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e Particles have a natural tendency to drift to the beam halo over time.

ek e Collimators passively scatter and intercept beam halo particles to:
* Prevent quenches of the super-conducting magnets.
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e The LHC is protected by a collimation system with 86 collimators (+ 14 transfer line).
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LHC Collimation System

CERN

e The LHC is protected by a collimation system with 86 collimators (+ 14 transfer line).
* Fach cleaning collimator consists of two moveable ‘jaws’ made of carbon, tungsten or copper.

* 'The jaws are positioned symmetrically around the beam for maximum cleaning efficiency.
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* In the LHC, collimation is required at all phases (injection, ramp + squeeze, physics) due to high
beam energy.

)
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* In the LHC, collimation is required at all phases (injection, ramp + squeeze, physics) due to high
beam energy.

)

CERN

* The collimator settings depend on key beam parameters e.g.

Settings Parameter Space

energy, orbit and f-functions as a function of time,
*
energy and/or P,

‘ ‘ ebeam Bcoll acoll

* Overall system performance depends critically on the

correct positioning w.r.t. the beam.

* Unprecedented complexity: function-based settings,
redundant interlocking strategy that change with time.

J1pos | |J1Angle [ | J2pos | | J2Angle
\ / 3

* Total of ~400 axes of motion to be monitored, compared M1[mm] [ | M2{mm] | | M3{mm]| |M4{mm]
to ~30 at the Tevatron.

S. Redaelli et al.
EDMS LHC-TCT-ES-0001
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CERN
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size at collimator 7. - showers
Beam
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Beam
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. Collimator i
collimator BLM_ ..
1. Both jaws of the TCP in the appropriate @ -

plane (Hor/Ver/Skew) are aligned to the

Beam

beam.
2. The collimator 7 1s aligned to the beam. @
L.m R,m
T €T
Beam centre:  Ag; = _+2_ § Beam

3. The TCP is realigned to determine the beam @

size at collimator .
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operational settings.
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1. Both jaws of the TCP in the appropriate @ -

plane (Hor/Ver/Skew) are aligned to the

Beam

beam.
2. The collimator 7 1s aligned to the beam. @ BI.M.
L.m R,m
Beam centre:  Agx; = i —+2-:cz Beam >

3. The TCP is realigned to determine the beam @

size at collimator .
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Beam size: o™ = g s

(!t +nit)/2

4. Collimator 7 1s retracted to the new @

operational settings.

BLM

Beam

RN BT |
18 0

)
y

Gianluca Valentino



LHC Collimation
Project

/

Alignment Procedure

)

%

CERN

Reference

. Collimator i
collimator BLM_ ..
1. Both jaws of the TCP in the appropriate @ -

plane (Hor/Ver/Skew) are aligned to the

Beam

beam.
2. The collimator 7 1s aligned to the beam. @ BI.M.
L.m R,m
Beam centre:  Agx; = i —+2-:cz Beam

3. The TCP is realigned to determine the beam @

size at collimator .

L.m R.m Beam

. T —
Beam size: o™ = g s

(!t +nit)/2

4. Collimator 7 1s retracted to the new @

operational settings.

T BLM

Beam

N

RN BT |

)
y

Gianluca Valentino



LHC Collimation
Project

/

Alignment Procedure

)

%

CERN

Reference

. Collimator i
collimator BLM_ ..
1. Both jaws of the TCP in the appropriate @ -

plane (Hor/Ver/Skew) are aligned to the

Beam

beam.
2. The collimator 7 1s aligned to the beam. @ BI.M.
L.m R,m
Beam centre:  Agx; = i —+2-:cz Beam

3. The TCP is realigned to determine the beam @

size at collimator .

Beam

L.m R.m
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Beam size: o™ = g s
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operational settings.
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* Manual collimator alignment is time-consuming and has an impact on the LHC physics program.
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* Manual collimator alignment is time-consuming and has an impact on the LHC physics program.

* Manual alignment: operator needs to intervene for each jaw movement, decide which collimator jaw
to align next, visually examine the loss spike and determine whether the jaw 1s aligned, ... ~30 hours in
the worst-casel
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* Manual collimator alignment is time-consuming and has an impact on the LHC physics program.

* Manual alignment: operator needs to intervene for each jaw movement, decide which collimator jaw
to align next, visually examine the loss spike and determine whether the jaw 1s aligned, ... ~30 hours in
the worst-casel

* Four alignments are required for different machine modes:- injection at 450 GeV, followed by flat
top, squeezed beams and colliding beams at top energy.

Fast alignments: could provide better operational flexibility

= smaller hierarchy margins + more time for physics = more luminosity.
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Motivation for
Fast Automatic Alignment

)

* Manual collimator alignment is time-consuming and has an impact on the LHC physics program.

* Manual alignment: operator needs to intervene for each jaw movement, decide which collimator jaw
to align next, visually examine the loss spike and determine whether the jaw 1s aligned, ... ~30 hours in
the worst-casel

* Four alignments are required for different machine modes:- injection at 450 GeV, followed by flat
top, squeezed beams and colliding beams at top energy.

Fast alignments: could provide better operational flexibility

= smaller hierarchy margins + more time for physics = more luminosity.

An intelligent automated system would be able to align the collimators in less time and without human
errors.
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* CERN and the Large Hadron Collider

e LHC Collimation System

* Collimator Beam-Based Alignment

* Alignment Algorithms

* Software Implementation

* Modeling and Simulation of Beam Losses
* Simulation and Operational Results

* Future: BPM-based alignment

e Conclusions
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Start ]

Read
AxF AxF o LM

BLM Feedback Loop aat

&& Ax'
==07?

Is A\

Display

“Step Size = 0”/

Move in collimator by Ax!
and Ax every t; seconds

LHC Collimation

N

CERN

A BLM feedback loop was implemented as a first step in
automating the alignment.

* Input heuristics developed over 2 years of setups (2009 —
2010) by R. Assmann et al.

Input |Description Heuristic
AxF  |Left jaw step size in um 5—20
Azt |Right jaw step size in um 5-20

t; Time interval between each step in seconds 1-3
Si(t) |BLM signal in Gy/s 5E-7 — 1E-4
Sll hres 1 ogs stop threshold in Gy/s 1E-6 — 2E-4

Phys. Rev. ST Accel. Beams, 15, 051002 (2012).
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LHC Collimation

A Parallel Collimator Alighment VN

_ _ . _ 8 collimators moving —
3 g0 TCSGALLT.S! = S Veluy TCSGA4RT.BY - :::.::; TCSG.A5LT.B1 . m
| - /U\/\ in parallel

Beam Loss (uGy's)
LN e o =

1 | == Jaw Gap —-—JnG-p‘. | —‘—J‘-GQ‘ ' —— Jow Gap
1056
E
10
,Vs. \\
9 \\
85
. L
= TCSG.B5L7.81 e (LM Value! TCSG.BSAT.BY [ BLM Vialue! YCSG.D5R7.B1 e LM Voo TCSG.ESR7.B1 e LM Voo
_;W' = Theeshold | Threshold | | Threshold | e Theashold
Q
E
§ o
-
.. ~
§ 2! A
E'cs’ J \
|°' .
’.5' <
E ol
&5
% 5 10 15 2 25 % 3 40 5 10 15 20 25 30 35 40 P 5 10 15 M 25 30 35 & Jp 5 10 15 20 25 W 35 40
Time (3econds) Time (3econds) Time (seconds) Time (seconds)
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A Parallel Collimator Alighment

8 collimators moving

. | TcscasLzer ——MMValve | TCSGART.BI ——BiMValue | TCSG.ASL7.BI fatse
'.;IO’ —— Theeshold —— Threshold . hokd
gy in parallel
“
.»
g
‘.
1l —e— Jaw Gap *Ja-(hp —e— Jaw Gap ‘ —— Jow Gap
E 105/
E‘
o 10/
" \
9 \\
85
B
- TCSG.B5L7.81 T ™ TCSG.BSRT.BY [ BLM Vialue! YCSG.D5R7.B1 e LM Valise TCSG.ESR7.B1 ™
2 0 w—— Theeshokd = Threshold | Theeshold | —— Theashoid
o
39
"
8 9
-
.n
ol ' C [me—dew Gap| ' _[=e—dewGap| - [ dow Gap] - o daow Gap
E‘as' ) \\
10/ ;
,s. o
E ol
&5
% 5 10 15 20 25 2 % 40 5 10 15 0 2% 30 35 40 5 10 15 M 25 30 35 @ 5 10 15 20 25 2 35 40
Time (3econds) Time (3econds) Time (seconds) Time (seconds)

* Iterative algorithm to determine which collimator is at the beam
after BLM signal crosstalk.

LHC Collimation

Q‘

<

CERN
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Parallel Collimator Alighment \\

%

8 collimators moving

- ‘ TCSG.AALT.BY = LM Value TCSGA4RT.BY (= BLM Value) TCSG.ASL7.B1 fatose
; 10! —— Theeshold —— Threshold . hoid
g4 in parallel
“ 6l L
8 /
‘.
1l —e— Jaw Gap —O—Ja-('upw —e— Jaw Gap ' —— Jow Gap
E 105/
El
a2 10| '
a5 \\\-
9 \
85
')
- TCSG.B5L7.81 T ™ TCSG.BSRT.BY [ BLM Vialue! YCSG.D5R7.B1 e LM Valise TCSG.ESR7.B1 ™
;IO' e Thwoshold || e Threshold | Threshold | e Theeshold
o
39
"
89
-
.n
E‘as' | \\
10/ ]
’s. g
: |
&5
% 5 10 15 20 25 2 % 40 5 10 15 M 2% 30 3% 40 5 10 15 2 25 30 35 & 5 10 15 20 25 2 35 40
Time (3econds) Time (3econds) Time (seconds) Time (seconds)

* Iterative algorithm to determine which collimator is at the beam
after BLM signal crosstalk.

* Tested in MD (Machine Development) in July 2011.
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A Parallel Collimator Alighment \\

CERN

F 0 TCSGALTEN T WMValue | TCSGA4RT.B! T SuMvael || TCSQLASLY.S1 8 Coulmators mOVIHg - Start para"el jaW movement <
gy /\/\ in parallel
g A /
: ZiJ \~;_4 ___/ \Nk__
N R After first jaw stops, wait for 2 s in case
" — L. —*—Jow Gap —=—Jaw Gap —— Jow Gap . .
- of other stopping jaws
§ . T —
- I—
': TCSG.B5L7.BY :lllllvlluo TCSG.BSRT.BY :::.m YCSG.D5RT.BY ::’l'l:‘\:::: TCSG.ESR7.B1 :Ilulvnu. Are there Other

stopped jaws?

Beam Loss (uGy's)
~ = o an

T .
' \\ Stop all movements and move each

of the stopped jaws separately by a

5 .

L

Jaw Gap (mm)
o o e : S O -

0 5 10 15 20 25 30 3 40 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 0 Jp 5 10 15 20 25 2 35 40 furtherSOIJm
Time (3econds) Time (seconds) Time (seconds) Time (seconds)

X i : X i i NO
* Iterative algorithm to determine which collimator is at the beam

after BLM signal crosstalk.

Are all collimators close to
the beam?

* Tested in MD (Machine Development) in July 2011.

Start sequential alignment
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* Collimator setup can be automated further if the loss threshold 1s automatically chosen.

* Samples of the steady-state BLM signal in 20 second intervals and the subsequent threshold set by
operator were collected.
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LHC Collimation

N

CERN

A Automatic Threshold Selection 7N

Collimator setup can be automated further if the loss threshold is automatically chosen.

Samples of the steady-state BLM signal in 20 second intervals and the subsequent threshold set by
operator were collected.

* The exponentially weighted moving average of
each sample was determined.
. . q
* Larger weights assigned to most recent values. )
S
2 f
* The threshold can be calculated in terms of the =
steady-state BLLM signal: £
@© — A
= - ¥ y(x) =ax”n
a=0.53584
n=0.85916
R =0.96611 (lin)
SThTeS — 0.5358460'85916‘73 0 o5 1 15 2 25 3 85 4 a5
1

Exponentially Weighted Moving Average [Gy/s] x 107
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* Automatic classification of loss spikes is key to an automated setup procedure.
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* Automatic classification of loss spikes is key to an automated setup procedure.

* Support Vector Machines (SVM): supervised-learning classification algorithm.
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LHC Collimation

N

CERN

D) BLM Spike Recognition aat

* Automatic classification of loss spikes is key to an automated setup procedure.
* Support Vector Machines (SVM): supervised-learning classification algorithm.

* Ajaw 1s aligned to the beam when an optimal spike is observed.

TCSG.B5L3.B2

3.5% 10~ »
: | ~-BLM Value
. . ~—Threshold
Optimal Spike
3

|

|

|

2.5 :

Loss Spike |

3 | Temporal Decay

>

S 2 |

p |

b4 |
c

- (

E15 [

L |
o

(

|

[

(

|

)

|

|

7

—d x‘\_&

0 2 Rl 6 8 10 | 12 14 16 18 20
Time (seconds)
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LHC Collimation

BLLM Spike Recognition
iz P S N

CERN

Automatic classification of loss spikes is key to an automated setup procedure.

Support Vector Machines (SVM): supervised-learning classification algorithm.

A jaw is aligned to the beam when an optimal spike is observed.

If the spike is non-optimal, the jaw has to be moved in again.

- TCSG.B5L3.B2 10° TCTH.4L1.B1
3.5x 10 3.5 X T T T T T T T 1 :
-~ BLM Value - . —=— BLM Value
. i | Threshold Non-Optimal Spike: —— Threshold
Optimal Spike Nt
3 3f any other fluctuation in the .

signal due to other effects e.g.

2.5 250 beam instabilities -
Loss Spik ‘ ‘ ‘ ‘ ‘
- e Temporal Decay -
S 2 G 2f 1
v (1)
v (72
c o
- -l
E15 E 15 .
(<] Q
3] m

\\“ 05 /__/\./

| | | | | |
0 2 4 6 8 10 | 12 14 16 18 20 Oo 2 4 6 8 10 12 14 16 18 20

Time (seconds) Time (seconds)

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
T
|
|
|

7

—
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Feature Selection

* Six features were selected to distinguish between optimal and «10° TCoBRIEE
non-optimal loss spikes.

1. Maximum BLM value observed after the threshold is
exceeded.

»
w»

Beam Loss (Gy/s)
N

2. Average of the 3 smallest loss values of the 7 loss values

-
w

preceding the maximum value.

.

e
o

3. Width of the Gaussian fit applied to the loss spike folded :

0 5 10 15

about the maximum value. Yime (seconds)
- TCSG.B5L3.B2

4. Gaussian fit correlation coefficient.

25

5. Power fit exponent.

Beam Loss (Gy/s)

6. Power fit correlation coefficient.

0.5

1 2 3 4 5 6 7 8 9 10
Time (seconds)

LHC Collimation

’Qt
3

\

CERN

25
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)

* LIBSVM tool in MATLAB was used for training and testing the SVM model.

* The data were linearly scaled to [-1, +1] to avoid values in larger numeric ranges dominating those in
smaller ranges.

* Grid search performed on C (over-fitting vs. under-fitting penalty factor) and (Widt%l of RBF) using
5-fold cross-validation to determine the optimal values for these parameters.

* 444 samples were used (222 for training and 222 for testing).
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SVM Training and Results

)

* LIBSVM tool in MATLAB was used for training and testing the SVM model.

* The data were linearly scaled to [-1, +1] to avoid values in larger numeric ranges dominating those in
smaller ranges.

* Grid search performed on C (over-fitting vs. under-fitting penalty factor) and (Widv of RBF) using
5-fold cross-validation to determine the optimal values for these parameters.

* 444 samples were used (222 for training and 222 for testing).

Parameter Value
Number of Features 6
Number of Classes 2
C 32768
Y 0.125
Kernel RBF
Training dataset prediction rate | 97.2973 %
Test dataset prediction rate 82.4324 %
Overall prediction rate 89.8649 %
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SVM Training and Results Wb

CERN

%

* LIBSVM tool in MATLAB was used for training and testing the SVM model.

* The data were linearly scaled to [-1, +1] to avoid values in larger numeric ranges dominating those in
smaller ranges.

* Grid search performed on C (over-fitting vs. under-fitting penalty factor) and (Widv of RBF) using
5-fold cross-validation to determine the optimal values for these parameters.

* 444 samples were used (222 for training and 222 for testing).

Parameter Value
Number of Features 6
Number of Classes 2

C 32768

Y 0.125

Kernel RBF

Training dataset prediction rate | 97.2973 % Some unsuccessful
Test dataset prediction rate | 82.4324 % classifications due to
Overall prediction rate 89.8649 % LCTalighments!
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LHC Collimation

BPM-guided Coarse Alignment \J\

Beam * An approximation to the beam centers at the collimators can be
obtained from an interpolation of the orbit measured by the BPMs.

/\/\ * This was exploited to speed up the alignment, assuming a reproducible
delta between measurements and interpolation.

X, Xg X, * All collimator jaws can be moved directly to the tighter settings at a
rate of 2 mm/s instead of 0.01 mm/s.

CERN
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LHC Collimation

BPM-guided Coarse Alignment \J\

Beam * An approximation to the beam centers at the collimators can be
obtained from an interpolation of the orbit measured by the BPMs.

/\/\ * This was exploited to speed up the alignment, assuming a reproducible
delta between measurements and interpolation.

X, Xg X, * All collimator jaws can be moved directly to the tighter settings at a
rate of 2 mm/s instead of 0.01 mm/s.

CERN

L _int. n m,int.
T, =&; "+ (ATTCP + Nmarg'in) X 0; T 0

7 ) 1

R int. n
I, = I; o (NTCP + Nmarg'in) X O,
Typically
<1.5mm

J q;znt : interpolated beam center at collimator 2.

*  Npco phalf-gap of IR7 TCP in units of sigma.

e N marg 7;,hfurther margin over and above the IR7 TCP cut.

*  g”the nominal 1-sigma beam size.
1

. o™t the standard error between the interpolated and the measured center.
1
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LHC Collimation

CERN
Beam * An approximation to the beam centers at the collimators can be
obtained from an interpolation of the orbit measured by the BPMs.

BPM-guided Coarse Alignment

* This was exploited to speed up the alignment, assuming a reproducible
delta between measurements and interpolation.

X, Xg X, * All collimator jaws can be moved directly to the tighter settings at a
rate of 2 mm/s instead of 0.01 mm/s.

m,int.
1

Lo ant. n
T, =T;  + (ATTCP + ]Vma.rg.zjn) X O,/+ 0O

™ Query -
Start Acquisition LHC Aperture
Meter

~/ Interpolated -
beam centers

8
|

R int. 7 "
iy £,  — (NTCP T *Nmarg'in) X 0;

1 1
Typically
<1.5mm Calculate :
-~ . . . Jaw Settings Safety margin
. 3;;"“ ¢ interpolated beam center at collimator 7
*  Npco phalf-gap of IR7 TCP in units of sigma.
: Apply
o .
Noar p ;nfurther margin over and above the IR7 TCP cut. { Jaw Settings }
*  g”the nominal 1-sigma beam size.
(]
. o™t the standard error between the interpolated and the measured center.

2
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BPM-gui '
-guided Coarse Alignment
CERN
BPM Initialization 4= i .

Collimator EPM Center Curremt Left Current Right New Left New Right
TCSGASLLEL 0nir3 2105 2,585 2112 2858 :

TCPCE6R7.B2 0.150 2030 0.9%0 2509 2210

TCSCGLZE2 0421 3180 34135 2979 3821 v

TCLAZLIE2 0Liee 5205 25915 LA9) LE19 v

TCLAGLIE? 0410 S350 6125 2616 1.796 v
TCLAEBSL3E2 -0L0O8Y S.055% - 1.360 2278 -2456 v
TCSGESLAR2 ~0L150 2940 1680 1L374 1674 v
TCSGASLIE2 -0.160 2510 - 3405 1227 -L.548 v

TCSGAL3E2 0214 1.985 2.595 0916 1.344 v

TCSGS5R3E2 ~-0L168 LB65 - 3740 L353 -L688 v

TCP.6R3E2 -0114 1850 -4.030 2107 -2.336 v
TCLAATLIE? ~-114 2620 ~1L.245 1.532 -1.760 v
TCLADGLZ.E2 0.328 2105 ~L730 L965 1,308 v
TCLABGL7E2 0032 3115 2890 2389 2454 v
TCSCEBARIE2 0268 1L165 3280 2098 2635 v

TCPEGRZ.E2 0ier 1045 L5115 2203 18568
TCSGASRZE? - L0669 LRES LEOS 2A16 2554 !

v Seleat Al
Half Cap (sigma 6 w
Center Delta anm) 05 TOOI GUI
Move Stop
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Collimator

TCSGASLZE]

TCPC6R7 B2

TCSCELZE2

TCLAJLIAEZ

TCLAGLAED?

TCLAEBSL3AE2

TCSGESLAR?

TCSGASLIE2

TCSGAL3ED

TCSG5R3E2

TCP6R1LE2

TCLAATLIE2

TCLADGLZE?

TCLABGL7E2

TCSCRBARIE2

TCPEGR/EL

TCSGASRZE?

EPM Cenmter

0iri

0.150

0421

(L8 § L)

0410

-0LOKYS

o150

0160

(L3 £

0168

014

nii4

0,38

[LRLE B

0268

LS L0

0069

v Select Al

BPM-guided Coarse Alignment

BPM Initialization

Curremt Left

3180

W55

2940

2510

]',“I

LBLD

3115

L165

LO4%

LRRS

Half Cap sigma

center Delta aonm)

Current Right

0.99%0

-1.360

LoD
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Stop
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1508
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Tool GUI
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* CERN and the Large Hadron Collider

e LHC Collimation System

* Collimator Beam-Based Alignment

* Alignment Algorithms

* Software Implementation

* Modeling and Simulation of Beam Losses
* Simulation and Operational Results

* Future: BPM-based alignment

e Conclusions
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LHC Collimation

Data acquisition 7N

N

* Collimator data: motor positions and LVDT data acquired by subscribing to ReguiredAbsolutePosition
and MeasuredCornerPositions parameters. Data published at 1 Hz.

CERN

)

* 1Hz BLM data: Acquired from data concentrator at 1 Hz (1.3 s running sum).
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LHC Collimation

Data acquisition 72N

* Collimator data: motor positions and LVDT data acquired by subscribing to ReguiredAbsolutePosition
and MeasuredCornerPositions parameters. Data published at 1 Hz.

* 1Hz BLM data: Acquired from data concentrator at 1 Hz (1.3 s running sum).

* 12.5 Hz BLM data as of 2012 (82 ms running sum):

LLLLLLLL

800 v
- [o (o -
{[Gvews | ) mm ] ore |
Java Top-Level By
v N A S PR W N ]
A I 1 t H TCTHALSEL
pplication | ,
|2 I \ e
3 i 1 |

BLM Ston Vatue fauy [LOE-6 < Ay sen ] gl il il I [ CLABSRS
— | i I il soa
oo | | i R R e
e bty R R -
N ! ‘ N CSG5L381

| TcroLan

T

st o izsen
3

TeTHaL

TeTHaL

TCLAATR

aaaaaaaaa

o | viewriows [z e
T cs-ccr-dev
Intermediate | [ —— =
Server g ) g
cs-ccr-logging?2 'I Il

~3900 BLMs Fast BLI\_II
in all crates o N Data Logging

LHC
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LHC Collimation

Data acquisition 72N

* Collimator data: motor positions and LVDT data acquired by subscribing to ReguiredAbsolutePosition
and MeasuredCornerPositions parameters. Data published at 1 Hz.

* 1Hz BLM data: Acquired from data concentrator at 1 Hz (1.3 s running sum).

* 12.5 Hz BLM data as of 2012 (82 ms running sum): e 10 Hz BPM data:

Java Top-Level |

sssss

cs-ccr-logging2

Application |
el
Java Top-Level
Application
: 4 cs-ccr-dev
T cs-ccr-dev Intermediate
Intermediate | [ ——— — S Logging
Server — . S
cs-ccr-logging2 erver

~3900 BLMs Fast BLI\_II
in all crates o N Data Logging

BPM Box
in SPS

LHC SPS
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BLM-based alignment software

LHC Collimation

Project

ollimator, Status Display (HWG: LHC COLLIMATORS)

File App launcher Reset

[3] ¥ RBA: givalent

TCDD.IP2.B1.1.H ->

TCDLTI2.B1.7.V ->

TCDQ.IP6.B1.1.H ->

TCLA.IP3.B1.2.H ->

TCLA.IP7.B1.1.V ->

TCLA.IP7.B2.3.V ->

TCP.IP3.B1.1.H ->

TCP.IP7.B2.3.S ->

TCSG.IP3.B2.3.H ->

TCSG.IP7.B1.2.S ->

TCSG.IP7.B1.9.S ->

TCSG.IP7.B2.5H ->

TCT.IP1.B2.1H ->

TCT.IP5.B1.2V ->

TDLIP2.B1.1.H ->

TCDLTI2.B1.1.P ->

TCDLTI8.B2.1.H ->

TCDQ.IP6.B2.1.H ->

TCLA.IP3.B1.3.H ->

TCLA.IP7.B1.2.H ->

TCLA.IP7.B2.4.H ->

TCP.IP3.B2.1H ->

TCSG.IP3.B1.1H ->

TCSG.IP3.B2.4.H ->

TCSG.IP7.B1.3.S ->

TCSG.IP7.B2.1.S ->

TCSG.IP7.B2.6.S ->

TCT.IP1.B2.2V ->

TCT.IP5.B2.1.H ->

TDLIP8.B2.1.H ->

TCDLTI2.B1.2V ->

TCDLTI8.B2.2.V ->

TCL.IP1.B1.1H->

TCLA.IP3.B1.4H->

TCLA.IP7.B1.3.V ->

TCLA.IP7.B2.5.H ->

TCP.IP7.B1.1.V ->

TCSG.IP3.B1.2.H ->

TCSG.IP6.B1.1.H ->

TCSG.IP7.B1.4.V ->

TCSG.IP7.B2.10.S ->

TCSG.IP7.B2.7.S ->

TCT.IP2.B1.1.H ->

TCT.IP5.B2.2.V ->

TCDLTI2.B1.3H ->

TCDLTI8.B2.3.V ->

TCLIP1.B2.1.H ->

TCLA.IP3.B2.1.V ->

TCLA.IP7.B1.4.H ->

TCLLIP2.B1.1.V ->

TCP.IP7.B1.2.H ->

TCSG.IP3.B1.3.H ->

TCSG.IP6.B2.1.H ->

TCSG.IP7.B1.5H ->

TCSG.IP7.B2.11H ->

TCSG.IP7.B2.8.S ->

TCT.IP2.B1.2V ->

TCT.IP8.B1.1.H ->

TCDLTI2.B1.4H ->

TCDLTI8.B2.4.H ->

TCL.IP5.B1.1.H ->

TCLA.IP3.B2.2.H ->

TCLA.IP7.B1.5.H ->

TCLLIP2.B1.2.V ->

TCP.IP7.B1.3.S ->

TCSG.IP3.B1.4H ->

TCSG.IP7.B1.1.S ->

TCSG.IP7.B1.6.S ->

TCSG.IP7.B2.2.S ->

TCSG.IP7.B2.9.S ->

TCT.IP2.B2.1H ->

TCT.IP8.B1.2.V ->

TCDLTI2.B1.5.V ->

TCDLTI8.B2.5H ->

TCL.IP5.B2.1.H ->

TCLA.IP3.B2.3.H ->

TCLA.IP7.B2.1V ->

TCLLIP8.B2.1.V ->

TCP.IP7.B2.1.V ->

TCSG.IP3.B2.1.H ->

TCSG.IP7.B1.10.S ->

TCSG.IP7.B1.7.S ->

TCSG.IP7.B2.3.S ->

TCT.IP1.B1.1.H->

TCT.P2.B2.2V ->

TCT.IP8.B2.1.H ->

TCDLTI2.B1.6.H ->

TCDLTI8.B2.6.V ->

TCLA.IP3.B1.1.V ->

TCLA.IP3.B2.4.H ->

TCLA.IP7.B2.2.H ->

TCLLIP8.B2.2.V ->

TCP.IP7.B2.2H ->

TCSG.IP3.B2.2H ->

TCSG.IP7.B1.11.H ->

TCSG.IP7.B1.8.S ->

TCSG.IP7.B2.4.V ->

TCT.IP1.B1.2V ->

TCT.IP5.B1.1.H ->

TCT.IP8.B2.2.V ->

16:14:00 - TCTH.4R3.B2

16:14:00 - TCTVE.4R8

16:14:00 - TDI.4L2Z

16:14:00 - TDI.4R&

16:14:00 - Successfully connected to

100 collimators!

16:13:59 - Ready.
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BLM-based alignment software

LHC Collimation
’ Project

CERN

A Collimator Status Display (HWG: LHC COLLIMATORS) M= EE ()X
E“e App launcher Reset File Applauncher Reset Setup Display Search: [ |
(@] ¥ RrBA:ghvalent
- 2 [@ ~ RBA:notoken S
TCDD.IP2.B1.1.H -> - - TCDLTI2ZB1.1.P > - I -
Beam 1
TCDLTI2ZB1.7.V > - - TCDLTIS.B2.1.H > oR
TCDQA.A4R6.B1 -> MDC PRS TCL.5R1.B1 ->» MDC PRS TCL.5R5.B1 ->» MDC PRS TCLA.B5R3.B1 -> MDC PRS
TCDQ.IP6.B1.1H > - - TCDQ.IP6.B2.1.H ->
TCLAIP3E12H > - - TCLAIP3E13H > TCLA.6R3.B1 -> mpc | | PRS | TCLA.7R3B1-> MDC | PRS  TCLAB6R7.B1-> MDC | | PRS | TCLAD6R7.B1-> MDC | PRS
TCLAIP7.B1.1V > - - TCLAIP7.B1.2H > TCLA.AZR7.B1 > mpc | | PRS | TCP.6L3B1 > mpc | | PRS | TcP.ceL7.B1-> mMpc | | PRS | TCSG.5L3.81-> Mpc | | PRS
TCLAIP7.B2.3V -> - - TCLAIP7.B2.4.H ->
TCSG.4R3.B1 -> MDC PRS TCSG.A5R3.B1 -> MDC PRS TCSG.B5R3.B1 -> MDC PRS TCSG.4R6.B1 -» MDC PRS
TCP.IP3.B1.1H > - - TCP.IP3.B2.1.H->
TCPIPTE23S > - - TCSGIP3BIAH > TCSG.6R7.B1 -> MDC | PRS TCSG.BAL7.B1-> MDC | PRS TCTHAL1B1-> MDC | | PRS | TCTH4L2B1-> MDC | | PRS
LCSGIBSH 22 e - - LCSGIBS.B2.LHLS TCTH.4L5.B1 > MDC | PRS  TCTH.4L8.B1-> MDC | | PRS
TCSGIP7.B1.2.S -> - - TCSGIP7.B1.3.S -> —
TCLA.ASR3.B1 -» MDC PRS TCLA.A6R7.B1 -> MDC PR% TCLA.C6R7.B1 -> PRS TCLIA.4AR2 -> - -
TCSG.IP7.81.9.S -> - - TCSG.IP7.B2.1.S -> S R G A
TCLIB.6R2.B1 -> - - TCP.D6L7.B1 -> MDC | PRE--= PRS- STATE (3): SYNCHRONOUS_ACQUISITION [TvA.4L1.B1 -> MDC | | PRS
TCSG.IP7.B2.5.H -> TCSG.IP7.B2.6.S -> - PRS Wamings (1 6) ERROR_MOTOR_LVDT,
--= PRS Errars (0): No Errors
TCT.IP1.B2.1H > - - TCTIP1.B2.2V -> TCTVB.4L2 -> MDC | | PRS | TCTVA.4L5.B1-> MDC | | PRS I TCTVB.4LS -> I MDC I I PRS I TDLAL2 -> MDC PRS
TCTIP5.B1.2V > - - TCTIP5.B2.1H > SKEW
TCP.B6L7.B1 -> MDC PRS TCSG.A6L7.B1 -> MDC PRS TCSG.E5R7.B1 -> MDC PRS TCSG.B5L7.B1 -> MDC PRS
TDLIP2.B1.1H > - - TDLIPS.B2.1.H >
..................................................................................... TCSG.ASLT.B1 -> MDc PRS TCSG.n4L7.B1 -> MDc PRS TCSG.R4R7.B1 -> MDc PRS TCSG.BSRT.B1 -> MDc PRS ol oLo oo e oo e oo o
Console
16:14:00 - TCTH. 4R8.B2 =
g D AR TCSG.D5R7.B1 -> MDC | PRS =
16:14:00 - TDI.4LZ
16:14:00 - TDI.4RS . OTHERS ||
16:14:00 - Successfully connected to 100 collimators! TCDD.4L2 -> - - TCDIV.20607 -> - - TCDIV.29012 > - - TCDIH.29050 -> - - =
16:13:59 - Ready.
TCDIH.29205 -> - - TCDI.29234 > - - TCDIH.29465 -> - - TCDIV.29509 -> - -
[ Console
11:20:4]1 - Validating existing token... - -
11:20:41 - There is no token, or it's walid GUI ’n 2011-2013 =
11:19:52 - Ready.
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LHC Collimation
’ Project

BLM-based alignment software

CERN

LHC Collimator Control Application - LHC beam commissioning (Device: TCP.6L3.B1/TCP.IP3.B1.1.H)

¥ RBA: givalent

File Settings Reset More displays Help

[ Jaw corners | Positions/Angles | Increment : ] ICIEIE | |
. Beam loss data [12/02/11 16:15:47]
Set absolute jaw positions and angles :
4.1E-7 7 o
Left POSIT [um]: 0 | Apply ! | : BILM Slgnal
: 4.0E-7
| Cancel last I =
Right POSIT [um]: 0 ; 3.9E-7
| stopamt | g
‘@ 3.8E-7
@
Left ANGLE [urad]: 0 | Out switches | E o
[\~
4]
@ 3.6E-7
Right ANGLE [urad]: -0
3.5E-7
Initialization... :
Left Jaw © uvpN Qurour @owiNn  @owour 34E-7 : : : . : : .
c ° ° ° 16:13:20 16:13:40 16:14:00 16:14:20 16:14:40 16:15:00 16:15:20 16:15:40
R up-IN up-out DW-N DW-OUT 1 jaw positions [12/02/11 16:15:47] -
Anti COLL Qv © pown :
Positions readout from the low-level 2.00 Jaw Positions
q Left UP 2.494 Gap UP 4.892 =
LWDT's |+ p T 100-
o eages [~ :
Left DW 2.495 Gap DW 4.847 g
% 0.00
Right UP -2.498 Centre UP -0.002 §-
S -1.00-
Right DW -2.489 Centre DW 0.003
Display jaw: Left Jaw (dashed) Right jaw (solid) 2.00-
Positions: Set LvDT [ ] [JLim [JRes [_]Motor | . | | | - . .
16:13:20 16:13:40 16:14:00 16:14:20 16:14:40 16:15:00 16:15:20 16:15:40
BLM: BLM1 [ |/BLM2 [ |BLM3 [ |BLM4 [ |LogY time [hh:mm:ss]

" Console

16:15:29 - You have decided to NOT TO TRIM the measured position. Il

16:15:29 - BE VERY CAREFUL WITH THE INCREMENT MOVEMENTS!!'! GUI ’n 2010 =
16:15:22 - Ready.
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LHC Collimation

Project
°
BL.M-based alignment software \
CERN
e OO \| LHC Collimator Control Application - Semi-Automatic Set-up V1 (Device: TCP.C6L7.81/TCP.IP7.81.2.H) !
File Settings Reset More displays Help Setup Options 1@@ = Co"imators

[ Jaw corners | Positions/Angles | Increment | BBA |

N | | [ ] | Horizontal

Beam loss data [09/04/12 02:01:23]

Semi-automatic setup using increments = E &6 I
| Apply Leru__| S =
. I
4.0E-4 - I
==
Time Interval [sec]: 1 _ — I
Inputs okay - ready to move! =
|

Left Step Size [um]: |10.0 v

| Apply Right |

Right Step Size [um]: |10.0 4

| Stopaml |

BLM Stop Value [au]: |1.0E-6 v | Apply Both! |

Beam loss signal [ a.u. ]

3.0E-4
Left Jaw Que-n Qur-out @ pw-IN @ bw-our , , , , , , , , I TCP.6L3.B1
: 01:59:00 01:59:20 01:59:40 02:00:00 02:00:20 02:00:40 02:01:00 02:01:20
Right jaw Que-n Que-out @pow-iIn @ bow-our - — - : I TCTH.4L2.B1
| Jaw positions [09/04/12 02:01:22] = S BB |
Anti COLL Qv © pown ; o] I TCLSRLB1
Positions readout from the low-level I TCTH.4L1.B1
: 4.00-
WDTs | Left UP  1.344 Gap UP  2.972 : I TCTH.4L8.B1
| E | TCLA.A7R7.B1
Jaw edges |~ | Left DW  1.325 GapDW  2.94 g 200 I
a | TCLAD6R7.B1
Right UP -1.688 Centre UP  -0.173 S 0.00
Z | TCLAB6R7.B1
=
Right DW -1.72 Centre DWW -0.197 E -2.00- I TCSG.6R7Z.B1
Display jaw: Left Jaw (dashed) [v] Right jaw (solid) [ ] Gap A.VDT) o I TCSG.B4L7.B1
Positions: [v]Set []LvDT [ ClLim [CIRes Mot CIE CJe|: TCP.C6L7.B1
BLM: BLM1 [JBLM2 [JBLM3 []BLM4 []LogY 2599 Vertical \ 4
: 01:59:00 01:59:20 01:59:40 02:00:00 02:00:20 02:00:40 02:01:00 02:01:20
Int. Time: 1.31s [ /81.92ms [ |12Hz [ | Threshold : i l TCTVA4LS.B1 .
: ime [hhimm:ss] .
° . - m E\ll v/ Mark as Setup  Save Settings View Plots | |12 Hz BILM DalaGUI ’n 011 2013
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File Settings Reset RMore displays Help

BPM-based alignment software

LHC Collimation

Project

CERN

[ Jaw comners | Positions/Angles | Increment [ BPM | Scan [ Calibration

Automatic BPM-based Alignment

Minimum Gap [mm]: 10.000 Gap Closing Factor: 1.0
Time Interval [S]: 1.0 .
Step Size [um] 3 v
Alignment Error [um]: 0.01 Align First
) LVDT ® MOTOR [ | Averaging  Average over [s]:

LU: RU: LD: E[ﬂ RD:

Seq # ADC Sample #| Awvg Factor

766653.0 1.0 1172.0
Left Jaw Que-n Qur-out @ ow-In @ pw-our
Right jaw Que-in Qur-out @ ow-In @ pw-our
Anti COLL Q ur © powN

Positions readout from the low-level

LVDT's : Left UP  14.33 Gap UP  29.269
d
= Left DW  13.792 Gap DW  28.73

Right UP -15.037 Centre UF -0.353

Right DW -15.023 Centre DW  -0.616

Display jaw: Left Jaw (dashed) Right jaw (solidy [ | Gap LvDT)
Positions: Set LvDT [ ] [JLim [JRes [ Mot [JE []
BLM: BLM1 [ JBLM2 [ |BLM3 [ |BLM4 [ |LogY

Int. Time: [ |1.31s [ |81.92ms [ |12Hz [ |Threshold

BPM LU BPM RU BPM LD BEPM RD

| Rviews | 1R [m] = =] [E] [ more |

WA

| Beam loss data [05/12/12 13:46:32]

— 3.0E3
2.0E3
1.0E3

0.0E0 —= === = —

eam loss signa

1 1 I 1 1 I 1
13:44:20 1314440 13:45:00 1314520 134540 13:46:00 13:46:20

positions [05/12/12 13:46:33] -

1

20.00

-20.00-

Jaw positions [i %

time [hh:mm:ss]

1 1 I 1 1 I 1
13:44:20 1314440 13:4500 134520 134540 13:46:00 13:46:20

_Electrode Data [05/12/12 13:46:33]

0.30

Electrodes [a.

time [hh:mm:ss]

13:44:20 1314440 1314500 134520 1314540 134

I I
6:00 13:46:20

| Beam position data [05/12/12 13:46:33] -
: 0.000

-5.000

Beam Pos. [m

time [hh:mm:ss]

I
13:44:20 1314440 134500 1314520 134540 13:46:00 13:46:20

| Tilt data [05/12/12 13:46:33]

0.030
0.020

a.u.]

Tilt [

0.010

time [hh:mm:ss]

I 1 I I 1 I I
13:44:20 1314440 13:45:00 1314520 134540 13:46:00 13:46:20

'Beam Centre data [05/12/12 13:46:33] =

-1.000

Beam Pos [mi

time [hh:mm:ss]

I 1 I I 1 I I
13:44:20 1314440 13:45:00 1314520 134540 13:46:00 13:46:20
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File Settings Reset RMore displays Help

BPM-based alignment software

LHC Collimation
’ Project

CERN

( Jaw corners | Positions;Angles | Increment [ BPM | Scan | Calibration :| R [m]=]==] [EE] |
Automatic BPM-based Alignment Beam loss data [05/12/12 13:46:32] -
: E 3.0E3
Minimum Gap [mm]: 10.000 Gap Closing Factor: 1.0 E. 2 0E3 -
w
R v 1.0E3
Time Interval [S]: 1.0 . §
= 0.0EQ+= — : R ; I . T
. : o 13:44:20 13:44:40 13:45:00 13:45:20 13:45:40 13:46:00 13:46:20
Step Size [um)] X v Stop All b
| Jaw positions [05/12/12 13:46:33] B2
Alignment Error [um]: 0.01 lv] Align First : § 20.00
S i
) LVDT ® MOTOR [ | Averaging  Average over [s]: a LA
2 -20.00- T T T T T T T
2 13:44:20 13:44:40 13:45:00 13:45:20 13:45:40 13:46:00 13:46:20
LU: 1 RU: LD: RD: 2 i} e e e U e e e
3]~ ; e (mmcss]
Seq # ADC Sample #| Awvg Factor Electrode Data [05/12/12 13:46:33]
766652.0 1.0 1172.0 : s
v 0.30
-
S 0.20
o
— 1 I T
R Que-n @up-ouT @ ow-IN @ pw-out = 13:44:20  13:44:40 13:45:00 134520 134540 1346:00 13:46:20
Right jaw Que-n Qur-outr @ pow-in @ pw-our il time [hh:mm:ss]
) ° ° Beam position data [05/12/12 13:46:33]
Anti COLL up DOWN : g 0.000
. “
Positions readout from the low-level e -5.000
&
Left UP 14.33 Gap UP 29.269 @ ) , :
DAL = - e 13:44:20 13:44:40 13:45:00 13:45:20 13:45:40 13:46:00 13:46:20
: time [hh:mm:ss
= Left DW  13.792 Gap DWW 28.73 = = [ .
| Tilt data [05/12/12 13:46:33] =
Right UP -15.037 Centre UP -0.353 : E 0.030
= 0.0201
Right DW -15.023 Centre DWW -0.616 ~ 0.010
1 1 1 1 1 1 1
13:44:20 13:44:40 13:45:00 13:45:20 13:45:40 13:46:00 13:46:20
Display jaw: Left Jaw (dashed) Right jaw (solidy [ | Gap LvDT) : time [hh:mm:ss]
Positions: [v]Set VDT [ ] [JLim [JRes [ Mot [JE [] Béam Centre data [05/12/1213:46:33] -
BLM: BLM1 [JBLM2 [JBIM3 [] BLMA []LogY . L5 0000
S used n the | g -1.000
Int. Time: [ |1.31s [ |81.92ms [ |12Hz [ | Threshold | = . ' . . ' . .
PS beam tests; = 13:44:20 13:44:40 13:45:00 13:45:20 13:45:40 13:46:00 13:46:20
BPM LU BPM RU BPM LD BPM RD

time [hh:mm:ss]
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LHC Collimation

Outline 70N

)

N\
CERN

* CERN and the Large Hadron Collider

e LHC Collimation System

* Collimator Beam-Based Alignment

* Alignment Algorithms

* Software Implementation

* Modeling and Simulation of Beam Losses
* Simulation and Operational Results

* Future: BPM-based alignment

e Conclusions
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LHC Collimation

Modeling and Simulation of AN

)

Beam Losses N

CERN

* Motivation: - allow offline tests of the automatic setup application without requiring beam.

- gain knowledge of beam loss dynamics useful for automatic alignment.
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LHC Collimation

Modeling and Simulation of AN

)

Beam Losses N

CERN

* Motivation: - allow offline tests of the automatic setup application without requiring beam.

- gain knowledge of beam loss dynamics useful for automatic alignment.

* Loss spike consists of 3 components which have to be understood and modeled:

-5
2X 10 I T I I ! I I L L
: : : : : : : ——BLM Value
18 e — JU— T ......... — e — —Threshold |
Typical Optimal | | 2 T o U 7 T T O ]
Loss Spike g
S 17 A S Loss Spike ...} fi XN i
o : :
S0l NN S R
512
@
8 T NG R S _
- ;
5
S 08_ ............................................................................................................................................ ...................................
0 ;
DB |eeononmanss s e o
“Steady-State
0‘1_ """"""""" y L
0 2 4 6 8 10 12 14 16 18 20

Time (seconds)
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LHC Collimation

@ Steady-State BLM Signal \\ﬂ

CERN
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LHC Collimation

Steady-State BLM Signal \\

CERN

%

* Empirical model of the BLM steady-state as a function of jaw half gap in O.
* Four alignment data sets: 450 GeV 2011, 3500 GeV 2011, 450 GeV 2012, 4000 GeV 2012.
* Hundreds of steady-state samples were extracted using a Java application.

* 1 sample = average of last 5 s of data from collimator BLMs when no collimators were moving in the
previous 10 s.
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LHC Collimation
y Project

Steady-State BLM Signal

%

* Empirical model of the BLM steady-state as a function of jaw half gap in O.
* Four alignment data sets: 450 GeV 2011, 3500 GeV 2011, 450 GeV 2012, 4000 GeV 2012.
* Hundreds of steady-state samples were extracted using a Java application.

* 1 sample = average of last 5 s of data from collimator BLMs when no collimators were moving in the
previous 10 s.

* Polynomial fits of the form L, ¢ applied, e.g.:
y=a+
r+c
x107°

z El: | | | | | | | | | | | | | | | | | | o Measured Data
> 3= B Fit: a = 3.406e-07 = 1.08e-08
l(D. 7 — b = 2.484e-07 + 3.68e-08
o — o ¢ =-3.21+ 0.05
S 6 — —
S — —
> sE— | =
< T E —
> 4 = —
— — —
M 3 —— —

- =

1 i— o) —i

OZF R B R B R R :I oP ] |b| Lo [ P e

3.0 35 4.0 4.5 50 55 6.0
Half Gap [oO]
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LHC Collimation

Loss Spike and Decay: N

)

Beam Diffusion Measurements N

CERN

* Beam diffusion is the process by which particles are driven from the beam core to the periphery

(halo).

* An MD was conducted in on 22nd June 2012 to measure the rate of diffusion in the LHC.
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Loss Spike and Decay: . \

)

Beam Diffusion Measurements N

CERN

* Beam diffusion is the process by which particles are driven from the beam core to the periphery

(halo).

* An MD was conducted in on 22nd June 2012 to measure the rate of diffusion in the LHC.

* Collimator jaws used to scrape away the beam halo to observe the response in the BLLMs:
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Diffusion rate, D [um?/s]

LHC Collimation

Loss Spike and Decay: N
<

Beam Diffusion Measurements

(2)

CERN
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* 0687 21-second samples were extracted, during periods in which only one collimator was moving,
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* 0687 21-second samples were extracted, during periods in which only one collimator was moving,
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e RapidMiner was used to develop a NN model to predict the tactor as a tunction ot the distance and jaw gap.

* A separate empirical model was developed for each collimator due to its unique location in the LHC.
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* 0687 21-second samples were extracted, during periods in which only one collimator was moving,
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e RapidMiner was used to develop a NN model to predict the tactor as a tunction ot the distance and jaw gap.

* A separate empirical model was developed for each collimator due to its unique location in the LHC.
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* Policy: a combination of alignment algorithms.
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* Policy: a combination of alignment algorithms.

* Policy 1: - Sequential alignment algorithm
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CERN

* Policy: a combination of alignment algorithms.
* Policy 1: - Sequential alignment algorithm

* Policy 2: - Parallel alignment algorithm

- Sequential alignment algorithm
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%

* Policy: a combination of alignment algorithms.
* Policy 1: - Sequential alignment algorithm

* Policy 2: - Parallel alignment algorithm

- Sequential alignment algorithm

* Policy 3: - Movement of all collimators with a half gap larger than 6 0 from
parking to tighter settings based on BPM-interpolation

- Parallel alignment algorithm

- Sequential alignment algorithm
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Alignment Policies

%

* Policy: a combination of alignment algorithms.
* Policy 1: - Sequential alignment algorithm

* Policy 2: - Parallel alignment algorithm

- Sequential alignment algorithm

* Policy 3: - Movement of all collimators with a half gap larger than 6 0 from
parking to tighter settings based on BPM-interpolation

- Parallel alignment algorithm

- Sequential alignment algorithm

* Policy 4: - Movement of all collimators with a half gap larger than 6 0 from
parking to tighter settings based on BPM-interpolation

- Parallel alignment algorithm utilizing knowledge of crosstalk factors

- Sequential alignment algorithm
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* Policy: a combination of alignment algorithms.

* Policy 1: - Sequential alignment algorithm » | 2010 operation

* Policy 2: - Parallel alignment algorithm

- Sequential alignment algorithm

* Policy 3: - Movement of all collimators with a half gap larger than 6 0 from
parking to tighter settings based on BPM-interpolation

- Parallel alignment algorithm

- Sequential alignment algorithm

* Policy 4: - Movement of all collimators with a half gap larger than 6 0 from
parking to tighter settings based on BPM-interpolation

- Parallel alignment algorithm utilizing knowledge of crosstalk factors

- Sequential alignment algorithm
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Alignment Policies ﬂl

CERN

%

* Policy: a combination of alignment algorithms.

* Policy 1: - Sequential alignment algorithm » | 2010 operation

* Policy 2: - Parallel alighment algorithm 2011 onwards

- Sequential alignment algorithm

* Policy 3: - Movement of all collimators with a half gap larger than 6 0 from
parking to tighter settings based on BPM-interpolation

- Parallel alignment algorithm

- Sequential alignment algorithm

* Policy 4: - Movement of all collimators with a half gap larger than 6 0 from
parking to tighter settings based on BPM-interpolation

- Parallel alignment algorithm utilizing knowledge of crosstalk factors

- Sequential alignment algorithm M
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Collimator Setup Simulator

NO

BRC

Move jaws at half gap > 6 o to
tighter settings around the
interpolated centre

Move both jaws of collimators Move both jaws of
with crosstalk factors < 1 wrt all collimators in the
the collimator closest to the same plane*

beam in o

A 4

Perform sequential
alignment”

l
=
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LHC Collimation

Collimator Setup Simulator

NO

BRC

Move jaws at half gap > 6 o to
tighter settings around the
interpolated centre

Move both jaws of collimators Move both jaws of
* with crosstalk factors < 1 wrt all collimators in the
the collimator closest to the same plane”
Generate spike and decay beam in o*
from diffusion model

} v
Generate crosstalk from k-NN 1 Perform sequential
model, check if other BLM > alignment*
thresholds exceeded
If yes, execute crosstalk l
recovery algorithm ( Stop )
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LHC Collimation

Collimator Setup Simulator 74

NO
Repeat for all

planes!

BRC

Move jaws at half gap > 6 o to
tighter settings around the
interpolated centre

Move both jaws of collimators Move both jaws of
* with crosstalk factors < 1 wrt all collimators in the
the collimator closest to the same plane”
Generate spike and decay beam in o*
from diffusion model

} v
Generate crosstalk from k-NN 1 Perform sequential
model, check if other BLM > alignment*
thresholds exceeded
If yes, execute crosstalk l
recovery algorithm ( Stop )
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LHC Collimation
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Collimator Setup Simulator

NO
Repeat for all

planes!

BRC

Move jaws at half gap > 6 o to
tighter settings around the
interpolated centre

Move both jaws of collimators Move both jaws of
* with crosstalk factors < 1 wrt all collimators in the
the collimator closest to the same plane”
Generate spike and decay beam in o*
from diffusion model

} v
Generate crosstalk from k-NN 1 Perform sequential
model, check if other BLM > alignment*
thresholds exceeded
l Simulator implemented in MATLAB with l
If yes, execute crosstalk similar GUI to alignment application
recovery algorithm ( Stop )
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Outline
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CERN

* CERN and the Large Hadron Collider

e LHC Collimation System

* Collimator Beam-Based Alignment

* Alignment Algorithms

* Software Implementation

* Modeling and Simulation of Beam Losses
* Simulation and Operational Results

* Future: BPM-based alignment

e Conclusions
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N

* Simulations were performed for at beam energies of 450 GeV, 4 TeV and 7 TeV as well as different collimator
settings.

%

CERN

* For each policy and beam energy, the simulation was run for 50 times with random 1nitial beam centres to
obtain the final results (B1 alignhed in parallel with B2).

* The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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* Simulations were performed for at beam energies of 450 GeV, 4 TeV and 7 TeV as well as different collimator
settings.

Simulation Results

CERN

* For each policy and beam energy, the simulation was run for 50 times with random 1initial beam centres to
obtain the final results (B1 alignhed in parallel with B2).

* The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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* Simulations were performed for at beam energies of 450 GeV, 4 TeV and 7 TeV as well as different collimator
settings.

Simulation Results

CERN

* For each policy and beam energy, the simulation was run for 50 times with random 1initial beam centres to
obtain the final results (B1 alignhed in parallel with B2).

* The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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* Simulations were performed for at beam energies of 450 GeV, 4 TeV and 7 TeV as well as different collimator
settings.

Simulation Results

CERN

* For each policy and beam energy, the simulation was run for 50 times with random 1initial beam centres to
obtain the final results (B1 alignhed in parallel with B2).

* The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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A Simulation Results

* Simulations were performed for at beam energies of 450 GeV, 4 TeV and 7 TeV as well as different collimator
settings.

* For each policy and beam energy, the simulation was run for 50 times with random 1initial beam centres to
obtain the final results (B1 alignhed in parallel with B2).

* The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.

/\ x 10"

4— w w o w - 15 ; ‘ ; ‘
. . l.e.last TCP cutino I Folicy 1 I Folicy 1
Pollcy 3 achieves 7 Ll I Folicy 2 Starting int it I Folicy 2
he b Its! . ] Policy 3 arting intensity = Poioy
the €St results! P B rolicy4| 1.2 [------ —mmmma R EEEEEE TR BB Policy 4
- 1 —
—— 1 o N
@ 2500 Q If S 10
£ c 2
£ S o)
= 2000} = 2
5 0 £ =
= 3 @
1500 8 S .
®© [ i
1000} i
500} I
0 I \
IR3 IR7  IR3+IR7 TCT All IR3 IR7 IR3+IR7 TCT Al 0 IR3 IR7 IR3+IR7 TCT Al
Collimator Group Collimator Group Collimator Group

Gianluca Valentino 44



LHC Collimation
. Project

A Simulation Results

Simulations were performed for at beam energies of 450 GeV, 4 TeV and 7 TeV as well as different collimator
settings.

For each policy and beam energy, the simulation was run for 50 times with random initial beam centres to
obtain the final results (B1 alignhed in parallel with B2).

The collimators were divided into subgroups which are frequently aligned, e.g. IR7 or TCT collimators.
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* Policy 4: gain 1n time 1s larger when all collimators are moved simultaneously (Policy 3), even though there are
more frequent interruptions.
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* 'Total setup time depends on the beam time

Alignment Results

consumed, the number of beam dumps 4 and th¥e Automation

turnaround time:
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* No costly beam dumps due to high losses from
2011 onwards.

* Use of smaller jaw step size (better accuracy)
made easier by automatic alignment.
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* 'Total setup time depends on the beam time

Alignment Results

consumed, the number of beam dumps 4 and th¥e Automation

turnaround time:

Tsetup — Tbeam +d X Tturnaround
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‘Ta verage

* No costly beam dumps due to high losses from
2011 onwards.

* Use of smaller jaw step size (better accuracy)
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* 'Total setup time depends on the beam time

Alignment Results
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Alignment Results (2)
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Alignment Results (2)

 Nominal to Measured Beam Size Ratio (B1) at 3.5/4 TeV:

LHC Collimation

Project
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Simulations vs. Measurements

%

* Policy 4 is not included in the comparison as only simulation results exist.

* In practice, the alignment takes much longer due to: 18 | |

. o _ 2010 Bl Simulations ||

— unforeseen beam instabilities; 16} B Measurements ||
— human checks; val
— momentum cut in IR3; |
. . 12}
— 1mpertfect loss spikes. = |
3 10}
=
o |
£ 9
=
61
41
2|
N

Policy 1 Policy 2 Policy 3
Policy

Gianluca Valentino 48



LHC Collimation

’ Simulations vs. Measurements
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: Simulations vs. Measurements
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Simulations vs. Measurements
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Simulations vs. Measurements AR
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Simulations vs. Measurements

[RF investigation:

CERN
The problem observed with the RF blow-up is different from the ramp Wednesday 15:00. The blow-up did work OK,
leading to bunch lenght between 1.0 and 1.2 ns for both bunches of each ring.

|IBUT we observe a quadrupole oscillation developping in the last gurarter of the acceleration ramp. At this
longitudinal emittance, we did not have single bunch instability last year.

So we first want to make sure that it is an instability by ramping same filling pattern with reduced intensity
Ler bunch (7el0 p/bunch). Next fill.

Assuming that this gives good results, we would then ramp same filling pattern, nominal intensity with Phase Loop
at flat gain. The suspicion is that the phase loop has some influence on stability (even though the mode is
6[10:33 | NB [quadrupole. That was observed during MDs in 2011).
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Simulations vs. Measurements

[RF investigation: !
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The problem observed with the RF blow-up is different from the ramp Wednesday 15:00. The blow-up did work OK,
leading to bunch lenght between 1.0 and 1.2 ns for both bunches of each ring.

|IBUT we observe a guadrupole oscillation developping in the last gurarter of the acceleration ramp. At this
longitudinal emittance, we did not have single bunch instability last year.

So we first want to make sure that it is an instability by ramping same filling pattern with reduced intensity
Ler bunch (7el0 p/bunch). Next fill.

Assuming that this gives good results, we would then ramp same filling pattern, nominal intensity with Phase Loop
at flat gain. The suspicion is that the phase loop has some influence on stability (even though the mode is
6[10:33 | NB [quadrupole. That was observed during MDs in 2011).
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Outline

%

CERN

* CERN and the Large Hadron Collider

e LHC Collimation System

* Collimator Beam-Based Alignment

* Alignment Algorithms

* Software Implementation

* Modeling and Simulation of Beam Losses
* Simulation and Operational Results

* Future: BPM-based alignment

e Conclusions
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LHC Collimation

N\
CERN

A BPM-Based Collimator Alighment 725

* As of 2015, new TCTs with in-built Beam Position Monitors (BPMs) will be installed.
* This will provide a direct measurement of the beam orbit at the TCT locations.
* Beam centre cannot be measured accurately at large gaps and offsets due to BPM non-linearities.

* A mock-up BPM-equipped collimator 1s currently installed in the SPS for beam tests.

BPM electrodes

Courtesy A. Dallocchio, A. Bertarelli, O.
Aberle et al.
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LHC Collimation

@ BPM-Based Collimator Alighment \\

* A successive approximation algorithm was developed to determine the beam centre.
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* A successive approximation algorithm was developed to determine the beam centre. Beam

Jaws initially at parking positions
( Start ) q
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LHC Collimation

@ BPM-Based Collimator Alighment \\

* A successive approximation algorithm was developed to determine the beam centre. Beam
Jaws initially at parking positions
( Start ) q
Estimate beam centre: Move in jaw furthest away
RV, -V, >
Xbpm — L R J; = 2Xbpm + Ji—1
2V, + Vg
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@ BPM-Based Collimator Alighment \\

* A successive approximation algorithm was developed to determine the beam centre. Beam
Jaws initially at parking positions
( Start ) q
Estimate beam centre: Move in jaw furthest away
RV, -V, >
Xbpm — L R J; = 2Xbpm + Ji—1
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@ BPM-Based Collimator Alighment | \

LHC Collimation

N

CERN

* A successive approximation algorithm was developed to determine the beam centre. Beam

Estimate beam centre:
RV; —Vp
2V + Vg

:

Xbpm

Jaws initially at parking positions
( Start ) q

Move in jaw furthest away

Obtain new estimate from beam centre Xopm

>
Ji = 2Xopm + Ji1 I I

Gianluca Valentino

54



@ BPM-Based Collimator Alighment 70N

LHC Collimation

N

CERN

* A successive approximation algorithm was developed to determine the beam centre. Beam

Estimate beam centre:
RV; —Vp
2V + Vg

:

Xbpm

Jaws initially at parking positions
( Start ) q

Move in jaw furthest away

Obtain new estimate from beam centre Xopm

!

>
Ji = 2Xopm + Ji1 I I
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@ BPM-Based Collimator Alighment 70N

LHC Collimation

N

CERN

* A successive approximation algorithm was developed to determine the beam centre. Beam

Estimate beam centre:
RV; —Vp
2V + Vg

:

Xbpm

Jaws initially at parking positions
C Start ) q

Move in jaw furthest away

Obtain new estimate from beam centre Xopm

!

NO

G S G'm.-i n

>
Ji = 2Xopm + Ji1 I I
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LHC Collimation

N

CERN

D)  BPM-Based Collimator Alignment N

* A successive approximation algorithm was developed to determine the beam centre. Beam

Jaws initially at parking positions

C Start ) q
!

Estimate beam centre: Move in jaw furthest away
RV, -V, >
Xipm = L R Ji = 2 Xppm + Ji-1
2V, + Vg

:

Obtain new estimate from beam centre Xopm

!

NO
G S G'm.-i n

» Reduce gap by pre-defined factor

>
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CERN

D)  BPM-Based Collimator Alignment N

* A successive approximation algorithm was developed to determine the beam centre. Beam

Jaws initially at parking positions

( Start ) >
!

Estimate beam centre: Move in jaw furthest away
RV, -V, >
Xipm = LR Ji = 2Xppm + Ji-1
2 VL + Vg

:

Obtain new estimate from beam centre Xopm

!

NO
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> Reduce gap by pre-defined factor I I I
>
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LHC Collimation

)|  BPM-Based Collimator Alignment \\

CERN

* A successive approximation algorithm was developed to determine the beam centre. Beam

Jaws initially at parking positions

C Start ) q
!

Estimate beam centre: Move in jaw furthest away

RV, —Vg > I I

X = Ji — 2Xbpm -+ Ji—l
P9V + Vi

:

Obtain new estimate from beam centre Xppm |[€

!

NO
YES

G S G'm.-i n

» Reduce gap by pre-defined factor

>
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BPM-Based Alignment Results

CERN
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* Commissioning with beam will be required to ensure calibration of electronics for correction of
noise and BPM non-linearities (gain with BPMs will not be immediate after 1.S1).
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* Main goal: elimination of all orbit-related settings errors at the TCTs and IR6 TCSGs!

* BPMs will improve collimator operation by providing:
— online monitoring of beam centres
— possibility of interlocks on orbit measurements (should always be 0 with centered jaws)

— fast fill-to-fill TCT alignments, or as frequently as required

* Gain of 8 cm in f* reach —— no more 50 um setup error (R. Bruce, MP Workshop 2013)

* Better monitoring in IR6:
— find out earlier on possible problems rather than waiting for the infrequent loss maps

— can also be used for the SIS interlock of the TCDQ centering/retraction (J. Wenninger)

* Commissioning with beam will be required to ensure calibration of electronics for correction of
noise and BPM non-linearities (gain with BPMs will not be immediate after 1.S1).

* Engineering specification to be drawn up in collaboration with BI team.
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* The BLM signals are used in a feedback loop to automatically stop the jaw once the losses exceed a
pre-defined threshold, an indication that the jaw has possibly touched the beam halo.

* SVM-based loss spike classification ensures that the automatic alignment is reliable, while the

BPM-interpolated orbit allows for a coarse alignment of the jaws around the beam center with a
safety margin to gain time.
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* LHC collimation system cleaning efficiency 1s highly dependent on correct collimator positions.
* The jaw positions are determined from beam-based alignment (~ 30 hours when manual).

* The BLM signals are used in a feedback loop to automatically stop the jaw once the losses exceed a
pre-defined threshold, an indication that the jaw has possibly touched the beam halo.

* SVM-based loss spike classification ensures that the automatic alignment is reliable, while the
BPM-interpolated orbit allows for a coarse alignment of the jaws around the beam center with a
safety margin to gain time.

* Automatic alignment algorithms have so far reduced the total setup time from 28 hours to 4 hours
(factor 7 improvement) and eliminated the possibility of human error.

* A prototype algorithm for BPM-based alignment was tested with beam in the SPS.

* 'The algorithm logic will be moved from the application to the FESA level, thereby reducing the
network and processing load at the top level.

e A new FESA-based software architecture for the embedded collimator BPMs will be defined and
implemented during L.S1.
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Any questions?
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2 -10.00 2 -3.00 2 -10.00 2
-— T T -— T T -— T T -— T T
23:10:00 23:11:00 23:10:00 23:11:00 23:10:00 23:11:00 23:10:00 23:11:00
time [hh:mm:ss] time [hhimm:ss] time [hh:mm:ss) time [hh:mm:ss]
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LHC Collimation

Project

BLM-based alignment software

CERN

B Collimator Setup Sheet - Beam 1 (/user/slops/data/LHC_DATA/OP_DATA/LHCCollimators/Setups/Setup_2013-02-01 1/Collimator Setup Sheet 4000GeV-collisions 2013-02-01 19-14-16_B1 ONGOING.txt)

File Edit Options
Geometric Emittance: 8. 21E-10
Setup N Sigma: 4.5
RMS Momentum Deviation: 2.06E-4

Number Status Collimator Name Angle {de AW L Calib {mm AW R Calib {mm LvDT ga Gap Offset (mm) |Half Gap Meas (mm) Eff sigma in coll plane| JAW L Setting {mm) | JAW R Setting {mm) | Target HALF GAP sigm Pos

9 True TCP.C6L7.B1 0.00 1.020 -1.525 2.474 -0.252 1.272 nja nfa nfa 3.62 197

10 True TCTH.4L5.B1 0.00 -1.895 -7.975 6.067 -4.935 3.040 0.942 4.482 -14.352 10.00 131

11 True TCP.C6L7.B1 0.00 0.895 -1.425 2.249 -0.265 1.160 nja nfa nfa 3.30 187

36 True TCP.C6L7.B1 0.00 0.895 -1.425 2.250 -0.265 1.160 0.352 0.895 -1.425 3.30 187

37 True TCTH.4L2.B1 0.00 2.950 -2.275 5.191 0.338 2.612 0.791 8.249 -7.574 10.00 321

38 True TCP.CEL7.B1 0.00 0.855 -1.405 2.190 -0.275 1.130 nja nfa nfa 3.21 197

42 True TCP.C6L7.B1 0.00 0.855 -1.405 2.188 -0.275 1.120 0.352 0.855 -1.405 3.21 187

43 True TCTH.4L1.B1 0.00 3.500 -2.115 5.569 0.692 2.808 0.942 10.110 -8.725 10.00 265

44 True TCP.C6L7.B1 0.00 0.815 -1.365 2.109 -0.275 1.080 nfa nfa nfa 3.10 197

45 True TCP.C6L7.B1 0.00 0.815 -1.365 2.108 -0.275 1.080 0.352 0.815 -1.365 3.10 187

46 True TCTH.4L8.B1 0.00 7.680 4.260 32.400 5.870 1.710 0.551 12.579 -0.639 12.000 231

47 True TCP.CEL7.B1 0.00 0.785 -1.225 2.0328 -0.270 1.055 nja -0.270 -0.270 2.00 197

0 True TCP.D6L7.B1 90.01 1.035 -0.585 1.586 0.225 0.810 nja nfa nfa 2.20 187

1 True TCTYA4L5.B1 90.01 2.505 -1.355 3.852 0.575 1.930 0.600 6572 -5.422 10.00 131

2 True TCP.D6L7.B1 90.01 0.980 -0.540 1.496 0.220 0.760 nja nfa nfa 3.00 187

12 True TCP.DEL7.B1 90.01 0.980 -0.540 1.487 0.220 0.760 nja nfa nfa 3.00 187

13 True TCTVA4L2. B1 90.01 0.620 -4.760 5.343 -2.070 2.690 0.840 6.332 -10.472 10.00 325

14 True TCP.DEL7.B1 90.01 0.965 -0.530 1.464 0.217 0.748 nja nfa nfa 2.95 197

18 True TCP.D6EL7.B1 90.01 0.965 -0.530 1.464 0.217 0.748 nja nfa nfa 2.95 197

19 True TCTVA4L1BL 90.01 4.460 0.450 2.877 2.455 2.005 0.600 8.452 -3.542 10.00 265

20 True TCP.D6EL7.B1 90.01 0.955 -0.520 1.445 0.217 0.738 nfa nfa nfa 2.91 197

21 True TCP.D6L7.B1 90.01 0.955 -0.520 1.445 0.217 0.738 nja nfa nfa 2.91 187

22 True TCTVE.4L8 90.01 2.025 -1.885 3.883 0.065 1.860 0.650 7.862 -7.732 12.000 232
23 True TCP.DEL7.B1 90.01 0.940 -0.500 1.405 0.220 0.720 nja 0.220 0.220 2.84 197¢ |

4 i [»]

Collimator setup sheet after a TCT alignment
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LHC Collimation
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