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Introduction

One-Turn Beam Trajectory Equations

Conventional

y(s) =
√

2Jcβr (s) sin(ψr (s)− δc),

βr (s) and ψr (s) “real” lattice functions,

Jc and δc are constants.

Action and Phase Jump (APJ)1

y(s) =
√

2J(s)βn(s) sin(ψn(s)− δ(s)),

βn(s) and ψn(s) nominal lattice functions,

J(s) and δ(s) jump at error location.
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Action and Phase Jump Analysis (1)

If a large number of Beam Position
Monitors (BPMs) are available, the
APJ equation can be used to make
plots of J(s) and δ(s).

In the LHC, plots of J(s) and δ(s)
reveal jumps in the IRs.

These jumps are mainly due to the
magnetic errors in the triplet
quadrupoles2.

-2

 0

 2

y
 (

m
m

)

Exp. LHC beam trajectory

IR1ARC ARC

 0.4

 0.45
J0

J1

J
 (

n
m

)

 2.8

 3

 3.2

 3.4

 22  23  24  25

δ0

δ1

se

δ
 (

ra
d
s
)

s (km)

2PRAB 20, 111004, 2017
Javier Cardona Algorithms to estimate corrections in the interaction regions of the LHC using action and phase jump analysisUniversidad Nacional de Colombia 3 / 1



Action and Phase Jump Analysis (2)

The jumps can be related to magnetic
kicks in the left and the right triplets

|θL| =

√
2J0 + 2Jt + 4J0Jt cos(δt − δ0)

βn(se)

|θR | =

√
2Jt + 2J1 + 4JtJ1 cos(δ1 − δt)

βn(se)

Jt and δt , the action and phases in the
space between the triplets, cannot be
extracted from the J(s) and δ(s) plots.
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Action and Phase in the Space between the Triplets
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β  in the Space Between the Triplets

βwr and wr are measured in the LHC
using the k-modulation technique3.

Jt = Jc
βwn

βw r

cos2 γc
(
1 + tan2 γt

)
,

δt = ψn(st) + arctan

(
L + wn

βwn

)
− γt ,

where

γc = ψr (st) + arctan

(
L + wr

βw r

)
− δc ,

γt = arctan

(
wn − wr + βw r tan γc

βwn

)
.

subscript n − > nominal variables,
subscript r − > real variables.

3PRAB 20, 111005, 2017
4GetLLM,WEPGW116, IPAC2019
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Equivalent Kicks and Corrections

Once all actions and phases are determined, θL and θr can be estimated

θL and θr can be used to estimate a correction that suppresses the effect of the IR errors
such as the AP jump and the β-beating.

The correction is performed by changing the strength of two quadrupoles per triplet
according to the values determined by their corresponding equivalent magnetic kick.
Those strength changes correspond to the ”corrector strengths”.
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Example of Correction (APJ plots)

Simulated particle trajectory is
generated with the error distribution:

Magnetic error Corr. strengths
Magnet (10−5 m−2) (10−5 m−2)

Q1L −0.7 - - - - -
Q2L 0.5 0.58
Q3L −0.8 0.98
Q1R 0.6 - - - - -
Q2R 1.5 −1.56
Q3R 1 −1.17
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Example of Correction (β-beating)

Simulated particle trajectory is
generated with the error distribution:

Magnetic error Corr. strengths
Magnet (10−5 m−2) (10−5 m−2)

Q1L −0.7 - - - - -
Q2L 0.5 0.58
Q3L −0.8 0.98
Q1R 0.6 - - - - -
Q2R 1.5 −1.56
Q3R 1 −1.17
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Obtaining the Beam Trajectories

Beam trajectories are obtained from
TBT data.

In theory, any one-turn trajectory
should be sufficient to do APJ
analysis. However, noise can be
significant in the AP plots.

Noise can be reduced by selecting
turns from the TBT data and
averaging them to build a one-turn
trajectory known as the “average
trajectory”.
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APJ Software

Lattice Functions

Nominal
Real
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APJ plots
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APJ Software (Nominal Lattice)

Format TBT Data

Read

LHC Optics

Module A

Get Nominal Files

Read

Read

Getllm Output

Get Lattice

Exp. TBT Data

Get Aver  Traject.

Get Corrections

Start

Module B

Module C

Module D

Module E

Module F

Get Quad Compon.

K−Modulation

wr, βwr

βr, ψr

βn, ψn

B1x,e, B1y,e

Format TBT Data

Read

LHC Optics

Module A

Get Nominal Files

Read

Read

Getllm Output

Get Lattice

Exp. TBT Data

Get Aver  Traject.

Get Corrections

Start

Module B

Module C

Module D

Module E

Module F

Get Quad Compon.

K−Modulation

wr, βwr

βr, ψr

βn, ψn

B1x,e, B1y,e

Javier Cardona Algorithms to estimate corrections in the interaction regions of the LHC using action and phase jump analysisUniversidad Nacional de Colombia 11 / 1



APJ Software (Real Lattice)
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APJ Software (Average Trajectories)
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APJ Software (Kicks and Corrections)

Obtain action and phase plots and
estimate averages on each side of the
IR (Jo , J1, δ0, and δ1).

Obtain Jt and δt

Estimate kicks and their quad
components (θy ,e ∼ B1y ,e y(se) ).

Estimate corrections.
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Garćıa, Miguel Morales, Diego Roa, and Yohany Rodŕıguez. They have been a great
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