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LHC	
  Layout	
  
•  Total length 27 km. 
•  Located in the border 

between Switzerland and 
France. 

•  Providing collisions since 
2008. 

•  4 interaction points 
•  p-p √s=7 TeV  
•  Pb-Pb √s=2.76 TeV 

•  Upgrades? 

IP2	
  

IP1	
  

IP8	
  

IP5	
  

2	
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Upgrades	
  LHC	
  
TeV	
  Scale	
  (2010-­‐2035..)	
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Upgrades	
  LHC	
  
TeV	
  Scale	
  (2010-­‐2035..)	
  

	
  Increase	
  Luminosity(5x1034	
  
cm-­‐2s-­‐1)	
  in	
  IP1	
  (ATLAS)	
  and	
  

IP5	
  (CMS)	
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Upgrades	
  LHC	
  
TeV	
  Scale	
  (2010-­‐2035..)	
  

Energy	
  (√s=	
  1.2	
  TeV)	
  	
  4	
  
Imes	
  higher	
  Luminosity	
  
(1033	
  cm-­‐2s-­‐1)	
  100	
  higher	
  	
  

as	
  HERA	
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Upgrades	
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  Increase	
  Luminosity(5x1034	
  
cm-­‐2s-­‐1)	
  in	
  IP1	
  (ATLAS)	
  and	
  

IP5	
  (CMS)	
  	
  



LHeC	
  Design	
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Linac-­‐Ring	
  LHeC	
  IR	
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IR	
  



Interac4on	
  Region	
  Design	
  

P1	
  
Non	
  focused	
  beam	
  

Bypasses	
  the	
  interac4on	
  

P2	
  
Focused	
  interac4ng	
  	
  

proton	
  beam	
  

Electron	
  beam	
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Interac4on	
  Region	
  LaSce	
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Interac4on	
  Region	
  LaSce	
  

2	
  RecombinaIon	
  Dipoles	
  
Change	
  trajectory	
  of	
  proton	
  beams	
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Interac4on	
  Region	
  LaSce	
  

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

Focus	
  proton	
  beams	
  

IT	
  an4symmetric	
  



Changes	
  IR2	
  LaSce	
  

TRAJECTORY.	
  DIPOLES.	
  Inverse	
  polarity	
  of	
  D1	
  and	
  D2.	
  	
  
D2	
  1.21	
  stronger.	
  D1	
  3.43	
  Stronger	
  to	
  give	
  crossing	
  angle	
  

θ=6.8	
  mrad.	
  

FOCUSING.	
  QUADRUPOLES.	
  ImplementaIon	
  of	
  new	
  
inner	
  triplet	
  Q1-­‐Q3	
  (	
  L*=10	
  m)	
  with	
  normal	
  (for	
  P2)	
  and	
  

field	
  free	
  holes	
  (P1).	
  	
  

Q1	
   Q2	
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L*	
  

S.	
  Russenschuck	
  



Magnets	
  Q1	
  Q2	
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Nb3Sn:	
  8600	
  A,	
  311	
  <T/m,	
  at	
  
83%	
  LL	
  

Nb3Sn:	
  5700	
  A,	
  175	
  T/m,	
  4.7	
  T	
  
at	
  8.2%	
  on	
  LL	
  

23	
  mm	
  aperture	
  
87	
  mm	
  septum	
  

46	
  mm	
  (half)	
  aperture	
  
63	
  mm	
  septum	
  

S.	
  Russenschuck	
  



Magnets	
  Q1	
  Q2	
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Nb3Sn:	
  8600	
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ZOOM	
  IR2	
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R.	
  Tomas	
  



Towards	
  Luminosity	
  ≥1033	
  cm-­‐2s-­‐1	
  

IR2	
  Op4cs	
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Towards	
  Luminosity	
  ≥1033	
  cm-­‐2s-­‐1	
   Minimize	
  β*	
  =	
  
More	
  
Luminosity!	
  

IR2	
  Op4cs	
  

20/01/14	
   EIC	
  14	
   18	
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  cm-­‐2s-­‐1	
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  parameters	
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and	
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Towards	
  Luminosity	
  ≥1033	
  cm-­‐2s-­‐1	
   Minimize	
  β*	
  =	
  
More	
  
Luminosity!	
  

IR2	
  Op4cs	
  

β*=0.3	
  m	
  

β*=0.1	
  m?	
   Limits	
  quadrupole	
  strengths.	
  	
  
IT	
  causes	
  huge	
  chromaIc	
  aberraIons	
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  ends	
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AchromaIc	
  Telescopic	
  Squeezing	
  (ATS)	
  
Scheme	
  -­‐	
  HL-­‐LHC	
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IR5	
  

Vary	
   Constraints	
  

Q1-­‐Q13	
  in	
  IR2	
   Twiss	
  parameters	
  IP2	
  
and	
  end	
  of	
  IR2	
  

MADX	
  



AchromaIc	
  Telescopic	
  Squeezing	
  (ATS)	
  
Scheme	
  -­‐	
  HL-­‐LHC	
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IR5	
  IR4	
  	
   IR6	
  arc	
  	
   arc	
  	
  IR5	
  



AchromaIc	
  Telescopic	
  Squeezing	
  (ATS)	
  
Scheme	
  -­‐	
  HL-­‐LHC	
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IR5	
  IR5	
  



AchromaIc	
  Telescopic	
  Squeezing	
  (ATS)	
  
Scheme	
  -­‐	
  HL-­‐LHC	
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Increases	
  Beta	
  func4on	
  in	
  
loca4on	
  of	
  sextupoles	
  in	
  arc	
  	
  

IR5	
  IR4	
  	
   IR6	
  arc	
  	
   arc	
  	
  IR5	
  



AchromaIc	
  Telescopic	
  Squeezing	
  (ATS)	
  
Scheme	
  -­‐	
  HL-­‐LHC	
  

HL-­‐LHC	
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Vary	
   Constraints	
  

Q1-­‐Q13	
  in	
  IR4,	
  IR6	
   Twiss	
  parameters	
  end	
  IR5	
  
(beginning	
  IR6),	
  beginning	
  
IR5	
  (end	
  IR4)	
  
Phase	
  advance	
  

MADX	
  



AchromaIc	
  Telescopic	
  Squeezing	
  (ATS)	
  
Scheme	
  

HL-­‐LHC	
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HL-­‐LHC	
  +	
  LHeC	
  



AchromaIc	
  Telescopic	
  Squeezing	
  (ATS)	
  
Scheme	
  

HL-­‐LHC	
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HL-­‐LHC	
  +	
  LHeC	
  



AchromaIc	
  Telescopic	
  Squeezing	
  (ATS)	
  
Scheme.	
  HL-­‐LHC+LHeC	
  

HL-­‐LHC	
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HL-­‐LHC	
  +	
  LHeC	
  

β*=0.1	
  m?	
  
Chroma/city	
  corrected?	
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AchromaIc	
  Telescopic	
  Squeezing	
  (ATS)	
  
Scheme.	
  HL-­‐LHC+LHeC	
  

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

•  Re-­‐matching	
  for	
  the	
  IR3	
  to	
  
provide	
  absorp4on	
  of	
  the	
  beta-­‐
bea4ng	
  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	
  



HL+LHeC	
  ATS	
  OpIcs.	
  Beam	
  2	
  	
  

IR2	
  
β*=10	
  cm	
  

IR1/IR5	
  
β*=15	
  cm	
  

New	
  triplet	
  
Q1=187	
  T/m	
  
Q2=310	
  T/m	
  
Q3=182	
  T/m	
  
Length=9	
  m	
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M.	
  Korostelev	
  	
  



HL+LHeC	
  ATS	
  OpIcs.	
  Beam	
  1	
  	
  

IR1/IR5	
  
β*=15	
  cm	
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M.	
  Korostelev	
  	
  



Chroma4city	
  correc4on,	
  L*=10	
  m,	
  β*=10	
  cm	
  

dq1=	
  -­‐99.38	
  
dq2=	
  -­‐103.86	
  

dq1=	
  2	
  
dq2=	
  2	
  

Vary	
   Constraints	
  

KSF1,	
  KSF2,	
  KSD1,	
  KSD2	
  all	
  
arcs	
  

dq1=2,	
  dq2=2	
  	
  
Wx,	
  Wy<200	
  in	
  IR3	
  and	
  IR7	
  

MADX	
  

Before	
  correc4on	
   Aker	
  correc4on	
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Frequency	
  map-­‐Order	
  5	
  
L*=10	
  m,	
  Beta*=0.1	
  m,	
  Δp=±0.001	
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Zoom-­‐Frequency	
  Map-­‐Order	
  5	
  
L*=10	
  m,	
  Beta*=0.1	
  m,	
  Δp=±0.001	
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Zoom	
  Frequency	
  Map-­‐Order	
  10	
  
L*=10	
  m,	
  Beta*=0.1	
  m,	
  Δp=±0.001	
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Compe4ng	
  Criteria	
  
•  Luminosity	
  vs	
  Aperture	
  

	
  	
  	
  	
  	
  	
  Increased	
  beam	
  growth	
  (β(s)=	
  β*+s2/β*)	
  bigger	
  beam	
  size	
  in	
  the	
  loca4on	
  of	
  the	
  
inner	
  triplet	
  

•  Luminosity	
  vs	
  ChromaIc	
  AberraIon	
  

	
  	
  	
  	
  	
  	
  Increased	
  beta	
  func4on	
  in	
  the	
  triplets,	
  more	
  natural	
  chroma4city	
  produced.	
  
•  SR	
  vs	
  Aperture	
  

	
   More	
  distance,	
  less	
  bending	
  electron	
  beam,	
  bigger	
  beam	
  size	
  on	
  proton	
  beam.	
  

•  SR	
  vs	
  ChromaIc	
  AberraIon	
  

	
   Bigger	
  beam	
  size	
  on	
  proton	
  beam,	
  increased	
  chroma4c	
  aberra4on.	
  



20/01/14	
   EIC	
  14	
   37	
  

Compe4ng	
  Criteria	
  
•  SR	
  vs	
  Aperture	
  

	
   More	
  distance,	
  less	
  bending	
  electron	
  beam,	
  bigger	
  beam	
  size	
  on	
  proton	
  beam.	
  

•  SR	
  vs	
  ChromaIc	
  AberraIon	
  

	
   Bigger	
  beam	
  size	
  on	
  proton	
  beam,	
  increased	
  chroma4c	
  aberra4on.	
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Compe4ng	
  Criteria	
  

IniIal	
  soluIon.	
  L*=10	
  m,	
  β*=10	
  cm.	
  We	
  have	
  values	
  at	
  ends	
  of	
  IR2	
  that	
  produce	
  
beta	
  beaIng.	
  Change	
  parameters?	
  	
  

•  Luminosity	
  vs	
  Aperture	
  

	
  	
  	
  	
  	
  	
  Increased	
  beam	
  growth	
  (β(s)=	
  β*+s2/β*)	
  bigger	
  beam	
  size	
  in	
  the	
  loca4on	
  of	
  the	
  
inner	
  triplet	
  

•  Luminosity	
  vs	
  ChromaIc	
  AberraIon	
  

	
  	
  	
  	
  	
  	
  Increased	
  beta	
  func4on	
  in	
  the	
  triplets,	
  more	
  natural	
  chroma4city	
  produced.	
  
•  SR	
  vs	
  Aperture	
  

	
   More	
  distance,	
  less	
  bending	
  electron	
  beam,	
  bigger	
  beam	
  size	
  on	
  proton	
  beam.	
  

•  SR	
  vs	
  ChromaIc	
  AberraIon	
  

	
   Bigger	
  beam	
  size	
  on	
  proton	
  beam,	
  increased	
  chroma4c	
  aberra4on.	
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Change	
  Parameters	
  
•  Increase	
  L*	
  

	
   Less	
  synchroton	
  radia4on,	
  more	
  space,	
  useful	
  for	
  quadrupole	
  design.	
  More	
  
chromaIcity.	
  	
  

Vary	
   Constraints	
  

Q1-­‐Q13	
  Lek/Right	
  in	
  IR2	
   Same	
  twiss	
  parameters	
  at	
  ends	
  of	
  
IR2.	
  	
  
Adjusted	
  β*	
  in	
  IP	
  

MADX	
  

•  Minimize	
  β*	
  

	
   Increase	
  Luminosity.	
  Inner	
  triplet	
  forced,	
  possible?	
  More	
  chromaIcity.	
  	
  

Vary	
   Constraints	
  

Q1-­‐Q13	
  	
  Lek/Right	
  in	
  IR2	
   Beforehand:	
  Loca4on	
  IT	
  
Same	
  twiss	
  parameters	
  at	
  IP	
  and	
  
ends	
  of	
  IR	
  

MADX	
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Change	
  Parameters	
  
•  Increase	
  L*	
  

	
   Less	
  synchroton	
  radia4on,	
  more	
  space,	
  useful	
  for	
  quadrupole	
  design.	
  More	
  
chromaIcity.	
  	
  

Vary	
   Constraints	
  

Q1-­‐Q13	
  Lek/Right	
  in	
  IR2	
   Same	
  twiss	
  parameters	
  at	
  ends	
  of	
  
IR2.	
  	
  
Adjusted	
  β*	
  in	
  IP	
  

MADX	
  

•  Minimize	
  β*	
  

	
   Increase	
  Luminosity.	
  Inner	
  triplet	
  forced,	
  possible?	
  More	
  chromaIcity.	
  	
  

Vary	
   Constraints	
  

Q1-­‐Q13	
  	
  Lek/Right	
  in	
  IR2	
   Beforehand:	
  Loca4on	
  IT	
  
Same	
  twiss	
  parameters	
  at	
  IP	
  and	
  
ends	
  of	
  IR	
  

MADX	
  

L*=10-­‐19	
  m	
  

β*=5-­‐10,	
  20	
  cm	
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Change	
  Parameters	
  
•  Increase	
  L*	
  

	
   Less	
  synchroton	
  radia4on,	
  more	
  space,	
  useful	
  for	
  quadrupole	
  design.	
  More	
  
chromaIcity.	
  	
  

Vary	
   Constraints	
  

Q1-­‐Q13	
  Lek/Right	
  in	
  IR2	
   Same	
  twiss	
  parameters	
  at	
  ends	
  of	
  
IR2.	
  	
  
Adjusted	
  β*	
  in	
  IP	
  

MADX	
  

•  Minimize	
  β*	
  

	
   Increase	
  Luminosity.	
  Inner	
  triplet	
  forced,	
  possible?	
  More	
  chromaIcity.	
  	
  

Vary	
   Constraints	
  

Q1-­‐Q13	
  	
  Lek/Right	
  in	
  IR2	
   Beforehand:	
  Loca4on	
  IT	
  
Same	
  twiss	
  parameters	
  at	
  IP	
  and	
  
ends	
  of	
  IR	
  

MADX	
  

L*=10-­‐19	
  m	
  

β*=5-­‐10,	
  20	
  cm	
  

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



Natural	
  Chroma4city	
  vs	
  L*	
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Natural	
  chroma4city	
  vs	
  β*	
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Case	
  L*=15	
  m,	
  β*=10	
  cm	
  

dq1=	
  -­‐118.44	
  
dq2=	
  -­‐125.60	
  

dq1=	
  2	
  
dq2=	
  2	
  

Before	
  correc4on	
   Aker	
  correc4on	
  

•  Distance	
  and	
  strength	
  of	
  Q1	
  (164	
  T/m)	
  useful	
  for	
  Quadrupole	
  design.	
  

•  Less	
  synchroton	
  radia4on	
  

ChromaIcity	
  correcIon	
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Frequency	
  map-­‐Order	
  5	
  	
  
L*=15	
  m,	
  Beta*=0.1	
  m,	
  Δp=±0.001	
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Frequency	
  Map	
  -­‐	
  Order	
  9	
  
L*=15	
  m,	
  Beta*=0.1	
  m,	
  Δp=±0.001	
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Frequency	
  map-­‐Order	
  10	
  
L*=15	
  m,	
  Beta*=0.1	
  m,	
  Δp=±0.001	
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Electron	
  Op4cs.	
  Original	
  Design	
  
L*p=10	
  m	
  

L*e=20m	
  (outside)	
  

•  PROBLEM.	
  Stray	
  
Fields	
  in	
  free	
  field	
  
hole	
  of	
  Q1	
  .	
  7	
  T/M	
  

•  Cannot	
  successfully	
  
match	
  with	
  stray	
  
fields	
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Electron	
  Op4cs.	
  Op4on	
  1	
  

L.	
  Thompson	
  

•  Op4cs	
  and	
  layout	
  
around	
  proton	
  
elements.	
  

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

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



20/01/14	
   EIC	
  14	
   50	
  

L.	
  Thompson	
  

•  Removal	
  half-­‐quadrupole.	
  
Higher	
  order	
  stray	
  fields	
  
negligible,	
  more	
  control	
  
synchrotron	
  radia4on.	
  

•  S4ll	
  advantageous	
  to	
  have	
  
early	
  electron	
  focusing.	
  Aker	
  
increases	
  electron	
  L*	
  
significantly.	
  

•  SR	
  22	
  kW	
  	
  

L*p=15	
  m	
  
L*e=6m	
  (inside)	
  

Electron	
  Op4cs.	
  Op4on	
  1	
  



Summary	
  and	
  Future	
  Work	
  

•  2	
  Different	
  op4ons:	
  L*=10	
  m	
  and	
  L*=15	
  m	
  seem	
  feasible.	
  
Op4on	
  L*=15	
  m	
  works	
  beqer	
  for	
  magnet	
  and	
  e-­‐	
  beam.	
  

•  Explore	
  limits	
  chroma4city	
  correc4on.	
  Current	
  script	
  L*=19	
  m,	
  
β*=	
  8	
  cm.	
  Do	
  we	
  need	
  bigger	
  L*?	
  

•  Dynamic	
  Aperture	
  on	
  SixTrack	
  studies	
  to	
  validate	
  ATS	
  scheme	
  
in	
  the	
  3	
  interac4on	
  points.	
  

•  Work	
  further	
  with	
  e-­‐beam.	
  Explore	
  other	
  op4ons	
  loca4on	
  
triplet.	
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Thank	
  you!	
  

e.cruz-­‐alaniz@liverpool.ac.uk	
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