Optics limitations and solutions for the
Phase-I LHC IR upgrade Project
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-> Basic concept with wide aperture NbTi quadrupoles.

- Optics & Performance limitations ... a simplified overview
- Inner triplet (IT) and Matching Section aperture
- Chromatic aberrations
- Field quality
- Beam-beam

- Complete solution for p* =2 30 cm

- Layout, Optics & Aperture of the new IR
- Chromatic correction (off-momentum p-beat, non-linear chromaticity)
- Squeeze

- Tracking results at injection and collision
- Summary and discussion
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The basic Principle

- Simple & Universal but “a consommer avec modération”!
“For any given %, a long enough inner triplet with weaker gradient can
always offer more aperture than needed by the beam” ... Where is the limit?

Max coil aperture for a given 0.25 SEEUEdIEUT I
. pertul 9 _ 2 | from R. De Maria, PhD Thesis
gradient G, and a given technology: ; ; :
- Roughly: Coil-ID « Bpeak/Gq i : B field iat beam size [T]
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Max useful aperture (beam-screen)
- B.S.-ID ~ 80% x Coil-ID « 1/Gq

A 4

Min beam-clearance needed
at a given 7, roughly:
Beam-OD « (Bmax)1/2 oC 1/(13* 1/2 Gq 1/4) I* : 23m
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Limitations (1/4)

Inner triplet (IT) aperture & Gradient (2008 CDR):

- Phase-| PrOposal : 120 mm COil_lD @ 121 T/M (80% of the short-sample limit).

- ~ 100 mm beam clearance (eam-screen D).

- Max. possible B,,,, <11 km giving f* 230 cm @ G4, ~120 T/m,
with almost no aperture margin in the new IT(n1~7.5).

- Why not having proposed ~ 140 mm @ ~ 100 T/m to reach * =25 cm
with still a comfortable aperture margin in the IT (n1~9) ?

Matching section (MS) aperture (LPR1050 & LIUWG-2 & 15)

2 Bmax < 12 km in the new IT imposed by MS aperture restrictions &
gradient limits for the MS and DS quadrupoles (Q5/Q6->0T/m, Q7->200T/m)
- Ultimate B* of 27-28 cm @ 120 T/m but with strictly 0 optics flexibility.

2 Bnax < 11 km (B* 2 30 cm) imposed by the IT chromatic correction (for
550A nominal current in the sextupoles, see later).

The second principle: “With a limit on .., Imposed by an non-upgraded
part of the ring, the min. possible [3* (for a given secondary halo and X-angle in units of o)
is no longer a free design parameters BUT a simple OUTPUT!”
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Limitations (2/4)
« Chromatic Aberrations (LIUWG-15): Cure needed!

Off momentum B-beat AB(6)/B(0)

> 0Pl0S ¢ Bryay » 02BIOS? ¢ (Brmax)? ---
> AB(8)/B(0) up to 160% @ 6=10-3in one
of the two collimation IR’s

- Hierarchy of the collimation devices!
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Non-linear chromaticities Q”, Q...
- Q” can be cured by IR phasing
2> Q" o (Bmax)® - WP sent to the 3" order @ §=10-3
- Clear impact on DA (1 ¢ effect).
- Impact on beam life time vs & (RF trims, tidal

effects)?
30 thebi JIAD -X 3. 04 32 1 9/05/08 1 8 06. 27 5033000
o g2 151 | z | ?
160. lhebl MAD-X 3.94.32 19/05/08 {8.06.31 80. 64325 : IE I % i I — 50 32500
bxl byl : g
140. | ] LED | .C;) [ |
120. - 64320 Ia },1["— I 5932000
100. ‘ 5 ) I
0. _\\ 64.315 I g ,f' g I I - 58.31500
| . ! - X .
60. I,':‘," —_ I
40. - 64.310 — ] '% I — 5031000
20. : !ﬁ I I
- 64,305 ," L 5930500
0.0 ‘ : . ‘ . 0.0 I I
20.0015 -0.0005 0.0005 0.0013 [y |
deltap ]l -
64300 : , dol, , I . 0! I 50.30000
AB(S)/B(O) @ the TCP Of IR7 -O.GOISdej?$J -0.0005 0.0 0005 00010 0.0015
2> Upto60% @ 6=10-3
= ° Tunes vs &: Q, , (5)
LHC Performance Workshop 2010 4



* Field quality

- Must be improved & full set of IT correctors must be implemented

Limitations (3/4)

col98 col97 col60

—

Courtesy of B. Holzer

- Target error table for the new IT/D1, still under study

- Full_IT correction (a2, a3, a4, b3, b4, b6)
13 + / LK 7
12 = . = ‘. _* g v i _____ A '.'-.ue_._:a'{if - )K_;_%K ________ =|| Targetat12c
N " _
g T \ - Expected D1/IT error table (Version 1, 2009)
ol —— - Full IT correction (a2, a3, a4, b3, b4, b6)
g L B - Expected D1/IT error table (Version 1, 2009)
" T - Minimal correction: MQSX (a2) and MCSX(b3)
7 | e — _
T II
1 | 1 1 | T | | 1
H-Plane 10 20 30 40 50 60 70 80 | V-Plane
angle 1... 90
100’000 turns Dynamic aperture of the SLHC in collision (f* = 30 cm):
- Minimum found for 60 different field error realizations (seeds).
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« Beam-beam

Limitations (4/4)

- From 15 (nom. LHC) up to 21 long-range beam-beam interactions for the
latest IT layout, not only justified by the lengthening of the new IT.

- With a target of 19 b.-b. encounters, simulations w/o field errors already
show a DA reduction of 1-1.5 ¢ w.r.t. the LHC at hominal intensity.

Dynamic Aperture [Sigma]

Horizontal Distance IP5
: SLHC: 106 b.-b. sep. |
~+Nominal -®5LHC Beta Beating Corrected SLHC Beta Beating Not Corrected LL %
14 Eu: . L 0 0 ¢ o
g
13 ; .
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10 1
A 7
g / \“\’{l ‘;—MJ—( —Nominal —SLHC
e T e E. Laface, LIUWG-24 | o
0.322
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5 0.318 m
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A complete solution for f* =30 cm (1/4)
 Layout

-> Two different versions developed in 2009 with similar

max

21 Igng range bb interactions from IP to D1 with ~4 encounters in between Q3 and D1!

SLHCV2.0 10830 €311 21600 CaL1 10380 G101
| om0 s o , - 1757 ey | o S S
oo | e F| S 1R [0 TR [RE [ BT G i (|
© © ® ©
[ s e
QDXS CP Q3 MCBX+Q2b | | Q2a+MCBX Q1 TAS

Triplet = 2 types of different length Q1/Q3 & Q2a/b: 120 mm coil ID, 123T/m(Q1,Q2) & 122T/m(Q3)
Orbit corrector > MCBX in the Q2a & Q2b cold masses: Double plane highly desirable (sSLHC-PR30)
BPM - BPMSW in front of Q1, 4 cold BPM’s in the IT: all except 1 BPM very close to optimal positions.
Corrector package (CP) > MCBXH/V, MQSX(a2), MCSX(b3), (a3, a4, b4, b6) not yet implemented.
Separation dipole > New D1 using 2 RHIC DX magnets per D1: 180 mm aperture, ~30Tm ITF.

TAS/TAN - New TAS (50 mm aperture), new TAN with wider aperture not yet defined.

Matching section - Nominal
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A complete solution for §* =2 30 cm (2/4)
« Optics, X-scheme & Aperture

] % | :
(TIOR8t AT T e S
o 2750 iplbl _____ MAD-X4.01.00 03/11/0915.34.22 , , - 12, dpibl__MAD-X4.01.00 031109 g _108km |
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— SR . “a i : L | \ 1
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9254 - 15 - o | i o
16504 | &) 1.2 B4~ 2 km minimized | /|| ||| Triplet matched with small
137.5 i L 70 for MS aperture H || P=B/o~320 m at the Q3 exit
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0oL g2 0.0 =iz N Nhveemeae | 2
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Low-P Collision optics: f*=30 cm
(matched with specific L/R phase advances
for IT chromatic correction, see later)

Injection: f*=14 m
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« X-scheme

iplbl MAD-X 4.01.00 03/11/09 15.34.39 iplbl MAD-X 4.01.00 03/11/09 15.35.48

_ 0.0125 0.0125 ,
< 00100 * Y 1 0o100] * Y ]
5 | | 3 ] 0.0075 ]
= - - | Y -
- 0.0050 - A -
] 0.0025 - PN ]
] -0.0025 Vo ]
- -0.0050 ]
] -0.0075 - ]
] -0.0100 - ]
0012 T 3d0 . 600.  900. 1200 001 T 300 T edo. 9do 00,
5 (m) 5 (m)
Injection (B* =14 m): Collision (B* =30 cm):
= 5.0 mm full separation - 1.5 mm full separation
= 410 prad full X-angle = 410 prad full X-angle
(~170 bb separation with X-angle) (100 bb separation with X-angle)
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 Aperture

50, ipIbl MAD-X 4.01.00 03/11/09 15.35.35 20. {1t ‘ MAD-X 4.01.00 03/11/09 15.36.31
VIR T s lonelen [
18. Yl T o
] = 1 : 7
16. - T ) |
14. - e g M4 ‘_
12 | New Exp. Beam-pipe: 50 mm ID 12. 1 .
T (over +/- 2m on either sides of the IP) 1 : 1
10. 10. - i
| WWW\W s | v ) D2-Q4 | | Q5
8. - S J _
6. 1 6.1 / New TAS 1
4. — — 4. _ New D1 & IT Present TAN
' ' 2. - ]
0.0+
24.85 25.05 25.25 25.45
5 (m) [*¥10%%( 3)] s (m) [*¥10%%( 3)]
Aperture at Injection (B* =14 m): Aperture in Collision (B* =30 cm) calculated
- Clear with nominal CO (3mm) & B-beat (20%) tolerance

2> ni~7.4inthe IT
- n1~10-11 in the MS
- The TAN is the bottle-neck (n1~5.5 in V-crossing)
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A complete solution for f* = 30 cm (3/4)
« Solution for the IT chromatic correction (LIUWG 15 & 22)

- A new LHC overall optics fulfilling specific phasing conditions

Schematic vertical off-momentum beta-beating wave induced by the SD families in sectors 34 and 45

Sector 34 i IR4 i Sector 45 IRS—left

NOcenas + 2 Mrs—teft ~ @55 [7c]
with O,.45 =W cenqs —T0/2

NOezq +2(Myry+ NS enas + RS- jest ) ~XQ /8 [r]
with J_ 3, =l —T/2
cell34 cell34 Nom. current in LHC lattice sextu oles 550 A

0 M _ _ _ _JAverage setting f_or_(;l_ co fg:non on] [ o —Tnplet
S /| /| J o ® _ ‘ _ i ]
SD1 SD2 SD1 SD2 SD1  SD2.. SD1 sm sm sm SD1 sm

- SD1/2 & SF1/2 families excited in up and down mode to generate an off-momentum beta-beat wave.
- Two sectors of sextupoles are needed for the chromatic correction of one single triplet.

-> For the Phase I triplet (120 T/m), this limits * to 30cm (some SD families pushed 550A).

-> Specific phasing conditions imposed all over the ring (arc cells, IR’s, left & right phases of IR1/5),
with still some room for fine tune adjustment.
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- A new overall LHC optics with appropriate phasing properties has been
constructed to allow the chromatic correction of the new IT in collision.

- Overall tune split of 3 (63.28/60.31 at injection, 63.31/60.32 in collision).

- Arc optics: QF/QD strengths all different in the 8 LHC sectors (with some
symmetries) and arc MQT’s (from Q14 to Q22) with non-zero nominal settings.

-  IR’s: New phase advances in the 8 LHC IR’s (with some symmetries) and
left/right phase of IR1&5 constrained individually in collision.

A'R/Zhas[: | V6.503 SLHCV2.0
Arc cell phase Hx / Al LeT
A“ﬁgér”géﬁ;ﬂgas"d V6.503 SLHCV2.0 andt:::rall Beam1 Beam2 Beam1 Beam2

Sector 12 0.2635/0.2431 | 0.2598 /0.2500 IR2 2.974/2.798 | 2.991/2.844 | 3.020/2.900 | 3.020/2.900
Sector 23 0.2635/0.2431 | 0.2531/0.2489 IR8 3.183/2.974 | 3.059/ 2.782 | 3.020/2.900 | 3.020/2.900
Sector 34 0.2635/0.2431 | 0.2530/0.2486 IR3 2.248/1.943 | 2.249/2.007 | 2.255/1.955 | 2.255/1.955
Sector 45 0.2635/0.2431 | 0.2600/0.2504 IR4 2143/1.870 | 2.143/1.870 | 2.260/1.650 | 2.260/1.650
Sector 56 0.2635/0.2431 | 0.2598 /0.2500 IR6 2.015/1.780 | 2.015/1.780 | 2.010/1.900 | 2.010/1.900
Sector 67 0.2635/0.2431 | 0.2541/0.2488 IR7 2.377/1.968 | 2.483/2.050 | 2.455/1.970 | 2.455/1.970
Sector 78 0.2635/0.2431 | 0.2525/0.2483 IR1&IR5 2.633/2.649 | 2.633/2.649 | 2.670/2.644 | 2.670/2.644
Sector 81 0.2635/0.2431 | 0.2600/0.2504 IR18IR5TE | Never specified 1.070/1.754 | 1.605+0.890

— RQTF 0 10>12A @ 450 GaV~V1R1 & IR5 right Never specified 1.600/0.890 | 1.065/1.754

0 2234 ~ax/Qy 64.31/59.32 63.31/60.32_—
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- Off-momentum beta-beating amplitude W(s) (linear) and chromatic variation of
the tunes after correction (3*=30 cm in IR1&5 and B*=10 m in IR2&8)
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Off-momentum (3-beating envelop after
correction (wW=100 < AB(5)/B(0)=10% @ 5=107)
—> Vanishing in the collimation IR’s
—> Vanishing in the new IT of IR1 & IR5
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Betatron tunes vs energy
- Almost linear up to 6=1.5 103
(with Q’ matched to 2 units)
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1)
2)

3)

A complete solution for * =2 30 cm (4/4)

Squeeze ... A very complex gymnastic!

The LHC IR’s were designed to be squeezable at constant overall phase.

Not enough tunability in the dispersion suppressors to make a full squeeze
at constant Left and Right phase individually.

Playing with the triplet settings during the squeeze (at the 2-3% level) is found the
only way to keep constant the Left/Right IR phase advance at least over a
certain range of $: 30 cm < f* <1.5m.

The squeeze is then done in 3 steps:
More or less “standard” up to p*=1.5 m at cst overall phase advance

Stop at "= 1.5 m to prepare the correction of the off-momentum B-beat (full use of the 32
sextupole families per beam).

Continue up to °,,;, =30 cm at cst Left/Right IR phase advance (to preserve the
chromatic correction efficiency).
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Inner triplet (IT)
— 115 :
= N : Pl : 5 5 L
=t P P
= 4— | p*=30cm | = Matching section (MS) Dispersion suppressor (DS)
S | b
R e o
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i D E e e S L S S L RS R T
122f : ’ - - % i PJRARE i Kji—“‘* - .,"' o toadabrbrieltismnn
: Transition @ B*=1.5m | = e EIRARRTS I R S
12i.5 S i S e g 3 F ! ! I iy
4 S Lo | S e
; Ak Tt eieioiwns® | oH| p=30cm
1 % i e e § -4 KO4LSB] " | (Q7/Q9 close to 200 T/m)
C _ i . X CTTTRQERS B n
C '/. - *, L : s KGRI I KQ7.L4B1 LB
0.5 T . A Ko i s RdTRR T Bh
e Tm 71 T Br=80cm | l =3 B
. \ j / (Q5/Q6 close to 0) | + 4 kourss ; KOORIRI - KGO RIED
1201 K | T il Eguien i TS KOI0WE) T RGloRsE
N - L1 KQGL5B -50
r . ]T‘\‘h»a KQ6IRS.B2 [
1195 Ry FryTrh ;
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L - SR = = ‘$88ss Y
112 [ ; {—t;.; S8ty -
L They, -150
KEX3 [ F3teieion
1183 F 0. - e — ; ;]:M_ » -~
B [m B m]

KQX gradients vs * (log. scale) MS (Q4/Q5/Q6) and DS (Q7->Q10) vs B*
- Non-constant and non-monotonous - Smooth, but at the transition $*=1.5m
(imposed by the IT chromatic correction and - KQ5 & KQ6 reaches 0 T/m at * ~ 27 cm
the preservation of the MS aperture at low %) - KQ7 reaches 200 T/m at p* ~ 28 cm

... Also some QT12 & QT13 close to 550 A at 3*= 30cm
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B1 & B2 left/right IR phase advances vs B*

-> Kept constant for 0.30 m < f* < 1.5m

Normalised MS strength |m ™|
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I 10+
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0.2

Sextupole gradients (beam1) vs B*
- Squeeze at cst Q’ down to $*=1.5 m (2 families)
—> Prepare the IT chromatic correction at *=1.5m
- Squeeze down to 30 cm (some SD close to 550A)

S. Fartoukh LHC Performance Workshop 2010 16



- How should it look like?...assuming ~250 knobs perfectly synchronized.
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Optics
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Tracking results

SLHCV2 dynamic aperture at injection (p'=14 min IP1/5, p'=10 m in IP2/8)

E

H-plane

13

SLHC Injection

Courtesy of E. Laface & F. Schmidt

=== SLHC Mo BB = SLHC With BE ZLHC With BE Umatz
@ 0 intensity
- Dominated by MB field errors
/ - New IT/D1 play no role.
- — B ”""'--nh___h_i —_— @ Inominal
- T ) @ Iul’[imate
b T |
e _\_\_\-\_\_‘—\—
.--"'-F-
,_fff T /
> 8.50 @ ultimate intensity
30 a3 B0 3
——————————————————————————————————————— bge___ oo eeeeeeee - > \¥'plane

Average and min/max 1°000°000 turns SLHC dynamic aperture (DA) over 60 seeds at
injection (B'=14 m) w/o or with beam-beam effects (nominal and ultimate intensity)

S. Fartoukh
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. SLHCV2 Dynamic aperture in collision
(beam colliding in IP1/IP5 @ B"=30 cm and IP8 @ B’=10m, halo collision in IP2 @ p"=10m)

SLHC Collision 30 cm

=5LHL N 5 = 5LHL WWith G5 i HL With B LATrmahe
. Courtesy of E. Laface @ 0 intensity
(new IT&D1 target field error, with

16 — a2,a3,a4,b3,b4 & b6 correction)

14 o — — ]

12
: " L = 1.4x10% cm2 s

Preliminary results -
1 y @ Inominal (AQpp= 0.84x1072)

(full 6D treatment of the head-on collisions not available yet
] — ..
L = 3.0x103%% cm2 s

< 60 @ ultimate intensity .. Would be 4.56 w/o chromatic correction! o @ lyitimate (AQpp=1.24x102)

H-plane |---------------- - e > V-plane

Average and min/max 1°000°000 turns SLHC dynamic aperture over 60 seeds in collision
(B'=30 cm, X-angle = 410 prad = 10 ¢ b.-b. separation) w/o or with beam-beam effects
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. “Back-up” collision optics relaxing B* & increasing the X-anqgle
(working at cst n1~7.5, up to reach the strength limits in the MCBC/Y @ Q4/Q5/Q6)

SLHC Collision 40 cm

‘ Courtesy of E. Laface SLHC Ho BB  —5SLHC 'With BE SLHC With BES WAtimate
' @ 0 intensity
(new IT &D1 target field error, with
16 «— | a2,a3,a4,b3,b4 & b6 correction)
- Preliminary results
; (fC!// 6D treatmerit of the head-on collisions nft available yet)
2 [
10
. | | L = 0.9x10%* cm-2s™
@ Inominal (AQpp= 0.79x102)
b
> 8 ¢ @ ultimate intensity (except one worst seed) L =2.0x10% cm2s™
A @ lypimate (AQu,=1.17x107?)
15 30 45 B0 75
R - - - - - - - - - - ------- - - - - - Angle - - - - - - - »> V-plane

Average and min/max 1°000°000 turns SLHC dynamic aperture over 60 seeds in collision
(B'=40 cm, X-angle = 560 prad ~ 16 ¢ b.-b. separation) w/o or with beam-beam effects.
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Summary and discussion

An new overall optics 1s needed for the chromatic correction of the new IT. This means an
almost new machine to be re-commissioned.

A palette of solutions is possible in collision, between two extreme configurations, each
of them hitting at least one hard limit given by the LHC ring @ 7 TeV:
B* =30 cm -> 40 cm: lower * hardly limited by gradient limits (lattice sextupole, IR quads) and then MS aperture.
Full crossing-angle = 410 = 560urad: higher X-angle hardly limited by MCBY/MCBC strength
Giving a peak luminosity between 2 x 10** em-2s1and 3 x 10** cm2s"! @ ultimate intensity.

While the aperture of the new IT is clearly not questioned, the IT layout shall still be
optimized keeping in mind these two extreme configurations:

Double plane MCBX highly desirable for the quality of the orbit correction in the new IT, but also to decouple it from
the generation of the X-scheme, otherwise a X-angle of 560 prad is out of reach (sSLHC-PR30).

Minimize the number of parasitic b-b encounters: QDXS moved on the non-IP side of D1, solution with N-lines?

Further optimize the Field Quality of the new IT (targets still to be finalized and a good compromise to be found) with a
particular concern for D1 (e.g. a factor of 5 missing for a2/b3 comparing the requirements and the first offer).

The next step is to decide what is the most likely configuration to ‘‘guaranty a reliable
operation of the machine with a peak lumi > 2 x 10** cm s’ @ ultimate intensity”.
Why did we push for a wide aperture for the new I'T?.. Certainly for beam-beam, collimation, but not necessarily * !

B*~40 cm (= 35 cm ?) seems then to be the most promising option, with a X-angle of ~13 - 16c still to be fine
tuned for beam-beam, collimation efficiency and impedance (n1/n2), but also debris coming from the IP.

Further steps in this direction shall not be forgotten to restore operational margins on the
“non-IT side”, also because possibly easy (??) or already needed for the nominal machine:
Re-commission the lattice sextupoles and Q7/Q9’s (MQM @1.9K) at higher than nominal current.

Install warm orbit corrector at Q4 (~1 Tm) to reinforce the MCBY’s for IP steering and Vernier scans @ 7 TeV.

S. Fartoukh LHC Performance Workshop 2010 21



... Reserve

S. Fartoukh

LHC Performance Workshop 2010

22



- A few words on the nominal low-f3 optics (B*=55cm)

750 IPIBL__ MAD-X3.04.31 16/050815.11.54
; | [ o nl>12 in the LSS
T 135 Jonelem spec || e
o IPIR] MAD-X 3.04.31 16, Triolet “co-focal dist v, |
2 B_max=4400m D iplet ‘““co-focal distance”: 12.0 1
O i I 1P ~ (o/B) ey~ 1/1000 m'! 105
= HEEE o o 5 1
i 4000. 1 R | 1 with ey ~ 2km, 0 = Bexit 12~ 2 9.0 - nl-~7 in the triplet
3500. 4 mo at the Q3 exit - - TCT needed
3000. —.:: .:.::_- : I.' ,:I s . 6.0 1 ‘I
2500. | : | B_Q4=1500m 45
2000. - - Fn T Typical nl plot in collision in LSS1/5
1500. - B_Q5=900m 0] (from Q13 to Q13)
1.5+ 1
1000. - i ]
02 0.0 1 MLLALCRLE AT A0 A D0 (FEATATEAL LA
500. - 0.0 244 24.7 25.0 25.3 25.6
0.0 “200%2 s (m) [10*( 3)1

The co-focal distance P, ; is a fundamental parameter fixed by the triplet layout and powering:

- Almost independent of B* (up to * ~1-2m) at constant triplet layout & powering.

=> Can be arbitrarily chosen via the fine tuning of the triplet layout & powering.

- “Low-P optics” (i.e. larger a,;) improves the mechanical acceptance of the matching section (MS).

- Too low-P optics are not “matchable” to the arcs, i.e. MS and DS quadrupole gradients going to 0 or above nominal.
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onelem, nl, spec

-~ MS aperture & Gradient versus IT co-focal length P=(B/a) gqzexi
(B*=0.25 m assuming a very optimistic gradient of ~135 T/m in order to limit B, below 12 km).

- 2 ip5{71 i M'AD'»X4;01A00 29/10/09 18.21.18
-~ ' B D, i
L 10. 1 :
g
g 8.1
[<=%
B 6. 1
A
41 Cl
2.1 ]
0.0 += .,/ ......... -0.2
0.0 300 600.  900.  1200.
s (m)
20, -ip1b2 MAD-X 4.01.00 29/10/09 18.22.49
onel
18. B
16.
14. 1
12. -
10. -
8. q
6. B
4. 4 / g
2. B
0.9 05 | D24 [l Tas-rr-p1 1 AN

5.45

D (m)

Adifficult game! N s L.
- B. o] B ., =
¥ . ! s
g 10. J:‘ ,“ -t 20
- 1 Hl L 18
Case |_High P LowP__| £ 1 L1
= H1.2
Grad.[T/m] 132.74 136.41 ;\6~ L
F 0.8
Lg1=Lg3 [m] 8.70 8.50 41 s
Lg2 [m] 7.40 7.30 2. 02
i \ - 0.0
L* [m] 23.0 23.0 0.0 ettt Lo e 0.2
s(m)
D(g1-g2a) [m] 2.50 2.70
20 iplbg IMAD»X|4.01.00 ?9/10/091843:1.25
D(g2a-g2b) [m] | 1.00 1.00 ]8' onelent 1
D(g2b-g3) [m] | 3.00 2.90 16. ]
Beta_max [m] 11910 11810 14. 1
12.
P [m] 891 328 ]
10. A
Beta_Q4 [m] 3750 2125 8.
6.
Beta_Q5 [m] 2220 1340 . '\/'
5 ] TAN ]
PPN 1 I v T W |
24.85 25.05 25.25 2545
5 (m) [*10%%( 3)]

—> DS and MS gradients well within limits but
Aperture bottle-neck in the TAN-D2-Q4-Q5
(12km B4 is too much for 120 mm coil_ID)

S. Fartoukh

- MS aperture restored (except at the TAN) but
Quad. Gradient at the limit in the MS
(Q4/5/6>0, Q7~200T/m)
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1)

2)

- How to design a “good inner triplet” (IT) taking into account the
aperture constraints of the Matching Section (MS)?

Triplet Matched with 3 variables: Ly, = Los, Losa = Lgop, @nd G

(Gq1 = Goea = Gy fixed by the coil_ID, and the mag. to mag. distances between
quadrupoles given by the hardware ¢ and other considerations, BPM, MCBX..)

Triplet Matched with 3 constraints:
- Same peak beta-functions in both planes:
Bxmax = Bymax = Bmax (Quite rigid quantity depending on the MQX gradient)

- P, & P, matched to specified values constrained by the MS aperture (> Pmax) and
optlcs matchablllty to the arcs, i.e. MS and DS gradients (- Pmin):

P_(B._ :Layout:IT — MS distance) < P < P_(A_; MS aperture)

P max < Pmin fOor too high B,..., typically above ~ 12 or 13 km depending on whether the
Left/Right IR phase advance is constrained for the IT chromatic correction (see later).

No complete optics solution can be found for F*=25 cm with the (120 mm-120 T/m)
Phase-l triplet corresponding to B,... ~ 12.8 km (also IT aperture problem in this case).

3 possible options

1) Increase P,,,, With new wider aperture MS magnets - Beyond the Phase | scope
2) Decrease P, pushing the MS magnets towards the arc (LIUWG-15) > Rejected.
3) Incr. P, & decr. P, at cst MS, by reducing f,,..~> B*= 30 cm > Approved.

S. Fartoukh LHC Performance Workshop 2010 25



Limitations (2/4)
Chromatic aberrations (LIUWG-15, LPR 308 & SLHC-PR20).

- Linear chromaticity:

- Nominal LHC: /ox ~ 350 @ =50 cm (205 T/m)
- SLHC: lyox ~ 875 @ p*=25cm (120 T/m)
= For one single IR:

I7f =% [ds Ky (5) B, (5)

Triplet L/R

with 1" =18 If=

y ? X

=l +I5 =1 +I @ G
MOX MOX
< MQX,B

Q’max ~ -65 ~ AQ’,,,; induced by 8 LHC sectors!

- Q” and linear off-momentum B-beating:

op..,
N 0=0
( oo j(s : _ COS(A,U,IC_;S —270, ) xcos(Ap, > =2, (s)) between IP1 & IP5
B, ,(s,6=0) sin(ZﬂQx,y) cos(Au, ") xcos(Au, ) +270, -2, (s)) between IP5 & IP1

x cos(Ape, ) x cos(Ap, ) —

27sin(27Q, ) 270y.)

1
Q),c',y:$4_ j- ds KMQX(S)( 'Bxyj( o= )_

Triplets
IR1+IRS

2)

3)

The off-momentum beta-beating can reach ~100% for 5=10-3.

- With n/2 [=] for the phase advance between IP1 and IP5, it can be cancelled in half of the ring

but then is maximized in the other half > only one collimation can be preserved

- Second (higher) order off-momentum p-beating and signature by a

third (higher) order chromaticity Q’”.
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V6.503 overall optics with IR phasing and new IT in IR1 & 5 (§*=25cm with Q4/QS pushed towards the arcs )

“Montague” function W, , (s) ~

1(0/09) 59/ B umpiitude
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deltap

5 (m)
AB(5)/B(0) [%] in TCP in IP3
- Up to 160% @ 6=103

AB(8)/B(0)in the IT or TCP of IR7

2> Upto 60% @ =103

bx3

Ihcbi  MAD-X 3.04.32 19/05/08 18.06.35
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 bx3 by3 [ 225,

3601, - 200,
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L 150.
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deliap

by3

Thebl
bxl

MAD-X 3.04.32 19/0508 18.06.31
byl

160.

140.
120.
100.
80,
60. -
40.

20. 4

0.0 ’ 0.0

-> Beam life time vs tiny changes of momentum
energy and background to the experiments?

—> Collimation efficiency!

—> Operational aspects (strictly same optics and
simultaneous squeeze needed in IR1 & 5).

-> A new strategy, other than IR phasing,

was needed and has been invented.

-0.0015 -0.0005 0.0005 0.0015
delrap
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Limitations (3/4)

« Field quality
- Is expected to improve linearly with the IT aperture:

bn (@ Rref — 1/3IDcoil ) oC I/Rref (Todesco et al., sSLHC-PR10)

- Early estimate for the sLHC Dynamic Aperture (DA) in collision gave
excellent results applying the above scaling law to the present field quality of
the MQXA/B magnet and assuming no systematics.

- ... Doing this exercise starting from the LHC MQ field quality, envisaging
non-zero systematics and including the expected errors of a cold D1
(BNL DX magnets) is a completely different story.

- The full set of IT corrector magnets will also be needed for Phase |, i.e.

Not only MCBX (a1/b1), MQSX(a2) and MCSX(b3) as initially planned
But also MCSSX (a3), MCOX (b4), MCOSX(a4) and MCTX(b6).

- The currently expected Field Quality of the new IT/D1 is not “fully
satisfactory” and must be improved.
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- Tune vs 3 (B*=30 cm in IR1&5 and B*=10 m in IR2&8)

___ lhebl MAD-X 3.04.53 16/03/09 10.13.42

6333000 6033060

= g2 aql >
L Huge 0" and Q7 oo lhebl  MAD X 3.04.53 16/03/0910.16.01 _
N
. ql g2 _ N
Before correctio L eosumo -
O . ” ' "
3.30500 - 60.30500 / .
a:._ww_%_ s 00010 00005 0.0 00005 00010 0.0 1?am | -
deltap k-
6371500 |
Residual Q” (~3000->6000)
srsuo el MADX 3.4 (B°(8,s) # 0 at the sextupoles)
l q2 = £3.31000
63.32000 S R W 63.30500 - L 60.30500
sz0000 +— | w000
— | oo 000i5 00010 00005 00 0O00S  000I0  000i5
deliap
63.30500 - L e0.30500 If needed’
Y - | pmo __, fine tuning with octupoles MO
After correction — (~200/450A needed in OF/OD)
(Some SD families pushed up to 550A)
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- Off-momentum beta-beating versus ¢ at specific locations after correction (B*=30 cm in
IR1&5 and *=10 m in IR2&8)

TheBIAD-X 3.04.53 16/03/09 10.16.10
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— Correction of spurious dispersion via small orbit bumps (B*=30 cm in IR1&5 and *=10 m

in IR2&8) NN IR I T i
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IT cofocal distances P,,, vs B*

B1 & B2 Left & Right IR phase advances vs p*
- Normally kept ~cst for a standard squeeze

-> Kept constant for 0.30 m < §* < 1.5m
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Gradient |T/m|

ol (Q7 &Q9 close to 200T/m)
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DS gradients (Q7/Q8/Q9/Q10) vs B*

- Smooth, but at the transition f*=1.5m
- KQ7 reaches 200 T/m at a * of 27-28 cm

B*=0.3->1.5m
LEEEEEELE (QT13.RB1 8 QT13.LB2 close to 550 A)
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- Transition at f*=1.5m
- KQT13R.B1 & KQT13R.B2 kept constant close to
550A up to the transition f*=1.5m.
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Sextupole gradients (beam1) vs B*

- Squeeze at cst Q° down to f*=1.5 m (2 families)
—> Prepare the IT chromatic correction at *=1.5m
- Squeeze down to 30 cm (some SD close to 550A)

Octupole settings vs 3*
- No special requirement up to $*=1.5m
- Prepare the fine tuning of Q” at p*=1.5m
- Follow the squeeze down to 30 cm
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