
Considera*ons	
  on	
  tolerance	
  studies	
  
for	
  FCC-­‐ee	
  

Sandra	
  Aumon,	
  CERN,	
  Geneva	
  
for	
  the	
  FCC-­‐ee	
  study	
  group	
  
Thanks	
  to	
  Yannis	
  and	
  Javier	
  

24/04/15	
  
1st	
  Workshop	
  Low	
  EmiMance	
  Design	
  
23-­‐24	
  April	
  2015,	
  Barcelona	
  Spain	
   1	
  



Content	
  
•  Mo*va*ons	
  
•  Op*cs	
  at	
  the	
  Interac*on	
  region	
  
•  Current	
  strategy	
  for	
  alignment	
  tolerance	
  studies	
  
•  Results	
  at	
  45	
  GeV	
  
•  Results	
  at	
  120	
  GeV	
  
•  Results	
  at	
  175	
  GeV	
  
•  Conclusions	
  –	
  Next	
  steps	
  

24/04/15	
  
1st	
  Workshop	
  Low	
  EmiMance	
  Design	
  	
  
23-­‐24	
  April	
  2015,	
  Barcelona	
  Spain	
  	
   2	
  



Mo*va*ons	
  
	
   Z W H % 
Beam	
  energy	
  [GeV] 45.5 80 120 175 
Beam	
  current	
  [mA] 1450 152 30 6.6 
Bunches	
  /	
  beam 16700 4490 1330 160 
Bunch	
  popula=on	
  [1011] 1.8 0.7 0.46 0.83 
Transverse	
  emi%ance	
  ε	
  
-  Horizontal	
  [nm]	
  
-  Ver=cal	
  [nm] 

	
  	
  
29.2	
  
0.06 

	
  	
  
3.3	
  

0.007 

	
  	
  
0.94	
  
0.0019 

	
  	
  
2	
  

0.002 

Momentum	
  comp.	
  [10-­‐5] 18 2 0.5 0.5 
Betatron	
  func=on	
  at	
  IP	
  β*	
  
-  Horizontal	
  [mm]	
  
-  Ver=cal	
  [mm] 

	
  	
  
500	
  
1 

	
  	
  
500	
  
1 

	
  	
  
500	
  
1 

	
  	
  
1000	
  
1 

Energy	
  loss	
  /	
  turn	
  [GeV] 0.03 0.33 1.67 7.55 

Total	
  RF	
  voltage	
  [GV] 2.5 4 5.5 11 

La\ce	
  design	
  for	
  4	
  different	
  
energies.	
  

•  Small	
  ver*cal	
  β*	
  
•  Strong	
  impact	
  on	
  

misalignments	
  errors.	
  
•  Challenging	
  chroma*city	
  

correc*on	
  scheme.	
  
(Bas*an	
  Haerer	
  ,	
  Anton)	
  

Ra*o	
  	
   ✏
y
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x
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Mo*va*ons	
  -­‐	
  suite	
  
•  Introduc*on	
  of	
  mul*ple	
  misalignments	
  of	
  various	
  elements	
  (quads,	
  sextupoles,	
  

rolls,	
  etc.)	
  
	
  

	
  
	
  
	
  
•  Dispersion	
  and	
  coupling	
  from	
  chroma*city	
  correc*on	
  can	
  compromise	
  the	
  

emiMance,	
  in	
  par*cular	
  the	
  ver*cal	
  one.	
  
	
  

	
  
	
  
	
  
	
  
•  Aim:	
  orbit	
  tolerance	
  study	
  and	
  coupling	
  correc*on	
  scheme	
  to	
  preserve	
  the	
  ra*o	
  

1/1000	
  in	
  emiMance.	
  
	
  

	
  

24/04/15	
  
1st	
  Workshop	
  Low	
  EmiMance	
  Design	
  
	
  23-­‐24	
  April	
  2015,	
  Barcelona	
  Spain	
  	
   4	
  

�������������� ������� ����������� ��������� 3
� �������������� ������� ����������� ���������
The different elements of the accelerator can be aligned at best at 0.150 mm Ref. Survey people. The question to answer
is: is it enough or do we need more precise alignement method, since the beta function in the vertical plane is quite
large.

�.� Orbit correction
Random error displacements in horizontal and vertical are set at all quadrupoles only at the moment via a troncated
gaussian at 3 �. Later, we could include tild errors/ displacement at the sextupoles.

parameter =1;
parameters=1;
ealign, dx:=tgauss(3)*0.15e-3*parameter, dy:=tgauss(3)*0.15e-3*parameters;

I placed here parameter(s) to be able to change the misalignements horizontal and vertically in a independant way.

• No signicant change in the beta function, as expected.

• one has to keep in mind that the change in hor/vert position at a position x

j

due to a misalignements at a another
position x

i

depends strongly on the beta functions at this positions. Therefore a misalignement at the doublets
quadrupoles might have an impact on the position proportionsl to

p
�

Q

�

i

, with �
Q

which could go up to 5-6 km
at the moment.

• The dispersion functions are significantly changed due the steering of the beam in the quadrupoles, which
experiement a dipolar kick, modifying then strongly the dispersion function and also the gamma transition
value. See the output file from MADX with the EALIGN command. Note the amplitude of the dispersion
functions in Fig. 3.

(a) Horizontal dispersion function with misaligned quadrupoles (b) Vertical dispersion function with misaligned quadrupoles

Figure 3: Horizontal and vertical dispersion functions with misaligned quadrupoles

Before any correction, the orbits in both planes are flat. The sextupoles are off as well as the RF cavities used for to
compensate to loss of energy due to synchrotron radiation.

������������ �� ��� ���������� Here we misaligne in both planes the first defocusing quadrupole at the first IP,
the so-called MQD33.IR1.R, by the 150 µm in the horizontal/vertical plane. In a another simulation, we misaligne the
first defocusing quadrupole only of the first FODO cell. The orbit distortion in the vertical plane is clearly dominated

by the error in misplacement if the quad at the IP is misaligned. Since the orbit response due to misaligment at s
0

is written as
y

co

(s) = ✓
0

G(s, s
0

) (1)

G(s, s
0

) is the Green function

G

0

=

p
�

0

�(s)

2 sin(⇡µ)
cos(⇡µ- | (s

0

)- (s)|) (2)

if only MQD33.IR1.R, the closed orbit distorsion is systematically multiplied by 5km. Most of the vertical dispersion is
created by the misaligment of the quadrupoles of the IPs as shown 5. It might be that they have to be more carefully

aligned. The tunes are unchanged as well as the chromaticities.

Orbit	
  distor*on	
  due	
  to	
  a	
  
misaligned	
  quadrupole	
  
Max	
  beta-­‐func*on	
  5km	
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✓
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p
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Op*cs	
  at	
  the	
  IR	
  
•  Op*cs	
  for	
  120GeV	
  (H)	
  and	
  175GeV	
  (Mb)	
  

	
  

•  From	
  Bas*an	
  Haerer’s	
  presenta*on,	
  
tuning	
  of	
  the	
  cell	
  length	
  and	
  phase	
  
advance	
  to	
  get	
  the	
  correct	
  emiMances.	
  

	
  

•  2	
  la\ces	
  with	
  2	
  scheme	
  of	
  chroma*city	
  
correc*on	
  (in	
  the	
  arc	
  or	
  around	
  the	
  IPs)	
  

Chroma*city	
  
correc*on	
  in	
  
the	
  arcs	
  
(stronger	
  
sextupoles)	
  
Bas*an’s	
  la\ce	
  

Beta*=1mm	
  
Betaymax=	
  5km	
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A. 
Bogomyagkov 
et al 



Current	
  strategy	
  
•  Tool	
  :	
  MADX	
  (most	
  appropriate	
  ?)	
  

-­‐>	
  Andreas	
  Doblhammer	
  
•  Bas*an	
  la\ce	
  

	
  
•  Only	
  quadrupole	
  misalignments	
  

at	
  the	
  moment.	
  
	
  

•  Correc*on	
  of	
  the	
  linear	
  la\ce	
  
before	
  switching	
  the	
  radia*on.	
  

	
  
•  Standard	
  misalignment	
  150	
  

micrometers	
  (Injectors	
  and	
  LHC	
  
standard).	
  

•  Which	
  max	
  misalignment	
  is	
  
acceptable	
  for	
  TLEP	
  for	
  the	
  
different	
  energies?	
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Misalignment	
  all	
  quads	
  
(150micro	
  or	
  less)	
  

Orbit	
  correc*on	
  (SVD+Micado)	
  

Chroma*city	
  correc*on	
  

Switch	
  on	
  the	
  Synchrotron	
  light:	
  
large	
  sawtooth	
  effect	
  

(50-­‐200microm)	
  EmiMance	
  ?	
  Orbit	
  ?	
  



Results	
  45GeV	
  
•  Bas*an’s	
  la\ce	
  45	
  GeV	
  (Chroma*city	
  correc*on	
  in	
  the	
  arcs)	
  –	
  300m	
  cell	
  length	
  

phase	
  adv=90/60deg.	
  
•  Gaussian	
  distribu*on	
  misalignments	
  	
  150	
  micrometers	
  RMS	
  in	
  x/y	
  ,	
  quads	
  only.	
  
•  FCC-­‐ee	
  baseline	
  emiMances:	
  29.2nm/60pm	
  -­‐>	
  MADX	
  Emit	
  14nm/0.4pm	
  

Aner	
  Orbit	
  Correc*on	
  –	
  Chroma*city	
  correc*on	
  and	
  synchrotron	
  radia*on	
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Results	
  120GeV	
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•  No	
  periodic	
  solu*on	
  with	
  synchrotron	
  light	
  
for	
  misalignments	
  >	
  45micro.m	
  aner	
  orbit	
  
and	
  chroma*city	
  correc*on.	
  

•  Strong	
  sextupoles	
  strength.	
  
Strong	
  beta-­‐bea*ng,	
  op*cs	
  spoiled	
  >	
  200%.	
  

•  Simula*ons	
  for	
  several	
  SEEDS	
  on	
  going.	
  
(10micro.m	
  are	
  already	
  ok.)	
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Scan	
  in	
  
misalignment	
  

No	
  
periodic	
  
solu*on	
  

No	
  
periodic	
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Results	
  120GeV	
  
•  Large	
  ver*cal	
  dispersion,	
  here	
  with	
  

45microm	
  misalignment.	
  
•  From	
  our	
  DR	
  colleagues:	
  need	
  to	
  

correct	
  this	
  ver*cal	
  dispersion.	
  



Results	
  for	
  175GeV	
  
•  Very	
  complex	
  case:	
  no	
  closed	
  orbit	
  found	
  for	
  any	
  misalignment	
  (1	
  SEED)	
  with	
  SR.	
  

Even	
  as	
  a	
  line,	
  TWISS	
  failed.	
  
•  Strong	
  beta-­‐bea*ng	
  already	
  before	
  switching	
  the	
  synchrotron	
  light	
  (200%)	
  	
  
•  Strong	
  sextupole	
  field	
  (2	
  order	
  of	
  magn.	
  LEP)+large	
  ver*cal	
  dispersion,	
  coupling	
  
•  Next	
  steps:	
  correc*on	
  of	
  the	
  dispersion	
  func*on	
  with	
  skews,	
  correc*on	
  beta-­‐

bea*ng,	
  star*ng	
  from	
  low	
  misalignments	
  and	
  larger	
  beta*	
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Conclusions	
  –	
  Next	
  steps	
  
•  120/175GeV	
  are	
  the	
  most	
  problema*c	
  energies.	
  

(beta-­‐bea*ng,	
  large	
  ver*cal	
  dispersion)	
  
•  Include	
  in	
  the	
  process,	
  ver2cal	
  dispersion/coupling	
  correc2on	
  

with	
  skew	
  quadrupoles,	
  and	
  tunes	
  matching	
  in	
  an	
  itera2ve	
  
way	
  star2ng	
  from	
  larger	
  beta*,	
  low	
  misalignments.	
  

•  Problem:	
  re-­‐matching	
  of	
  100km	
  machine	
  means	
  having	
  
separate	
  power	
  supplies	
  for	
  the	
  different	
  quads	
  etc..	
  
	
  

•  Is	
  MADX	
  the	
  most	
  appropriate	
  tool	
  ?	
  (Synchrotron	
  radia*on)	
  
	
  

•  Alterna*ve	
  la\ce	
  with	
  local	
  chroma*city	
  correc*on	
  at	
  the	
  IR	
  
(Anton	
  Bogomyagkov)	
  at	
  45GeV.	
  

•  45GeV/120GeV	
  more	
  SEEDs.	
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Influence	
  quadrupoles	
  of	
  IPs	
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Sawtooth	
  effect	
  

24/04/15	
  
1st	
  Workshop	
  Low	
  EmiMance	
  Design	
  23-­‐24	
  

April	
  2015,	
  Barcelona	
  Spain	
  	
   13	
  

45GeV	
  

175GeV	
  120GeV	
  

Larger	
  dispersion	
  
@	
  45GeV	
  (6m)	
  

Dispersion	
  
12cm	
  


