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Mo)va)on	  

•  The	  performance	  of	  future	  linear	  colliders	  will	  cri)cally	  
depend	  on	  beam-‐based	  alignment	  (BBA)	  and	  feedback	  (FB)	  
systems	  

•  BBA	  is	  a	  tool	  for	  mi)ga)ng	  sta)c	  imperfec)ons	  and	  allow	  
the	  transport	  of	  low	  emi[ance	  beams	  

•  Advanced	  FB	  systems	  are	  vital	  to	  preserve	  beam	  quality	  in	  
)me,	  against	  vibra)ons	  and	  slow	  dri]s	  -‐	  they	  are	  based	  on	  
BBA	  algorithms	  

•  DFS	  techniques	  have	  never	  actually	  been	  tested	  on	  a	  real	  
linear	  machine	  



Simula)on	  of	  BBA	  at	  FACET:	  
Orbit	  and	  Dispersion	  Correc)on	  

matrix (from the simulation, or from the optics) the system identification algorithm (also in this proposal)
will adapt such a matrix to the “real” response matrix of the system, automatically.

Simulation

A simulation of the SLC linac from sector 2 to sector 19 has been performed to evaluate the performance of
dispersion-free steering, using the tracking code PLACET[7]. In the following, a few details on the beam-
based alignment techniques that have been used will be given. The results of the simulations will also be
illustrated.

One-to-one correction technique steers the beam to its nominal trajectory using the BPM readings and
the orbit response matrix. This is useful to get the beam go through the machine, but it is generally not
sufficient because it does not correct the systematic errors introduced by the misaligned BPMs. To overcome
this limitation, dispersion-free steering attempts not just to steer the beam to its nominal orbit, but also to
correct the beam dispersion at the same time. Applying DFS corresponds to solving the following system of
equations: 0
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where R is the orbit response matrix; D is the dispersion response matrix; I is the identity matrix; ✓ is the
(unknown) vector of corrections; b is the vector of the measured BPM readings; ⌘ and ⌘0 are, respectively,
the measured and the nominal dispersions; !1 is a weighting factor to balance between the orbit and the
dispersion terms, and finally � is a free parameter to be tuned to limit the amplitude of the corrections. The
factor � is chosen empirically, whereas one can estimate the weight factor !1 using the formula:

!2
1 =

�2
bpm precision + �2

bpm offset

�2
bpm precision

. (2)

To measure the dispersion ⌘ along the line, one or more test-beams with energies different than the nominal
must be used. Note that the measure of dispersion, which is the difference between beam trajectories, does
not suffer from the systematic error introduced by the offset BPMs. One-to-one correction and dispersion-free
steering are essential tools that reduce the emittance growth caused by misaligned accelerator components
to few percents. A summary of the relevant quantities used in the simulation is presented in Tabs. 4 and 5.

Symbol Value, RMS
�quadrupole offset 100 µm

�bpm offset 100 µm
�bpm precision 50-80 µm

Table 4: Misalignment and BPM precision values used for in the SLC linac simulation.

Symbol Value
�✏

x

3.0 · 10�5
m · rad

�✏
y

0.25 · 10�5
m · rad

�
z

1 mm
�
E

1%
q 3.24 nC
E0 1.19 GeV

Table 5: Relevant beam parameters at sector-2 injection.

From these numbers, and assuming a conservative BPM resolution of 80 µm, the weight !1 has been
calculated using Eq. 2:

5
Misalignment	  and	  BPM	  precision	  values	  

Relevant	  beam	  parameters	  at	  injec)on	   Emi[ance	  growth	  with	  sta)c	  imperfec)ons,	  a]er	  beam-‐based	  
alignment.	  The	  result	  is	  the	  average	  of	  100	  random	  seeds.	  
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Table 1: (top) Misalignment and BPM precision values
used for in the SLC linac simulation. (bottom) Relevant
beam parameters at sector-2 injection.

Symbol Value, RMS
�quadrupole offset 100 µm
�bpm offset 100 µm
�bpm precision 5 µm

Symbol Value
�✏

x

3.0 · 10�5 m · rad
�✏

y

0.25 · 10�5 m · rad
�
z

1 mm
�
E

1%
q 3.24 nC
E

0

1.19 GeV

algorithm convergence is the “Frobenius” distance between
the estimated response matrix and the “theoretical” matrix,
calculated numerically:
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The definition of “Frobenius” norm is kRk
F

=p
tr (RRT ). The result of the simulations, showing the

convergence for different values of the permitted excita-
tion, are shown in Fig. 1. There the black line, that is the
line manifesting the quickest convergence, corresponds to
the realistic case of 1 mm orbit oscillation.
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Figure 1: Convergence of the system identification algo-
rithm. A relative error of 1% is considered sufficient to per-
form BBA. The result is the average of 100 random seeds.

Beam-Based Alignment

In order to create the energy difference necessary to mea-
sure the dispersion, we have offset the sub-booster phases,
in sectors 2-6 and 11-16, by -5 degrees. A careful selection
of the free parameters has lead us to select � = 1 [µm/kV],
! = 14 as working point of our algorithms. Furthermore,
the linac has been divided in 16 bins, with 50% overlap.
The results of the simulations are shown in Fig. 2.
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Figure 2: Emittance growth with static imperfections, after
beam-based alignment. The result is the average of 100
random seeds.

Beam-Based Alignment with an Imperfect Model

In order to simulate the impact of an imperfect model
knowledge, we have applied BBA using imperfect response
matrices of arbitrary relative error with respect to the the-
oretical one. Given a matrix R

theoretical

, one can create a
matrix with arbitrary r.m.s. relative error “derr” using the
following algorithm:

1. define:

Rmask :=

(
1 if R

theoretical,ij

6= 0

0 if R
theoretical,ij

= 0

2. calculate:
Rimperfect := R

theoretical

+
kR

theoretical

k
F

kR
mask

k
F

·

· (R
mask

.* randn(size(Rmask))) · derr

where R
mask

is a matrix containing one for the elements
of R

theoretical

that are different than zero and zero for all
the others; “randn()” is a matrix with normally distributed
random elements, the same size as R

theoretical

; and “deer”
is the desired relative error.

We have simulated the emittance growth of 1000 random
seeds using the same set of free parameters described in
the previous paragraph. We simulated 1000 random seeds
because the numerical sampling of the system must not just
take into account the randomness of the misalignments, but
also the arbitrariness of the response matrix; so each seed
is subject to a different set of misalignments and a different
imperfect response matrix. Figure 3 shows the impact of a
1% error and 5% error on the performance of our BBA.

EXPERIMENTAL VERIFICATION
We propose to verify the performance of the alignment

algorithms at the 2 km FACET SLC linac. The align-
ment will be performed in bins of 2-3 betatron oscillations
length, which corresponds to a few 100 meters of linac
length. 50% overlap between the bins is foreseen. The

Simula)ons	  made	  with	  PLACET	  



Goals	  of	  T-‐501	  

Experimental	  verifica0on	  of	  the	  effec0veness	  of	  linear	  collider	  
system	  iden0fica0on	  and	  beam-‐based	  alignment	  algorithms	  
	  
System	  Iden+fica+on:	  
•  Automa)c	  On-‐line	  	  reconstruc)on	  of	  the	  Op)cs	  Model	  
•  Response	  matrix	  measurement	  

Beam-‐based	  Alignment:	  
•  Reduc)on	  of	  emi[ance	  dilu)on	  using	  simultaneous	  

correc)on	  of	  orbit	  and	  dispersion	  
•  Heavily	  relies	  on	  the	  goodness	  of	  the	  aforemen)oned	  System	  

Iden)fica)on	  algorithms	  



Summary	  of	  the	  beam-‐)me	  we	  got	  

In	  2012	  we	  got	  beam-‐)me	  twice:	  
	  
•  April	  13-‐15:	  thunderbolt,	  but	  we	  managed	  to	  measure	  the	  
orbit	  response	  during	  one	  owl	  shi]	  

•  June	  4-‐6,	  we	  got	  three	  shi]s:	  

Friday	  night: 	   	  from	  20:00	  to	  4:00 	   	  8h	  (supported*)	  
Saturday	  night: 	  from	  24:00	  to	  8:00 	   	  8h	  
Sunday	  night: 	   	  from	  24:00	  to	  4:00 	   	  4h	  
	  
(*)	  F.J.	  Decker	  and	  N.	  Lipkowitz	  



Sec)on	  of	  linac	  we	  focused	  on	  

6	  

1150	  	  m	  –	  1650	  m	  (>	  4	  betatron	  oscilla)ons)	  –	  about	  500	  m	  of	  linac.	  
Only	  e-‐	  correctors	  used.	  Disregarded	  e+	  correctors.	  
A]er	  some	  tweaking	  :	  our	  system	  had	  31	  correctors	  (in	  total,	  X	  and	  Y);	  37	  BPMs.	  
	  
	  



Average	  BPM	  resolu)on	  over	  100	  pulses,	  a]er	  
filtering:	  
	  
Sx	  =	  3.3	  microm	  
Sy	  =	  2.5	  microm	  

Measurement	  of	  the	  Golden	  Orbit	  



Response	  measurement	  

(Above)	  Iden0fied	  Rxx	  response	  matrix	  for	  a	  sec0on	  of	  the	  linac	  
(17	  correctors,	  48	  BPMs)	  

Rxx,	  Rxy,	  Ryx	  and	  Ryy.	  	  Some	  coupling	  is	  observed	  (some	  spikes	  
can	  also	  be	  due	  to	  jiLer	  during	  the	  measurement).	  

	  *	  Automa)c	  response	  measurement	  procedure	  developed	  :	  
-‐  For	  each	  corrector	  do	  +/-‐,	  measure	  100	  samples	  (increase	  effec)ve	  BPM	  res)	  
-‐  Iterate	  loop	  through	  correctors;	  second	  itera)on	  uses	  amplitude	  of	  1	  mm	  
-‐  Result	  from	  each	  itera)on	  is	  combined	  in	  a	  mathema)cally	  op)mal	  way	  
*	  Time:	  2	  hours	  for	  33	  correctors	  
*	  Some	  coupling	  observed	  
-‐  Applied	  to	  the	  correc)on	  
*	  Responses	  demonstrated	  to	  be	  valid	  
one	  shi]	  later	  (24	  hours	  later)	  
	  



System	  Iden)fica)on	  and	  BBA	  
Simula)on	  
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Right:	  Emi[ance	  growth	  a]er	  dispersion-‐free	  steering	  with	  imperfect	  model,	  
compared	  to	  the	  case	  with	  perfect	  mode.	  The	  results	  are	  the	  average	  of	  1000	  
random	  seeds.	  



The	  measured	  linear	  response	  includes	  all	  linear	  effects	  in	  the	  system:	  
-‐  Quadrupole	  offsets	  (inducing	  dipole	  kicks)	  
-‐  Dipole	  wake	  from	  beam	  offset	  in	  acc.	  Structures	  
The	  response	  is	  found	  by	  difference	  measurements;	  is	  independent	  of	  absolute	  orbit.	  

	  

Linear	  response	  matrix	  from	  corrector	  j	  to	  BPM	  i:	  

Orbit	  correc)on	  -‐	  principle	  

Correc)on	  that	  finds	  the	  global	  solu)on,	  through	  the	  LS-‐inverse	  

Need	  a	  way	  to	  take	  out	  correc)on	  direc)ons	  due	  to	  noise	  in	  the	  measurement.	  We	  use	  a	  
straight	  SVD-‐cut.	  

Very	  li[le	  informa)on	  in	  the	  
low	  sing.val.	  direc)ons	  -‐>	  
huge	  corrector	  strength	  
needed	  to	  make	  a	  small	  
adjustment	  to	  correc)on	  -‐>	  
ignore	  these	  direc)ons.	  

Sing.values	  of	  R	  :	  

Rij =
@yi
@✓j



Orbit	  correc)on	  -‐	  results	  

2	  itera)ons	  

Different	  example:	  basically	  we	  always	  converge	  to	  within	  ||X||/N	  	  ~	  10	  um	  
(here	  ||X||	  is	  displayed)	  

Example	  to	  the	  top	  (||X||/N)	  aWer	  orbit	  correc0on	  from	  an	  arbitrary	  bump;	  
induced	  via	  the	  response	  matrix.	  

Also	  feed-‐forward	  worked	  perfectly.	  Took	  less	  than	  one	  shiW	  to	  reach	  this	  state,	  
with	  the	  help	  of	  FJD	  and	  Nate.	  	  Declared	  success,	  and	  moved	  on	  to	  dispersion.	  

20120604_020134	  

20120602_015900	  

Each	  itera+on:	  ~	  10	  sec	  



Dispersion	  Correc)on	  –	  principle	  
Besides	  minimizing	  orbit,	  we	  minimize	  the	  difference	  between	  the	  nominal	  orbit	  and	  
the	  dispersive	  orbit.	  We	  also	  need	  to	  constraint	  nominal	  orbit.	  Weighted	  solu)on;	  
weight	  for	  difference	  orbit	  ~	  BPMacc	  /	  BPMres	  .	  	  
	  
	  
	  
Need	  to	  solve	  the	  following	  system	  of	  equa)ons:	  

!2 =
�2
bpm resolution

+ �2
bpm position

2�2
bpm resolution

This	  reduces	  to	  a	  LS-‐problem,	  analogous	  to	  the	  orbit	  correc)on.	  
	  
Parameter	  ω	  accounts	  for	  the	  rela)ve	  weight	  to	  give	  to	  orbit	  and	  dispersion	  correc)on,	  
β	  is	  a	  regulariza)on	  parameter	  to	  be[er	  condi)on	  the	  response	  matrices.	  
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Dispersion	  genera)on	  

Need	  to	  measure	  dispersive	  responses	  (2	  hours	  more	  of	  measurEment).	  

Dxx	  :	  less	  
precise	  
towards	  end	  

Rxx	  for	  
comparison	  



Dispersion	  correc)on	  –	  results	  1	  

Ini)al	  a[empts	  showed	  algorithm	  in	  principle	  worked	  well;	  however,	  not	  always	  reproducible.	  



Dispersion	  correc)on	  –	  results	  2	  

4	  itera)ons	  
We	  started	  from	  the	  dispersion	  of	  the	  golden	  orbit	  (10-‐20	  
mm).	  
	  
We	  had	  several	  results	  where	  the	  dispersion	  did	  not	  
converge	  well.	  
	  
As	  in	  this	  example	  :	  we	  start	  with	  a	  given	  dispersion,	  and	  
end	  up	  with	  a	  significantly	  worse.	  
	  
Moreover,	  the	  expected	  correc)on	  for	  next	  itera)on	  is	  
also	  significantly	  worse	  than	  what	  we	  started	  with.	  
	  
-‐>	  was	  a	  mystery!	  

Each	  itera+on:	  ~	  1	  min	  



Dispersion	  correc)on	  –	  analysis	  
A	  careful	  post-‐mortem	  analysis	  of	  the	  above	  data	  showed	  what	  happened	  :	  	  
•  dri]s	  upstream	  the	  bin	  slightly	  changed	  the	  orbits	  between	  itera)ons	  (not	  

unexpected)	  
•  we	  did	  not	  manage	  to	  go	  back	  to	  the	  be[er	  orbit	  we	  started	  with	  (unexpected)	  	  
•  the	  reason:	  the	  upstream	  dri]	  induced	  a	  perturba)on	  in	  the	  orbit	  that	  is	  not	  

correctable	  with	  our	  selec)on	  of	  correc)on;	  inside	  the	  null-‐space	  of	  the	  (total)	  R+	  
•  we	  have	  31	  correctors	  (variables)	  and	  148	  constraints	  (37	  BPMs	  x	  2	  x	  2);	  large	  

nullspace	  
•  We	  expect	  that	  using	  more	  correctors	  	  

	  we	  will	  get	  be[er	  performance	  
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Dispersion	  correc)on	  –	  results	  3	  

4	  itera)ons	  
Using	  the	  same	  number	  of	  correctors	  but	  ~half	  the	  
numbers	  of	  BPM	  we	  managed	  to	  reduce	  the	  dispersion	  
below	  the	  ini)al	  (to	  ~	  5	  mm)	  for	  300	  m	  of	  the	  linac.	  
	  
Performance	  s)ll	  limited	  by	  ji[er.	  
	  
To	  improve	  performance,	  also	  for	  a	  larger	  part	  of	  linac	  :	  
-‐  need	  more	  correctors	  (more	  measurement	  )me)	  
-‐  the	  more	  upstream	  the	  be[er	  (ideally:	  whole	  linac)	  
-‐  analyze	  sources	  of	  ji[er	  



Summary	  
•  Demonstrated	  automa+c	  machine	  iden+fica+on	  :	  about	  3.5+3.5	  minutes/

corrector	  (nominal	  +	  dispersive)	  -‐>	  4	  hours	  for	  33	  correctors.	  Can	  possibly	  
be	  op)mized.	  
–  need	  factor	  ~4-‐8	  more	  correctors	  for	  whole	  linac.	  Exactly	  how	  many	  to	  

be	  studies	  with	  simula)ons.	  
•  Demonstrated	  converged	  orbit	  correc+on	  on	  500	  m	  of	  linac	  from	  

arbitrary	  generated	  orbit	  bumps	  back	  to	  golden	  orbit,	  within	  ~	  10	  um.	  
Repeatable	  with	  day-‐old	  machine	  iden)fica)on.	  Feed-‐forward	  to	  keep	  
downstream	  machine	  in	  place	  worked	  perfectly.	  

•  Demonstrated	  principle	  of	  dispersion	  correc+on,	  however,	  did	  not	  
manage	  to	  improve	  the	  present	  dispersion	  over	  the	  whole	  500	  m	  test-‐
sec)on	  of	  the	  linac.	  Got	  improved	  results	  when	  reducing	  the	  number	  of	  
BPMs	  per	  corrector.	  Ul)mate	  performance	  sees	  limited	  by	  ji[er.	  

•  Progress	  of	  the	  experiment	  was	  significantly	  enhanced	  when	  FACET	  
physicists	  were	  present	  (FJD	  and	  Nate);	  it	  is	  not	  ideal	  to	  work	  alone	  
during	  weekend	  owl	  shi]s	  for	  this	  kind	  of	  experiment.	  



Future	  steps	  

•  Demonstrate	  a	  clear	  reduc+on	  in	  dispersion,	  over	  a	  larger	  sec+on	  of	  the	  linac	  (>	  500	  
m),	  by	  inducing	  dispersion	  bumps	  If	  necessary,	  and	  see	  a	  clear	  stable	  convergence	  

•  Demonstrate	  a	  clear	  reduc+on	  in	  emi\ance	  by	  applying	  this	  dispersion	  correc)on	  

•  Study	  new	  op)cs	  (weak	  lasce)	  to	  find	  a	  good	  number	  of	  correctors	  /	  BPMs	  and	  
op)mal	  performance.	  Study	  more	  carefully	  the	  amount	  of	  ji[er	  and	  its	  effect.	  

•  Requires	  more	  beam	  )me;	  ideally	  in	  12	  hours	  blocks	  (larger	  responses).	  	  

•  We	  plan	  to	  apply	  for	  more	  beam	  +me	  in	  2013	  

•  We	  hope	  for	  the	  con)nued	  support	  and	  collabora)on	  with	  FACET	  machine	  physicists	  
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