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Crabbing and aperture

The crab cavities create a time correlation in the transverse motion. We can
then write;

x(s) = /2], Bx(5)cos(d,(5)) + D, (s) § + C,(s) Sin(kk Z) | ~Z

07(s) = €xPx(s) + 05DZ(s) + 07 CE(5)

neglecting the RF
curvature

where 6, z are the longitudinal coordinates and C, is the “crab dispersion”.

It is then interesting to compute the normalized quantities below in relevant
locations:
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Nominal optics
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Crab dispersion is normally small besides the

IP if the crab bump is closed.

In case of non closure, the normalized crab
dispersion leaks in the rest of the machine
following:

Cnc cos(|u(s) — perapl — Q)
where Cy. depends on the uncompensated

voltage.
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Nominal optics

Normalized dispersions (B*=15cm)
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Crab dispersion vs voltage error

Beam 1 Beam 2

In general
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Crabbing non closure reduces crabbing angle and influences the other IPs
depending on the relative phase advance.
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Impact on aperture and f3* reach

Impact on collimator settings needs to be evaluated by WP5:

= Collimator settings depend on the combination of beam size, impedance,
machine protection, imperfections

= Primary and secondary settings are dominated by impedance considerations,
should not depend on crab dispersion as long is small.

= However given that the crab dispersion depends on the local phase advances,
the analysis of collimators retractions needs to be evaluated for each optics.

In the following | assume that collimation are not perturbed, therefore the aperture
in “standard sigma” is obtained by rescaling unperturbed apertures with the
normalized crab dispersion

Exﬁx+D§U§ 1 1
Acrab = Anom.(1 — F) where 1 — F = \/exﬁx+D202+C20§ - 22 2
xYs X 14 CxO'ZZ . \/1+CNC
Exﬁx+DxO'6
0)
Ccl%] ---EE--

F[%] 0.5
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Detailed calculations

Aperture [o] [H/V]
MKD-TCT [°] [B1/B2]
Ap. Protected W [o] [H/V]

Ap. Protected CuCD [o] [H/V]

Ap. Margin W [o] [H/V]
Ap. Margin CuCD [a] [H/V]
Ap. Margin W [%] [H/V]
Ap. Margin CuCD [%] [H/V]

FlatCCHV 18/7.5 cm IP1 (H Xing) | IP5 (V Xing)

Aperture [o] [H/V]
MKD-TCT [°] [B1/B2]

Ap.
Ap.
Ap.
Ap.
Ap.
Ap.

C D g

Protected W [o] [H/V]
Protected CuCD [o] [H/V]
Margin W [o] [H/V]
Margin CuCD [o] [H/V]
Margin W [%] [H/V]
Margin CuCD [%] [H/V]

13.1/16.5
5/19
11.2/11.2
11.2/11.2
1.9/5.3
1.9/5.3
14%/32%
14%I/32%

14.2/12.7
13/22
11.3/11.2
11.2/11.2
2.9/1.5
3.0/1.5
20%/13%
21%/13%

16.5/13.1
30/31
11.7/11.2
11.2/11.2
4.8/1.9
5.3/1.9
29%/32%
14%I/32%

12.7/14.2
39/54
14.1/11.2
13.1/11.2
-1.4/3.0
-0.4/3.0
-11%/21%
-3%/21%




Conclusion

If the crab bump is not closed the crabbing leaks in the
machine as an orbit distortion proportionally to the missing
voltage.

Assuming crab dispersion does not change collimator
settings:

= For round optics, by using present margin up 50%
voltage errors could be accepted for the aperture, but at
the cost of strong luminosity loss.

= For flat optics with CC, or any other optics limited in
aperture, the non closure starts to become significant
(4% B* reach) when voltage error around 20%.

There are optimal phase advances that minimize the
Impact of crab cavity closure, but they are not taken into
account for the sake of keeping flexibility.
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Protected Apertures

0.45 TeV Ay, MKD-TCT | H.Ap.W | H. Ap. CuCD
> [°] [c@2.5um] | [c@2.5um]

Radial CO [mm]

0-20 11.2 11.2
Mom offset 2104 8.6 10
_ _ 30 11.9 11.2
Dispersion 0.1 0.14
40 12.9 11.9
Beam size 1.1 1.05
_ 50 13.8 12.8
Min Ap. no TCT [o] 19.4 12.6
_ _ 60 14.5 13.6
Min H. Ap. with TCT [0O] table 12.6
_ _ 70 14.6 14
Min V. Ap. with TCT [0] 11.2 12.6
80-90 14.6 14.3

R. Bruce et al. CERN-ACC-2017-0051 and proposal of differentiating H/V collimators (R. Bruce).

* CuCD collimators give about ~1 ¢ additions H margin from 40° to 60° MKD-TCT phase
advance.
« MKD-TCT phase advance constrains:
» mostly IR6 optics for TCT5 for both beams and
« mildly IR4 and arcs 23, 34, 67, 78 optics for TCT1

Impact of CuCD is relevant when Point 5 bottlenecks is in H plane.
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http://cds.cern.ch/record/2274330/files/CERN-ACC-2017-0051.pdf
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Optics, aperture, crossing plane

B* Xing/Sep [cm]
Xing angle [prad]

Crossing plane IP5
Aperture Xing plane [0]
Aperture Sep plane [0]

H Aperture Point 1/5
MKD-TCT [°] IP1 [B1/B2]
MKD-TCT [°] IP5 [B1/B2]
H Ap. Protected IP1 W/Cu
H Ap. Protected IP5 W/Cu

Ap. Margin W [o]

Ap. Margin CuCD |[o]

15/15
+250

V (or H)
13.1

16.5
13.1/16.5
5/19

30/31
11.2/11.2
11.9/11.2
1.9 (or 1.2)
1.9 (or 1.9)

30/7.5
+£245

H

15.6
12.7
12.7/15.6
23/10
14/22
11.4/11.2
11.3/11.2
13

15

18/7.5
+240

H

14.2
12.7
12.7/14.2
4/6
27125
11.2/11.2
11.7/11.2
1.5

1.5

18/9
+240

Vv

14.2

13.9
14.2/13.9
13/22
40/45
11.3/11.2
13.3/12.3
0.6

1.6

18/7.5
+240

Vv

14.2

12.7
14.2/12.7
8/22
51/54
11.3/11.2
14.1/13.1
-1.4

-0.4

Assuming different settings for TCTH and TCTV, which is under study (R. Bruce):
» IR6 optics is constraining only for flat optics and V crossing in Point 5.

* CuCD collimators:

» Improve B* reach for flat optics with crab cavities from about 8.7 cm to 7.8 cm (based on

scaling).

» Allow H crossing in Point 5 without performance losses (but CMS forward physics

preferred V).
» Allow £10° additional potential flexibility in IP1 to IP5 for flat optics with crab cavities
phase advance for lifetime optimization without compromising 3* reach.




Apertures: Round B*=15 cm, 500 prad

bare Dbstol align beam offset

TAXS: Round 15cm, 15.40

TAXS 251 24.1 216 176 15.4 0,04 ]

Q1 222 208 208 17.7 17.7

Q23 16.4 156 154 13.1 131 0,02 -

D1 174 165 163 139 139 —

D1 (ext) 17 161 159 135 135 £ o000+

TAXN (85mm, 1.4) 23.4 225 21.2 18 18 >

TAXN (80mm, 1.5) 221 21.2 19.8 16.7 16.7 ~0.02 1

TCTPV 221 221 221 188 188

TCTXH 227 227 227 193 19.3 004 | |
TCLX 233 233 233 198 198 —0.025 0.000 0.025
D2 249 249 23 193 193 x [mm]

D2 Corr. 25.7 25.7 24 20.1 20.1 TAXN: Round 15¢cm. 16.70
CC (b.s) 278 278 259 218 218 000 ]

Q4 Mask 25.9 259 236 193 193 '

Q4 Corr. 276 276 252 206 206 0.02

Q4 29 29 269 222 222  _

Q5 Mask 287 287 264 215 211 £ o004

Q5 Corr. 31.4 298 274 223 22 =

Q5 31.8 302 279 227 224 -0.02 -

Q6 Mask 365 365 341 27.9 267

Q6 Corr. 376 376 351 288 276 —004 1 | |
Q6 38 38 355 29.1 282 —0.025 0.000 0.025

*x [mm]
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. Hi Umi) Aperture considered for TAXS-TAXN respect constraints and hierarchy



Apertures: Flat $*=7.5/30 cm, 490 prad

bare Dbstol align beam offset

TAXS: Round 15cm, 13.50

TAXS 211 204 185 152 135 0,04 ]

Q1 19.4 185 185 159 159

Q23 15,5 14.9 147 127 127 0.02

D1 15.8 151 149 129 129 -

D1 (ext) 15,5 148 146 126 12.6 E 0.00 A

TAXN (85mm, 1.4) 18.1 175 165 141 14.1 >

TAXN (80mm, 1.5) 17.2 16.6 15.6 132 13.2 ~0.02 -

TCTPV 17 17 17 144 14.4

TCTXH 17.3 17.3 17.3 147 147 —0041 | |
TCLX 176 176 17.6 15 15 —0.025 0.000 0.025
D2 189 182 171 145 145 x [mm]

D2 Corr. 213 205 193 164 16.4

CC (b.s) 206 197 183 154 15.4 TAXN: Round 15¢cm, 13-20
Q4 Mask 19.2 183 16.7 13.6 136 0.04 -

Q4 Corr. 205 195 17.8 145 145 oo ]

Q4 215 206 191 156 156 —

Q5 Mask 213 202 187 152 149 £ 0004 ]

Q5 Corr. 22 209 194 158 156 =

Q5 223 211 195 158 156 —0.02 1

Q6 Mask 259 259 242 197 189 004

Q6 Corr. 283 269 251 205 196 | | |
Q6 283 269 251 205 19.9 —0.025 0.000 0.025

*x [mm]
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. Hi Umi) Aperture considered for TAXS-TAXN respect constraints and hierarchy



Aperture FlatCC: B*=7.5/18 cm, 480 urad

bare bstol align beam offset

TAXS: Round 15cm, 13.20

TAXS 21 202 183 151 13.2 000 ]

Q1 19.4 185 184 159 15.9

023 155 149 147 127 127 0.02 -

D1 15.8 151 149 129 12.9 _

D1 (ext) 155 148 146 126 12.6 E 000

TAXN (85mm, 1.4) 18.1 175 165 14.1 14.1 -

TAXN (80mm, 1.5) 17.2 165 15.6 13.2 13.2 —-0.02 A

TCTPV 17 17 17 144 14.4

TCTXH 17.2  17.2 172 147 147 Ead S— | |
TCLX 176 176 17.6 15 15 —0.025 0.000 0.025
D2 189 182 171 145 145 x [mm]

D2 Corr. 21.3 205 193 16.4 16.4 TAXN: Round 15cm. 13.20
CC (b.s) 206 19.7 183 154 15.4

Q4 Mask 19.2 183 16.7 13.6 13.6 0.04 -

Q4 Corr. 20.4 195 17.8 145 145 00 |

Q4 21.4 206 191 156 15.6 -

Q5 Mask 21.2 202 187 152 14.9 £ 0001

Q5 Corr. 22 209 194 158 156 =

Q5 223 211 195 158 15.6 —0.02 9

Q6 Mask 258 258 241 197 189 0.04

Q6 Corr. 283 269 251 205 19.6 | | |
Q6 283 269 251 205 19.9 ~0.0250.000 0.025

*x [mm]
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. Hi Umi) Aperture considered for TAXS-TAXN respect constraints and hierarchy



TCDQ gap for HL-LHC

Min real gap 3 Based on present FLUKA and ANSYS
studies at 2.2 10, 2.5 mm for 1.8 10,

Interlock 0.6 Based on studies with DOROS TCSP

Position accuracy, B-beat 0.3

Dispersion & =2e-4 ~0.1 Using realistic D,=0.5 m instead of 2 m

Total margin 1.0

Present BETS:fixed gap at flat top in mm corresponding to the setting at the end of the squeeze.

15 B* [cm] 50 TCDQ settings nominal scenario (round optics *=15 cm):
o e * Beam 1: B, 1cpg increases during the squeeze
* 5 mm:from12.30 —»10.1 o:
° \ * Beam 2: B, 1cp decreases during the squeeze
E e 4.1 mm: from — 10.1 0. (not ideal but acceptable)
= 4.0 T———— gap TCDQ.4 B1 10.10
S . _ Efn‘:tgcr[:‘?f B2 1010 TCDQ setting for alternative scenarios:
—— margin 1 mm * Flat optics with H crossing in Point 5 (e.g. no crab cavities):
3.0 T/ , , - gap >4.2 mm for both beams, no issues.
0.4 0.6 0.8 1.0 » Flat optics with V crossing in Point 5 (e.g. with crab cavities):
_ ATS scaling factor gap >3.7 mm for Beam 2. TCDQ gap levelling needed.

¢ HILW Y Round squeeze



