 12.712.6 11.8
MBXF 15.7 15.0 13.012.8 12.3
TAXN 18.1 17.1 14.6 14.3 13.0
MBRD 19.4 17.6 15.014.5 13.0
MCBRD 21.3 19.3 16.4159 14.1
TCLMB.4 18.0 16.4 13.412.7 104
MCBY[HV].[AB]?4 19.0 17.3 14.113.4 10.9
MQY.4 20.5 19.0 15.514.8 12.2
TCLMB.5 25.5 24.0 20.0199 17.7
MCBY[HV].[AB]?5 26.4 24.9 20.8 20.7 18.5
MQY.5 27.7 26.3 21.921.9 19.8
TCLMC.6 26.0 24.3 19.819.8 18.0
MCBC[HV].6 26.9 25.2 20.6 20.6 18.8
MQML.6 27.0 25.1 20.520.5 19.0

Aperture in o at 2.5 ym/y at 7 TeV
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Aperture Margins: Flat 30/7.5cm, 14.5 o

Bare Mech Beam Crab Offset GC: + 245 prad;
TAXS 21.1 19.2 159159 14.2 d. =+0.0mm
MQXFA.[AB]1 19.4 18.2 15.7 15.7 14.8 U ’
MQXF[AB]..[23] 15.5 14.7 12.712.6 11.8
MBXF 15.7 15.0 13.0129 123
TAXN 18.1 17.1 14.6 143 13.1
MBRD 19.4 17.6 15.014.5 13.2
MCBRD 21.3 19.3 16.4159 14.4
TCLMB.4 18.0 16.5 13.412.7 10.4
MCBY[HV].[AB]?4 19.0 17.3 14.113.4 10.9
MQY.4 20.6 19.0 15.514.8 12.2
TCLMB.5 25.6 24.0 20.0199 17.7
MCBY[HV].[AB]?5 26.4 24.9 20.8 20.7 18.5
MQY.5 27.8 26.3 21.921.9 19.8
TCLMC.6 26.0 24.3 19.919.9 18.0
MCBC[HV].6 26.9 25.2 20.6 20.6 18.8
MQML.6 27.0 25.1 20.520.5 19.0

Aperture in o at 2.5 ym/y at 7 TeV

€ iy Y




Aperture Margins: Round 15cm, 10.5 ¢

Bare Mech Beam Crab Offset GC: + 250 prad;
TAXS 25.1 22.6 18.518.5 16.3 d. =+0.0mm
MQXFA.[AB]1 22.1 205 17.417.4 16.2 U ’
MQXF[AB]..[23] 16.5 15.5 13.213.1 12.0
MBXF 17.2 16.3 13.913.7 12.9
TAXN 229 21.6 184179 16.2
MBRD 25.6 22.7 19.018.1 15.5
MCBRD 26.9 24.0 20.119.1 16.3
TCLMB.4 25.3 23.0 18.817.9 14.5
MCBY[HV].[AB]?4 26.6 24.3 19.9 18.8 15.3
MQY.4 29.0 26.8 22.021.0 1/.3
TCLMB.5 36.1 33.9 28.328.2 24.8
MCBY[HV].[AB]?5 37.3 35.2 29.4 29.3 26.2
MQY.5 39.2 37.1 31.031.0 27.9
TCLMC.6 36.6 34.2 28.028.0 25.5
MCBC[HV].6 37.7 35.5 29.029.0 26.4
MQML.6 38.1 35.4 29.029.0 26.8

Aperture in o at 2.5 ym/y at 7 TeV

€ iy Y




