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LHC Layout

TOTEM

Total length 27 km. o

cavities

Located in the border DUMP
between Switzerland and " :
France.

Cleaning P

Providing collisions since
2008.

4 interaction points

p-p Vs=7 TeV ALICE LHCb
Pb-Pb Vs=2.76 TeV ' -

° IP1
- Upgrades? @ %
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Upgrades LHC

TeV Scale (2010-2035..)

PP

W,Z top
Higgs??

New Particles??
New Symmetries?

LHC

e‘e"
New Physics
High PrecisionQCD % » tt
High Density Matter i Higgs??
Substructure?? - % New Spectroscopy??
eq-Spectroscopy?? 3

E ILC/cLC
LHeC
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Upgrades LHC

TeV Scale (2010-2035..)

— @

Increase Luminosity(5x1034
cm2s™in IP1 (ATLAS) and

PP

W,Z top

Higgs??
New Particles??

New Symmetries?

LHC

High
Luminosity
LHC

ep "."‘ e’e- .
_ B \ e Pagakcs . IP5(CMS)
High Precision QCD \ : tt 1
High Density Matter i Higgs??

Substructure?? i New Spectroscopy??
eq-Spectroscopy?? ] :

ILC/CLC
LHeC

............
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Upgrades LHC

TeV Scale (2010-2035..)

PP

LH.O N
Energy (Vs= 1.2 TeV) ,,

W,Z top
Higgs??

New Particles??
New Symmetries?

4
times higher Luminosity

(1023 cm2s1) 100 higher

LHC

eter
High Precision QCD New Physics tt
as H E RA ngstt?s?c::lctzl ’rwegt?ter New S:;gctgrsc:s?copy??
eq-Spectroscopy?? ILC/CLIC
LHeC
20/01/14
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Upgrades LHC

TeV Scale (2010-2035..)

gh
LH C v::wp / @mmmosnw
./ Nelelggrtsi:::?es?? l- H C

New Symmetries?

LHC

\

Energy (Vs=1.2TeV) 4
times higher Luminosity

Increase Luminosity(5x1034
cm?sVin IP1 (ATLAS) and

e‘e”
(1033 cm?s1 100 higher High Precision QCD New Physics ; tt IP5 (CMS)
as HERA ngstt:t?si?ljlctzj rrwegt?ter i.. New S:;gctgrs;:copy??
species e- p

_ beam energy (/nucleon) [GeV] 60 7000
bunch spacing [ns] 25 (50) 25 (50)
bunch intensity (nucleon) [101°] 0.1 (0.2) 17
beam current [mA] 6.4 860
rms bunch length [mm] 0.6 75.5
polarization [%] 90 none
normalized rms emittance [p1m)] 50 3.75
geometric rms emittance [nm] 0.43 0.50
IP beta function B, ,* [m] 0.12 0.10
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LHeC Design

‘RRLHeC:

LR LHeC: g
recirculatin in LHC tunnel,
li ith 9 BOOSTER with bypasses
R A 1SOLDI around
sneryy experiments
recovery |

e L 4

<
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Linac-Ring LHeC IR

-0
RR"LHeC:
new ring

in LHC tunnel,

recirculatin i
li ith 9 BOOSTER with bypasses
R, - » ISOLDI around
sneryy experiments
recovery I
n ilil
<
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Interaction Region Design

02 e —
P2
0.1 = Focused interacting
—_ roton beam
g. 0 W P
X

P1
Non focused beam

0.3 . ; . , . . | Bypasses the interaction
150 100 -50 O 50 150

Z [m]

Electron beam
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Interaction Region Lattice

Q7-Q13 Q4-Q6 D2 D1 Q1-Q3 Q1-Q3 D1 D2 Q4-Q6 Q7-Q13

N e e . SR B .
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Q7-Q13

20/01/14

Interaction Region Lattice

Q4-Q6 D2 D1 Q1-Q3 IP Q1-Q3 D1 D2 Q4-Q6

i B * i B

2 Recombination Dipoles
Change trajectory of proton beams

kdl.1l2 = adl.l2/1.mbx
kdl.r2 = adl.r2/l.mbx
kd2.12 = ad2.12/l1l.mbrc ;
kd2.xr2 = ad2.r2/l.mbrc ;

EIC 14

Q7-Q13
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Q7-Q13

20/01/14

Interaction Region Lattice

Q4-Q6

IT antisymmetric

KQX.L2
KTQX1.L2
KTQX2.L2
KQX.R2
KTQX1.R2
KTQX2.R2 1=

D2

i B
T

[=}

.877985714100E-02

0.000000000000E+00

.000000000000E+00
-XQX.L2
-KTQX1.L2
-KTQX2.L2

=}

D1

Q1-Q3

P Q1-Q3

PAY

D1

D2 Q4-Q6

26 Quadrupoles for each beam.
13 each side. 23 independent.

Focus proton beams

!Beaml
KQ4.L2B1
KQ4.R2B1
KQ5.L2B1
KQ5.R2B1
KQ6.L2B1
KQ6.R2B1
KQ7.L2B1
KQ7.R2B1
KQ8.L2B1
KQ8.R2B1
KQ9.L2B1
KQ9.R2B1
KQ10.L2B1
KQ10.R2B1
KQTL11.L2B1
KQTL11.R2B1
KQT12.L2B1
KQT12.R2B1
KQT13.L2B1
KQT13.R2B1

-0.258592456320E-02

0.371540198462E-02
0.289870812115E-02

-0.364729424407E-02
-0.469531641707E-02

0.432365742510E-02
0.745357182830E-02

-0.640978067866E-02
-0.529525684936E-02

0.671971927152E-02
0.703623363164E-02

-0.651667220851E-02
-0.644030443578E-02

0.730142490022E-02
0.294599974395E-03

-0.711502410599E-04

0.208264468927E-02

-0.237270956314E-02

0.296816023135E-02

-0.206932585417E-02

EIC 14

!Beam2
KQ4.L2B2
KQ4.R2B2
KQ5.L2B2
KQ5.R2B2
KQ6.L2B2
KQ6.R2B2
KQ7.L2B2
KQ7.R2B2
KQ8.L2B2
KQE8.R2B2
KQ9.L2B2
KQ9.R2B2
KQ10.L2B2
KQ10.R2B2
KQTL11.L2B2
KQTL11.R2B2
KQT12.L2B2
KQT12.R2B2
KQT13.L2B2
KQT13.R2B2

0.185133533486E-02
-0.309985129373E-02
-0.349664775637E-02
0.469937679927E-02
0.442385030629E-02
-0.370019633193E-02
-0.813254954261E-02
0.733992956089E-02
0.700517746627E-02
-0.560890926907E-02
-0.701852180932E-02
0.681308273586E-02
0.702844127608E-02
-0.525944973661E-02
0.381920898127E-02
0.399409216637E-03
-0.333493643883E-02
-0.194961708850E-02
0.278690239431E-03
0.482280250116E-02

Q7-Q13
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Changes IR2 Lattice

IP Q1-Q3 D1 D2 Q4-Q6 Q7-Q13
) l l
<« >
L* e
FOCUSING. QUADRUPOLES. Implementation of new OLE &=
inner triplet Q1-Q3 ( L*=10 m) with normal (for P2) and 0
field free holes (P1).
Ql Q2

S. Russenschuck

TRAJECTORY. DIPOLES. Inverse polarity of D1 and D2.

D2 1.21 stronger. D1 3.43 Stronger to give crossing angle
0=6.8 mrad.
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MagHEtS Ql Qz s. Russenschuck

I

]
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X755 3EBFE3IEAR

LD

Nb3Sn: 8600 A, 311 <T/m, at
83% LL

23 mm aperture
87 mm septum
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MagHEtS Ql Qz s. Russenschuck
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23 mm aperture
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20/01/14
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Nb3Sn: 5700 A, 175T/m, 4.7 T
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X [m]

20/01/14
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IR2 Optics

Towards Luminosity 21033 cm2s?

7 1 N, 1
e €,

* ]ethHD

P

EIC 14
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IR2 Optics

i itv >1033 -2¢-1
Towards Luminosity 210°3 cm™s Minimize B* =

1 N / More

b, Luminosity!
[ A\ H, H,
€ & Oz = Gﬂ(S)

I =
41e £,
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IR2 Optics

i itv >1033 -2¢-1
Towards Luminosity 210°3 cm™s Minimize B* =

1 N / More

b,p Luminosity!
L = [ H, H, gy
de €, :
MADX
Vary Constraints

Q1-Q13inIR2 Twiss parameters IP2 é ﬁ*=0,3 m

and ends of IR2
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IR2 Optics

i itv >1033 -2¢-1
Towards Luminosity 210°3 cm™s Minimize B* =

More
1 Nb / \ . ,
D uminosity!
]ethHD

L_

de € 00 = v/ €(s)
P
MADX
Vary Constraints

Q1-Q13inIR2 Twiss parameters IP2 é ﬁ*=0,3 m

and ends of IR2

,6*=0 1m p) Limits quadrupole strengths.
’ ’ IT causes huge chromatic aberrations
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B (m), B (m)

8000.

7000. A
6000. -
5000. ~
4000. A
3000. -
2000. —

1000. 4

0.0

20/01/14

Achromatic Telescopic Squeezing (ATS)
Scheme - HL-LHC

IR5

il mimm e LG

lheb2 MAD-X 5.00.18 14/03/14 12.10.26

MADX

Vary Constraints

Q1-Q13inIR2 Twiss parameters IP2
and end of IR2

|
)
|
!
1
|
. X
I
| )
T T

199 202 205 " 208 211

s{m) [£10%% 3)]
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B (m), B (m)

Achromatic Telescopic Squeezing (ATS)
Scheme - HL-LHC

IR5 IR4 arc IR5 arc IR6
- 1 rr

U g1 1 RTIRTINEREEY || MR

s000. heb2 __ MAD-X5.00.18 14/03/1412.10.26 _ 25,0 theb2 MAD-X 5.00.18 14/03/14 12.16.22
B. B = B. B,

7000. | T 22.5 _

= 20.0 - ' -

6000. - - .
. = 17.5 -
009 = 15.0 -
4000. g 12.5 -

oS,

3000. - 10.0 -

2000. - Ll .

5.0 - |

1000. - -

| | 2.5 1

0- 019 9 '\*‘:!/}‘5;5\2 ' ¥ 20’ 5 v d 20’ 8 — - v 2] ] 0.0 \_A':A_AjJ(A%A_A Avﬁl\‘)\‘;h-_ A'TJ\- AﬁA A'J't A.ArA‘_A';'A-J\
: - - R 17.5 19.0 20.5 22.0 23.5
s(m) [#10%%( 3)] s(m) [#10%%( 3)]
* SKF1.5D2 \
( jll'?’/ X} L.y )|)|‘<-—.~qllu"zx o Cbt
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 (m)

B (m),

Achromatic Telescopic Squeezing (ATS)
Scheme - HL-LHC

IR5 IR5

[l i P Te T LAl

b2 - 2 2
8000. lh(bT o )\"IADr)(.S.QO.IS' 14/(')3/14{ 12. I'O._6

— 25.0 Ih('lJ'Z ' ' MAI?-X .?.00.‘18 1'4/0.'?/14'12.1'3.25
B B - B B
000. r -Q
= 20.0 -
6000. —~
= 17.5
3000. 1 - 15.0 -
4000. B 12.5 -
=%
3000. - 10.0 -
2000. - 73
5.0 -
1000.
2.5 -
19.9 20.2 20.5 20.8 21.1 19.9 20.2 20.5 20.8 27.1
s{m) [£10%% 3)] s(m) [£10%%( 3)]
% ASKF1.5D2 - .
('jl'-g * j"'g )|)l'(‘-—5qu(‘l‘—u- = Cst
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B (m), B (m)

Achromatic Telescopic Squeezing (ATS)
Scheme - HL-LHC

IR5 IR4 arc IR5 arc IR6

I 1 1 |

TR A ARTOITIINGE | METNN

s000. Jheb2 _ MAD-X5.00.18 14/03/1412.10.26 - 250 Jheb2 _ MAD-X 5.00.18 14/03/14 12.16.22
B B = B. B
7000. T 22.5 1 _
= 20.0 - : E
6000. - ~ ‘
. = 17.5 -
5000. | S
- 15.0 -
4000. - g 12.5 |
oS
3000. - 10.0 -
2000. - Ll
5.0 -
1000. -
2.5 - J
0.0 " T T T T i 0.0 NN AN K ICAN NN A R KA A K S NN A LA
s(m) [*10%5( 3)] s(m) [#10%% 3)]
Increases Beta tunction In S 1 S(\D()d
. . = —— S S S)as
location of sextupoles in arc Sey 4 f{qcﬁ"”’y( )5(5)Da(s)
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Achromatic Telescopic Squeezing (ATS)
Scheme - HL-LHC

ATS beta—wave

IR3 IR7

ATS beta—wave

20/01/14

MADX

Vary

Constraints

Q1-Q13in IR4, IR6

Twiss parameters end IR5
(beginning IR6), beginning
IR5 (end IR4)

Phase advance

25




Achromatic Telescopic Squeezing (ATS)

Scheme

ATS beta—wave

IR7

IR3

ATS beta—wave

20/01/14 EIC 14

HL-LHC + LHeC

IR4
ATS beta—wave

IR7

Extended ATS beta—wave

26



Achromatic Telescopic Squeezing (ATS)
Scheme

HL-LHC HL-LHC + LHeC

IRS

IR4 IR6

ATS beta—wave
ATS beta—wave

IR3 IR7

IR3 IR7

Extended ATS beta—wave

—

ATS beta—wave
IR8

IR1
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Achromatic Telescopic Squeezing (ATS)
Scheme. HL-LHC+LHeC

HL-LHC HL-LHC + LHeC

IRS

IR4 IR6

ATS beta—wave
ATS beta—wave

IR3 IR7

IR3 IR7

Extended ATS beta—wave
ATS beta—wave

B=0.1m? "
Chromaticity corrected?

20/01/14 EIC 14 28
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Achromatic Telescopic Squeezing (ATS)
Scheme. HL-LHC+LHeC

EIC 14

Tuning of the arc cells in the
sector 23 to 90 degree

Re-matching for the IR3 to
provide absorption of the beta-
beating wave

Tuning of the arc cells in the
sectors 34 and 67 to restore the

betatron tunes of the machine to
62.31/60.32

Re-matching for the IR4, IR6 and

IR7 to adjust modified arc sectors
34 and 67

29



HL+LHeC ATS Optics. Beam 2

New triplet M. Korostelev
New riplet IR2 IR1/IR5

Q2=310T/m B*=10cm B*=15cm
Q3=182 T/m
Length=9 m
550 IR7 IR8 IR1 IR2 IR3 IR4 IRS IR6 > . HE ,‘s'||||HI|I[|]
Y1 a0 o i 7 ) I e 16, -ir2-newithMAD-X 5.01.00_14/03/13 01.40.20 , s
Be B s 16 {EpenithMADX 50100 140313014020
22.5 1 [ = Bx B, »
2004 2.0 7 14 L 2.0
L 1.5 S .
17.5 - - 1.0 12 - 1.5
z 1501 L 0.5 10. 1
2 ' - H L 1.0
= 1254 - 0.0 2 .
: _ . s |
g 1004 F 0.5 L 0.5
© : [ 6. - _
© 75 F 1.0
L _1.5 4 L 0.0
5.0 - : i 20 :
254 [ o5 2. / - -0.5
0.0 Hbwms 3.0 0.0 oend N A S o 1.0
0.0 10.0 20.0 30.0 0.0 300. 600. 900. 1200.

s, [m]

Qxb2/Qyb2 = 6231/6032 ° (m)

20/01/14 EIC 14 30
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HL+LHeC ATS Optics. Beam 1

IR1/IR5
B*=15cm

lhee.v2.bl ~ MAD-X 5.01.00 25/03/13 23.51.25

25.0 el MADXIOLG0 203 2314 30 <
2251 'irs IR%IRZ IR3 IRS j; 3
2001 1 | 2
1501 0.5
12.5 [ 0.0
10.0 ] — -0.5
7.5 10
. .15

0.0 10.0 20.0
Beam1

20/01/14

[*10**( 3)]

11

M. Korostelev

Qxb1/Qyb1 = 61.31/59.32

EIC 14

1600. irZ.b'I . . MIAD-lx 5'.01'0.0 2;5/03(13 ?.3.1?.18 22
1400 i 20
' ‘ L 1.8
1200. L 1.5
1000 12
‘ L 1.0
800. - L 0.8
L 0.5
600. - [
L 0.2
400. - L 0.0
200 e
BANVANY M ; L.os
Y/ e Sl Vi 0.8
. . . . 1200.
31
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Chromaticity correction, L*=10 m, B*=10 cm

MADX
Vary Constraints
KSF1, KSF2, KSD1, KSD2 all | dgl1=2, dgq2=2
arcs Wx, Wy<200 in IR3 and IR7
Before correction After correction
dql=-99.38 dql=2
dg2=-103.86 dg2=2
1600. nns*-p're.s'e.\"tmarf'hin;;‘ MAD:X 5.|01.0(? 13/IOI/14:1 10'2.5'10 1200.
. W, .
o0, W. W _ 1100. - ]
' i 1000. - .
1200. - 900. )
800. - i
1000. - 200, ] ;
800. : 600. 1 ]
500. - i
600. - 400. - -
200 ] 300. - ;
' B . 200. ]
200. - ' 100. ]
0.0 — -] 075 150 235 300
0.0 7.5 15.0 22.5 30.0 s (m) (5107 3)]

s(m) [*10%%( 3)]
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Frequency map-Order 5
L*=10 m, Beta*=0.1 m, Ap=+0.001

0.5

Before correction
— After correction

0.4

Q2

03}

0.2 .
0.2 0.3 0.4 0.5

Ql

20/01/14 EIC 14
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20/01/14

/oom-Frequency Map-Order 5
L*=10 m, Beta*=0.1 m, Ap=+0.001

Before correction

— After correction

0.3
Q1

EIC 14
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20/01/14

/oom Frequency Map-Order 10
L*=10 m, Beta*=0.1 m, Ap=+0.001

Before correction
—— After correction /

0.3
Q1

EIC 14
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Competing Criteria

* Luminosity vs Aperture

Increased beam growth (B(s)= B*+s?/B*) bigger beam size in the location of the
inner triplet

* Luminosity vs Chromatic Aberration

Increased beta function in the triplets, more natural chromaticity produced.
* SR vs Aperture

More distance, less bending electron beam, bigger beam size on proton beam.
* SR vs Chromatic Aberration

Bigger beam size on proton beam, increased chromatic aberration.

20/01/14 EIC 14 36



Competing Criteria

SR vs Aperture

More distance, less bending electron beam, bigger beam size on proton beam.
SR vs Chromatic Aberration

Bigger beam size on proton beam, increased chromatic aberration.

0-3 I I Ll T ] )

Scaling LHeC CDR -
HL-LHC triplet *

Beam separation [m]

10 12 14 16 18 20 22
L* [m]

20/01/14 EIC 14 37



Competing Criteria

* Luminosity vs Aperture

Increased beam growth (B(s)= p*+s2/B*) bigger beam size in the location of the
inner triplet

* Luminosity vs Chromatic Aberration

Increased beta function in the triplets, more natural chromaticity produced.
* SR vs Aperture

More distance, less bending electron beam, bigger beam size on proton beam.
* SR vs Chromatic Aberration

Bigger beam size on proton beam, increased chromatic aberration.

Initial solution. L*=10 m, B*=10 cm. We have values at ends of IR2 that produce
beta beating. Change parameters?

20/01/14 EIC 14 38



Change Parameters

* Increase L*

Less synchroton radiation, more space, useful for quadrupole design. More
chromaticity.

MADX
Vary Constraints
Q1-Q13 Left/Rightin IR2 Beforehand: Location IT
Same twiss parameters at IP and
ends of IR

Minimize B*
Increase Luminosity. Inner triplet forced, possible? More chromaticity.

MADX
Vary Constraints
Q1-Q13 Left/Right in IR2 Same twiss parameters at ends of
IR2.
Adjusted B* in IP

20/01/14 EIC 14 39



Change Parameters

* Increase L*

Less synchroton radiation, more space, useful for quadrupole design. More
chromaticity.

MADX
Vary Constraints
Q1-Q13 Left/Rightin IR2 Beforehand: Location IT ' L*=10-19 m
Same twiss parameters at IP and
ends of IR

Minimize B*
Increase Luminosity. Inner triplet forced, possible? More chromaticity.

MADX
Vary Constraints
Q1-Q13 Left/Right in IR2 Same twiss parameters at ends of B*:5_10 20 cm
IR2. ’
Adjusted B* in IP

20/01/14 EIC 14 40



Change Parameters

* Increase L*

Less synchroton radiation, more space, useful for quadrupole design. More
chromaticity.

MADX
Vary Constraints
Q1-Q13 Left/Rightin IR2 Beforehand: Location IT L*=10-19 m
Same twiss parameters at IP and
ends of IR

Minimize B*
Increase Luminosity. Inner triplet forced, possible? More chromaticity.

MADX
Vary Constraints
Q1-Q13 Left/Right in IR2 Same twiss parameters at ends of B*:5_10 20 cm
IR2. ’
Adjusted B* in IP

How much more chromaticity? Sextupoles to zero, check natural chromaticity

20/01/14 EIC 14 41



dqg1

20/01/14

-390

-400

-410

-420

-450

-460

-470

-480

Natural Chromaticity vs L*

Chromaticity vs L*

% T T T T T T | T
Beta*=10 cm +
« Beta*=20 cm x
x
N y _
N + |
+
+
- + -
+
+
N . ]
+
1
| 1 | | 1 1 | 1
10 11 12 13 14 15 16 17 18 19
fic 141" (M)
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dqi

Natural chromaticity vs B*

Chromaticity vs g*
-380

-400
-420 -
-440
-460
-480
-500
-520
-540

-560

10

12 14

B* (cm)
EIC 14

16

18
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Case L*=15m, B*=10 cm

* Distance and strength of Q1 (164 T/m) useful for Quadrupole design.
* Less synchroton radiation

Chromaticity correction

Before correction After correction
dgl=-118.44 dgl=2
dq2=-125.60 dg2=2
1800. ws-p'rese,\;rmatf'hing' MAD:X 5.‘01.00' [3/'01/143’ 10..'33.47 1300. u's-p.renmltchin:g . /I\/IADI-X 5.'()1.0(? 13/'0[/I‘II 10..'33.53
wo] N ] 1200.{ W-
1100. -
1400. A 1000. -
1200. 1 900. 1
800. 1
1000. 1 200, ]
800. 1 600.
500, ] 500. -
400. 4 [
400. - 300. ¢
200, ] 200. 1
| 100.
o+ oo
0.0 7.5 15.0 22.5 30.0 70.0 7.5 15.0 22.5 30.0

s (m) [*10%%( 3)] s(m) [*10%%( 3)]
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Frequency map-Order 5
L*=15 m, Beta*=0.1 m, Ap=+0.001

Before correction

— After correction
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Frequency Map - Order 9

L*=15 m, Beta*=0.1 m, Ap=10.001

Before correction

— After correction
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EIC 14
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Frequency map-Order 10
L*=15 m, Beta*=0.1 m, Ap=+0.001

Before correction

— After correction
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Electron Optics. Original Design

~
S

B 1005 3)]

S
S

20/01/14

~ D R YN > 0
| T TR KNS TN NN T NN TN N S R S R S R T R

L*,=10 m
L* ,=20m (outside)

« PROBLEM. Stray
Fields in free field
holeof Q1.7 T/M

* Cannot successfully
match with stray
fields

00  40.  80.  120. 160,
s(m)
EIC 14

48



Electron Optics. Option 1

L*p=10 m
L* .=6m (outside)

Proton L*=10m
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Optics and layout
around proton
elements.

Matching quadrupoles
correct linear stray
fields does not deal with
higher order yet.

49



Electron Optics. Option 1

L* =15 m
L* .=6m (inside)

Proton L*=15m
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Removal half-quadrupole.
Higher order stray fields
negligible, more control
synchrotron radiation.

Still advantageous to have
early electron focusing. After
increases electron L*
significantly.

SR 22 kW
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Summary and Future Work

2 Different options: L*=10 m and L*=15 m seem feasible.
Option L*=15 m works better for magnet and e beam.

Explore limits chromaticity correction. Current script L*=19 m,
B*= 8 cm. Do we need bigger L*?

Dynamic Aperture on SixTrack studies to validate ATS scheme
in the 3 interaction points.

Work further with elbeam. Explore other options location
triplet.



20/01/14

Thank you!

e.cruz-alaniz@liverpool.ac.uk
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