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Accelerator Alignment

▪ LHC is a complex machine

→ Superconducting magnets, beam transfer lines, straight sections, curved section, experiments.

→ Thousands of components ranging from a few 100 grams to few tons, different shapes, materials, 

operating conditions.

→ Ambient conditions vary throughout the year, strong magnetic field, radiation.

→ The earth moves

▪ Particle bunches a few microns wide must collide head-on
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Accelerator Alignment

▪ It is Important to know the position of each 
of the components as precisely as possible.

▪ So that we can

→ Align each component correctly with one 

another.

→ Re-align a component if needed.

▪ So that the beam can travel and collide as 
desired.
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Classical approach

→ Determine the radial and vertical components.

→ Determine the rotation (roll) w.r.t. the beam line

Vertical

component

z

Radial
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x
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component

y

cryostat

cold

mass



▪ HL-LHC alignment objectives:

Objective 1 – Q1–Q5:

Uncertainty < 0.1 mm (1σ)

Objective 2 – Q5–Q5:

Uncertainty < 0.33 mm (radial), < 0.17 mm (vertical), < 0.150 mrad (roll)

Objective 3 – Reliability (Q5–Q5):

< 1 mm (radial), < 0.5 mm (vertical), < 0.45 mrad (roll) (3σ limits)
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Accelerator Alignment
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▪ So how is it done?

→ Alignment during installation by surveyors. 

→ Periodic measurement and re-alignment during 

YETS etc. by surveyors.

→ Real-time monitoring and correction of the most 

crucial regions and remote alignment using 

sensors.

Accelerator Alignment

Laser Tracker for 3D position measurement
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Full Remote Alignment System (FRAS)

Re-Alignment

→ Universal Adjustment Platforms 

(UAPs)

→ Motorized jacks

Real-time Position monitoring

→ Wire Positioning System (WPS)

→ Hydrostatic Levelling System (HLS)

→ Inclinometers

→ Frequency Scanning Interferometry (for internal monitoring 

of the cold mass, crab cavities)

…and so on

WPS HLS Internal monitoring using FSI

UAP

Motorized jacks
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Wire Positioning System
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Stretched ropes for alignment 
to build pyramids and temples 

2600 BCE 

21st Century

Align accelerator components 
at micrometric precision
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Wire Positioning System
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 beam line

→ Quadrupoles aligned

→ Mis-aligned over a period of time

→ Beam lost
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Wire Positioning System
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 beam line

→ Would be nice to have a reference system in place

→ Such a reliable straight reference line

→ Whose position is known, and the component position can be measured wrt it



▪ Straight line is determined using a stretched conductive wire.

▪ Capacitive sensors measure the distance to the wire.
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Wire Positioning System
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Capacitive sensor

Conductive wire
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Wire Selection
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▪ Considerations:

▪ Conductive nature

▪ Radiation tolerant

▪ Low / acceptable impact due to humidity

▪ Consistent “Homogeneous shape”

▪ Mechanical Strength and linear mass

▪ Sag within acceptable limits

Cu-Be

Ag-Vectran

Carbon-kevlar
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Wire Selection
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▪ Considerations:

▪ Conductive nature

▪ Radiation tolerant

▪ Low / acceptable impact due to humidity

▪ Consistent “Homogeneous shape”

▪ Mechanical Strength and linear mass

▪ Sag within acceptable limits -2.67
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Impact of humidity over time

Impact of humidity 

on carbon-Kevlar 

wire:

 0.26 μm / mm / %

30% humidity

80% humidity
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Wire Selection
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▪ Considerations:

▪ Conductive nature

▪ Radiation tolerant

▪ Low / acceptable impact due to humidity

▪ Consistent “Homogeneous shape”

▪ Mechanical Strength and linear mass

▪ Sag within acceptable limits
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Wire Selection
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▪ Considerations:

▪ Conductive nature

▪ Radiation tolerant

▪ Low / acceptable impact due to humidity

▪ Consistent “Homogeneous shape”

▪ Mechanical Strength and linear mass

▪ Sag within acceptable limits

Top view – straight line

Front view – vertical sag due to own weight

𝒔𝒂𝒈 =
𝒘𝒍𝟐

𝟖𝑻

𝑤 = 𝑚𝑎𝑠𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ
𝑙 = 𝑠𝑝𝑎𝑛 𝑙𝑒𝑛𝑔𝑡ℎ

𝑇 = ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛



26/09/2025 P Sarvade - Wire Positioning System for Accelerator Alignment

Wire Selection
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▪ Considerations:

▪ Conductive nature

▪ Radiation tolerant

▪ Low / acceptable impact due to humidity

▪ Consistent “Homogeneous shape”

▪ Mechanical Strength and linear mass

▪ Sag within acceptable limits

Heavy wire

More Sag

More 
tension

Increase 
material

𝒔𝒂𝒈 =
𝒘𝒍𝟐

𝟖𝑻

𝑤 = 𝑚𝑎𝑠𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑙𝑒𝑛𝑔𝑡ℎ
𝑙 = 𝑠𝑝𝑎𝑛 𝑙𝑒𝑛𝑔𝑡ℎ

𝑇 = ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑜𝑛
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Capacitive distance measurement
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Electrode 1b
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𝑪 =
𝜺𝟎 ∗ 𝜺𝒓∗ 𝑺

𝒉

𝜀0 = 𝑝𝑒𝑟𝑚𝑖𝑡𝑖𝑣𝑖𝑡𝑡𝑦 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒

𝜀𝑟 = 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑜𝑓 𝑎𝑖𝑟

ℎ = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠

𝑆 = 𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎)

𝐶 = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒

Capacitance between two parallel plates

C1a

C1b

C2a C2b

Ratio of capacitances between the electrodes and the wire help us 
interpret the position of the wire with respect to the sensor
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WPS Sensor
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LHC era WPS sensor

• “Black box” 

• Requires external DAQ system 

• No remote diagnostic possibility

• Expensive

WPS sensor for HL-LHC

• In-house built – full control

• Remote operation and diagnostics possible

• Digital electronic conditioners compatible with DI/OT

• Ergonomic for automatic wire replacement

• More no. of sensors required per IP side
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WPS Sensor

19

WPS Sensor WPS Conditioner WPS Cable (+ DI/OT)

Sensor + Conditioner + Cable = Unique set
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WPS Sensor Calibration

20

Sensor + Conditioner + Cable = Unique set

Each set must be calibrated in the tunnel

A mobile calibration bench is required to 
produce fast, accurate, reliable, automated 

calibrations

Cable length ranges from 20 to 150m, hence 
the cables will be directly installed in the 

tunnel

Convert raw sensor readings to useful 
distance measurements
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WPS Sensor Calibration
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Z

X

Y

3-ball interface

3-ball interface

→ Isostatic mount

→ Repeatable <±1𝜇𝑚

→ Position of the WPS sensor (and wire) 

measured wrt the 3-ball interface
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WPS Sensor Calibration
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Calibration Procedure

→Relative Calibration to determines the movement of the sensor with respect to the 

stretched wire 

→Absolute Calibration to determine the position of the stretched wire with respect to the 3-

ball interface (manual process until now)

Calibration Bench

→Rotative Stage bench which performs both relative and absolute calibration automatically
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WPS Sensor Calibration
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Rotative Stage Calibration bench

→ Two Linear Stages

→ Translation in the radial axis

→ Translation in the vertical axis

→ Rotative Stage

→ Rotation around the longitudinal 

axis

→ 3-ball interface for the sensor to 
be calibrated

→ Stretched wire

→ DI/OT crate to house the 
conditioners

→ Static mounted reference WPS 
sensors to monitor the stability of 
the wire
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WPS Sensor Calibration
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Coordinate System

1. Rtable – the non-orthogonal coordinate system in which the table moves
using the linear, vertical and rotative stages.

2. R3-ball – the coordinate system of the 3-ball interface of the sensor to be
calibrated (UUT)

3. RGen – the general fixed coordinate system

RTable → R3ball → RGen transformation model

𝑹𝑮𝒆𝒏 = 𝒇 𝑿𝑻, 𝒁𝑻, 𝜽
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WPS Sensor Calibration
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RTable→ R3ball → RGen

Rotation of a point about a point 
other that the origin

𝑥
𝑦
𝑧 𝑅3𝑏𝑎𝑙𝑙

=

𝑡𝑋
𝑡𝑌
𝑡𝑍

+

1 −𝑟𝑍 𝑟𝑌
𝑟𝑍 1 −𝑟𝑋

൯−(𝑟𝑌 + 𝑇𝑎𝑢 𝑟𝑋 1

𝑋𝑇 − 𝐶𝑥 + 𝐶𝑥𝑐𝑜𝑠𝜃 − 𝐶𝑧𝑠𝑖𝑛𝜃
𝜌𝑧𝑋𝑇 − 𝜌𝑥𝑍𝑇

𝑍𝑇 + 𝐶𝑧 − 𝐶𝑥𝑠𝑖𝑛𝜃 − 𝐶𝑧𝑐𝑜𝑠𝜃
×

𝐹𝑥
1
𝐹𝑧

Transformation parameters

▪ tx, ty, tz: Translation in radial, vertical, 

longitudinal

▪ rx, ry, rz: Small angle rotation in radial, 

vertical, longitudinal

Geometrical Parameters

▪ Cx, Cz: x and z coordinates of the center of 

rotation

Correction factors

▪ Tau: Non-orthogonality of the x and z axes

▪ Fx, Fz: Scale factors in radial and vertical

▪ ρx: non-orthogonality of the y plane wrt x axis

▪ ρz: non-orthogonality of the y plane wrt z axis

Tau: Non-orthogonality between the x 

and z axes

ρx and ρz. The actual plane of rotation is 

a combination of the above two planes



26/09/2025 P Sarvade - Wire Positioning System for Accelerator Alignment

WPS Sensor Calibration
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RTable→ R3ball → RGen

Transformation parameters

▪ Tx, Ty, Tz: Translation in radial, vertical, longitudinal

▪ Rx, Ry, Rz: Small angle rotation in radial, vertical, longitudinal

▪ Easy to calculate

▪ Measured using a CMM with an accuracy of ±1𝜇𝑚

𝑥
𝑦
𝑧 𝑅𝐺𝑒𝑛

=
𝑇𝑋
𝑇𝑌
𝑇𝑍

+
1 −𝑅𝑍 𝑅𝑌
𝑅𝑍 1 −𝑅𝑋
−𝑅𝑌 𝑅𝑋 1

𝑥
𝑦
𝑧 𝑅3𝑏𝑎𝑙𝑙
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WPS Sensor Calibration
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𝑥
𝑦
𝑧 𝑅𝐺𝑒𝑛

=
𝑇𝑋
𝑇𝑌
𝑇𝑍

+
1 −𝑅𝑍 𝑅𝑌
𝑅𝑍 1 −𝑅𝑋
−𝑅𝑌 𝑅𝑋 1

𝑡𝑋
𝑡𝑌
𝑡𝑍

+

1 −𝑟𝑍 𝑟𝑌
𝑟𝑍 1 −𝑟𝑋

൯−(𝑟𝑌 + 𝑇𝑎𝑢 𝑟𝑋 1

𝑋𝑇 − 𝐶𝑥 + 𝐶𝑥𝑐𝑜𝑠𝜃 − 𝐶𝑧𝑠𝑖𝑛𝜃
𝜌𝑧𝑋𝑇 − 𝜌𝑥𝑍𝑇

𝑍𝑇 + 𝐶𝑧 − 𝐶𝑥𝑠𝑖𝑛𝜃 − 𝐶𝑧𝑐𝑜𝑠𝜃
×

𝐹𝑥
1
𝐹𝑧

→ Nonlinear equation with 13 unknown parameters

→ Can be approximated using least squares method

RTable → R3ball → RGen transformation model

𝑹𝑮𝒆𝒏 = 𝒇 𝑿𝑻, 𝒁𝑻, 𝜽

Parameter Accuracy

Sigma (mm) 0.003

Maximum Residual (mm) 0.005

Sigma Zero a Posteriori 0.91

𝐵 = 𝑓 𝑋 = 𝐴 . 𝑋

Measurement Parameters (unknown)Jacobian
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WPS Sensor Calibration
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→Relative Calibration 

Go to (5,5)

x

z

Start from (0,0) Increment 1 mm Measure 121 points

𝑑𝑥 =෍

𝑖=0
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෍

𝑗=0

5

𝑎𝑖,𝑗 .
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− 32768

3000

𝑗

→ Solve the equations to obtain the aij, bij using 

least squares

→ aij : 36 polynomial coefficients for the radial axis

→ bij : 36 polynomial coefficients for the vertical axis

Calibration function

𝐵 = 𝑓 𝑋 = 𝐴 . 𝑋
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WPS Sensor Calibration
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→Absolute Calibration 

Position 3 – 180 deg

Position 1 – 0 deg

P
o
s
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9
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o
s
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-9

0
 d

e
g

Absolute Position of 

the wire

→ Solve for absolute position using least squares

Parameter Relative Absolute

Sigma (mm) 0.003 0.003

Max Residual (mm) 0.001 0.004

Sigma Zero a Posteriori 0.1 0.5

→ Absolute position + Relative Polynomial coefficients = 

Absolute Polynomial coefficients 
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Validation of the WPS Calibration bench
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→ Comparison of the calibration with a legacy bench

Parameter Impact

Δx (mm) 0.007

Δz (mm) 0.004

Maximum Residual (mm) 0.003
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Validation of the WPS Calibration bench
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→ Improvements over the previous generation benches

Criteria Previous generation benches New rotative stage bench

User input Absolute calibration to be performed manually. Fully automated calibration

Accuracy (1σ )
Theoretically ±0.005 mm 

but depends on the operator’s skill.

±0.005 mm

Possible to calculate the true absolute position 

without manual intervention.

Mobility Not mobile Mobile

Set up + 

Calibration time
80 - 90 minutes, depends on the operator’s skill. 40 minutes
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Validation of the WPS Calibration bench
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→ IT String test campaign
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WPS System on the component
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D1 CP Q3 Q2b Q2a Q1
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WPS System on the component
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→ IT String test campaign

IT String – Straight line

Parameter Accuracy

Sigma (mm) 0.050

Maximum Residual (mm) 0.027

Sigma Zero a Posteriori 0.5

Requirement

Parameter Uncertainty

• Calibration of WPS (if cable < 70 m)

• Calibration of WPS (if 70m < cable < 100 m)

5 µm

15 µm

50 µm• Shape of wire 10 µm

• Position of WPS in the framework of the vacuum vessel

• Position of WPS in the framework of the UPS plate

50 µm

2 µm

Transport side

QXL side

→ 16 sensors on the Transport side

→ 12 sensors on the QXL side

→ 4 sensors on the pillars

→ ~65m x 2 Carbon Kevlar wires
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WPS System on the component
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→ HL-HLC

Q5 Q4 CC2 CC1 D2 TCLX TCTPH TCTPV
TAX

N
D1 CP Q3 Q2b Q2a Q1

EXP.

UPS gallery
P1 P2 P3 P4 P5 P6

Q1 Q2a Q2b Q3 CP D1
TAX

N
TCTPV TVTPH TCLX D2 CC1 CC2 Q4 Q5

Alignment between Q1 and Q5 :

Limits :  (1 sigma) < 0.1 mm

Alignment between Q5-left and Q5-right :

• Vertical Limits :  (1 sigma) < 0.17 mm

• Radial Limits :  (1 sigma) < 0.33 mm

Inner

Tracker

( ~150 sensors  + ~1km wire ) x 2

Wire 1 Left

Wire 2 Left

Wire 1 Right

Wire 2 Right

Wire UPS
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Limitations and Challenges with the WPS
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→ Can only measure radial and vertical positions

→ Lot of mechanical components such as the delicate wire

→ Need to be calibrated individually on site

→ Capacitive technology : expensive

But done correctly, the WPS can serve as a reliable long 

term position monitoring solution
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Thank you!
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Wire Positioning System
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▪ Straight line is determined using a stretched conductive wire.

▪ Capacitive sensors measure the distance to the wire.

Capacitive sensor Conductive wire


