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Motivation

Proton
Synchrotron

Proton
Synchrotron
Booster

Large Hadron Collider
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Environmental Requirements for LHC ©

Achieved by:
« Cryogenic temperatures

o of 10-0mbar (7)) I .\ coing

{- Bake-out J

27 March 2023 Laura Hannemann | LIU Wire Scanner Bake-Out Studies




Research Question [gbal

=@
/

)
—2|s the fast wire scanner bakeable?

—->Under which conditions is it bakeable?
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Limitations
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Thermal Limits

Component Maximum
Te m p e r at u r e [ - C] 02 \ f‘thermal stregs on lense ‘tube
Connectors and CableS 80 "\ [—compressive strength EN AW 6082
0.2 \
Solder spot 180 §0.15—
Stator resin 180 5 R
Stator coils 200 £ 0 :
Encoder disk 200 0.05 -
Bearings 200
Resolver 200 00 50 100 150 200 250 300 350 400

A Temperature [°C]
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Operational Limits
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Proceeding

Failure

Limitations Analysis
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Bake-Out Proposal

s Temperature: 250°C

: '-) Duration: min 24h

Pressure: 10" 1%9mbar
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Failure Analysis §/~
\_

1. Define subsystems

2. Define top level failure cases

Magnetic

Wire Failure Bearing Failure | | Motor Failure| |Control Failure )
Brake Failure

3. Trace failure tree down to base level failures
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Failure Analysis §/~
\_

Bearing
Failure
J
Material
Weakening

Overloading

O: _ Q: Too
Excgedlng High Friction
Maximum Coefficient
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Proceeding

Failure Risk

Limitations Analysis Analysis
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Risk Analysis
Risk = Probability x Impact

 Ball Bearings:

« Shaft and Fork: ..;h

) A
« Solder:
¢ Wire: {

» Electric Machine: {|#E

Probability

. Sensors: (@)

« Magnets: v
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Most Critical ﬁ]\
Components {2 )

Wire/ Fork

« Soldering spot 625n/26Pb/2Aqg:

T o1 = 180°C
Ve
e Minimum wire tension ./é»

« Thermal creep

27 March 2023

Ceramic isolator

Brazing _
Brazing

Copper sleeve \ / Carbon wire

Soldering L

spot ﬁ
\ Soldering

Electrical 3

cable

€———— Fork Tip
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Most Critical /\
U .

Components {2 )

Bearings

* No lubrication

« Bake-out = bearing friction increases

« Oscillating operation mode
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Bake-Out Specifications SSS
—

Thermal Limitations of Components Bake-out Requirements

/\ /\

Tbake — 1500C
°C
AT =50 —
h
thake = 48h

\_ J
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Proceeding

Failure Risk

Sl ELHE Analysis Analysis
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"
Operational Tests ({2})

* No additional sensors required

 Read out of control parameters

/ Verification Test \ /Validation Test \

« Compliance with requirements « Perform indented purpose in desired
environment

« Magnetic brake test l
- Constant speed operation « Scans
- Calibration

K  Electrical Insulation Test / K /
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Operational
Test

Operational

Test

Calibration
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Calibration

Accuracy and Precision
Determination

(1) Initial position

(2) Optical system

(3) Intercepting position
(4) Adjustable laser

(5) Adjustable laser diode
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(1)

(2)

(4)

(£)
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}
)

Operational Test A

 Install wire scanner in tank
« Attach controller
« Attach vacuum pump

« Install bake-out equipment
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Proceeding

Failure Risk Test
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Friction Torgue Studies ék

Expectation: Dry Coulomb friction  No lubrication
« Static friction at zero speed * Increased friction after bake-out
- Dynamic friction at non zero speed Before bake-out After bake-out
Tr.. = 150.27 Nmm fr = 535.05Nmm
st Sthakeout

sk Ttrgyn = 132.24 Nmm fragn, =

F. 540.97 Nmm

F.
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Operational
Test

Operational

Test
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Bearing Failures

At constant speed operation - cage rupture
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Wear Analysis by ceramicspeed

Inner racer:

« Clear signs of wear

. Pitting | SR
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Wear Analysis by ceramic speed

OQuter racer:

- Wear

Cage:

* Visible fracture

- Ball pockets undamaged
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Friction Torque Studies é )&

Test Results before Bake-out:

Friction Torque Models

2.5 w
* data
. . — ML fit
* Linear regression model | —Cloulomb*Viscous
* Linear dynamic friction model: £ |
Nm <
Ter = Fo+ - 0 = 0197 Nm + 0.023 57 - w g |
&O.q

S

0 | | | | |
0 10 20 30 40 50 60 70 80 90

speed [rad/s]
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Friction Torque Studies é )&

Test Results after Bake-out:
Friction Torque Model Post Bake-Out

0.8 x ‘ ‘ ‘
° - . icti : « data
Static and dynamic friction: sl Mthit_
— 0.7r -
( rad §
0.79 Nm forw < 03— 7065 ]
T 4 S ~
fr rad L 06 ]
0.49 Nm forw>03— £
L S = 055" ]
0.5- ]
0.45 ‘ ‘ ‘ ! | | S

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
speed [rad/s]
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Friction Torque Studies é )&

Test Results after Bake-out:
friction torque post bake-out

 Speed dependent dynamic friction linear  2° S
model — Coulomb & viscous
2r ]
B
Nm 2150 1
Tfr = 0253Nm -+ 0018m ). QL‘
S % 1
IS
05
0 | |

15 20 25 30 35 40 45 50 55 60 65
speed [rad/s]
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Results Nominal Bearings

1.2 T T I i
~ after bake-out Histogram for Bearing Brake Test Position Error Before and After Bake-Out
1 —before bake-out 1200 | | | w | \ \
——error
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Results Broken Bearings

1.2 | : 900 Histogram for Bearing Brake Test Position Error with Broken Bearing
- T T T T T
——nominal bearing
1 —broken bearing | 800 - 4
——error
0.8+ | 700 [ |
06" | 600 - 7
2 9
= <
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Conclusion -

N\ s’

N\

’

 Wire scanner is operational after bake-out

« Successfully conducted tests:

Insulation resistance

Calibration

Magnetic brake restoring mechanism
Scan operation

Friction torque measurements

 Wire scanner can operate with constant speed

« Ball bearing cages are source of failure

« Friction torque in current system is speed dependent
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LHC Beam

Characteristic Values
Top Energy E =13TeV
Injection Energy E =045 TeV

Injection Profile

o, = 0.53mm

g, = 0.8 mm

Required Position Accuracy

€y, = 20 um
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Results Nominal Bearings

1.2 T T I i
~ after bake-out Histogram for Bearing Brake Test Position Error Before and After Bake-Out
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Results Broken Bearings

1.2 | : 900 Histogram for Bearing Brake Test Position Error with Broken Bearing
- T T T T T
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Scans

scan test 110 rad/s

250 Histogram for Scan Test at 110 rad/s Before and After Bake-Out
T T T T T T T T T
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———error
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Motion Profile
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Calibration Results

BWS Angular to Projected Motion . Scan at 557
. W TR g
: « Expected wire position error:
Q + IN-OUT offset: 31.9 um

Measured wire position error:

Angular position [rad]

Wire position error histogram

005 1 * IN-OUT offset: 26 um
] p-0.000 (um)

= 0.04 - 0 9.656
E 5 1 0.000 (um)
g 9 oo
= 20 03 A
5 2
=l <
b Q 002
S o}
2
= 0.01

L) =i

T T T | AT ™ T 0.00 . T o o s L T ™
—40 -20 0 20 40 -150 100 -50 0 50 100 150
Laser position [mm] Wire position error [um]
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Ball Bearing Updates

 No clearance issues according to manufacturer

* Inspection for wear in the racers

« Possibility to add solid lubricant compatible with UHV
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Solid Lubricants

Requirements:

«  UHV compability (10~ 1%mbar)
« High temperature resistance

- Radiation resistance

« Durability

« Chemical cleaning approved
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Solid Lubricants

« Soft metal coatings: lead, gold, silver

« Lamellar solids: molybdenum disulfide
(M0oS2) and tungsten disulfide (WS2)

 Polymers: PTFE and PEEK
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Molybdenum-Disulfide

Vacuum acceptance test for ELENA
Bake-out at 250°C
Low friction coefficient: u < 0.01

Good radiation stability

D N N N N

Low electrical conductance

« Oxidation due to storage

« Corrosion
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Poor performance under atmospheric conditions
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Tungsten-Disulfide

v Better oxidation resistance

v' Worse sliding endurance in vacuum than MoS2
v Friction coefficient: u = 0.03 to 0.09

v' Thermal stability: —188°C to 1316°C

v" Chemical cleaning with acid ®
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