LHC Collimation

_jHiRadMat

High-Radiation to Materials

An Overview of HiRadMat
Experiment on Collimator Materials

A&T Sector Seminar
14t March 2013

A. Bertarelli, M. Guinchard (EN/MME)

on behalf of the LCMAT Design Team

with contributions from many people from BE, DG, EN, TE, PH Departments and Politecnico di Torino

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 1



LHC CQII]mullon

A Outlook ) HiRadMat

High-Radiation to Materials

* Introduction to-HRMT14-LCMAT Experiment
* Numerical Simulations

» [Instrumentation and Validation Tests

» Results and Analysis

= Conclusions

i)
-
()
&
)
| -
q0)
Q.
Q
0O
o]0]
-
-
Q
()
-
o0
-
Ll

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 7 EUCARD 2



LHC Collimation

N Context —)HiRadMat
High-Radiation to Materials
1000 p——rrrrem—r—rrrr
CERN L § LHC m
= LHC beam energy is 2 orders of magnitude above = tof i —
previous machines. Stored energy density is 3 orders £ °f i iora T
Z of magnitude higher. g w 'TE\'/'ATRON-;
T E :
» Beam-induced accidents represent one of the most ~ ? T aws g S
dangerous and though less explored events for the LHC. o T T e e oo 10000

Beam momentum [GeV/c]

= Novel, yet-to-characterize, composite materials are
under development to meet these challenges.

= New sophisticated and powerful numerical tools
(Hydrocodes) are used to simulate accidental events.
Limitations exist as to material constitutive models.

N

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME

EuCARD



LHC Collimation

CERN

Example: Accident on TCTA

Simulation of 8 LHC bunches at 5 TeV impacting a Tungsten Jaw

= Probability of water leakage due to very severe plastic deformations on pipes.

= Impressive jaw damage:
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14th March 2013

Extended eroded and deformed zones.
Projections of hot and fast solid tungsten bullets (T*2000K, V., & 1 km/s) towards
opposite jaw. Slower particles hit tank covers (at velocities just below ballistic limit).

ax

Risk of “bonding” the two jaws due to the projected re-solidified material.
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Cycle 20660

_jHiRadMat

High-Radiation to Materials

Time 2.254E-001 ms
Units mm, mg, ms

Real Scale Deformations !!
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LHC Coll_imullon ‘

~." Novel Materials for Collimators —jJHiRadMat

High-Radiation to Materials

The collimation system must satisfy 2 main functions:

* Multi-stage Beam Cleaning, i.e. removing stray particles
Beam propagation which would induce quenches in SC magnets.

> Machine Protection, i.e. shielding the other machine
components from the catastrophic consequences of beam
orbit errors.

So far, the system has worked remarkably very well.
However ...

Unavoidable losses
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p Innovative Materials for Phase Il Jaws
! - > p are the key element for next-generation
Impact : — Collimators
par ameter =
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Super- SC magnets and
d o d > O conducting O particle physics EEE
a = O magnets e exp. e
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LHC Collimation

~." Novel Materials for Collimators —}HiRadMat

High-Radiation to Materials

= Metal Matrix Composites (MMC) for advanced thermal management materials combine properties
of Diamond or Graphite (high k, low pand low CTE) with those of Metals (strength, ¥, etc.)

= (Candidate materials include Copper-Diamond (CuCD), Molybdenum-Copper-Diamond
(MoCuCD), Silver-Diamond (AgCD), Molybdenum-Graphite (MoGr)

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME EUCARD 6



LHC Collimation
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LHC Colljmalion

Project

I@;A Engineering Department §=)\

What is HiIRadMat? _JHiRadMat

High-Radiation to Materials

HiRadMat is a facility designed to study the impact of intense pulsed
beam on materials

Thermal management;
Radiation Damage to materials;

Thermal shock - beam induces pressure waves.
Courtesy: |. Efthymiopoulos

— E!'E: ) ‘k.
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LHC Collimation

CERN

Why HRMT14 Experiment? -jJHiRadMat

High-Radiation to Materials

= To test materials for Beam Intercepting Devices (BID) under the extreme
conditions they may encounter in case of beam impacts.

= To qualify collimators for series production and installation in the LHC,
specifically high-Z Tertiary Collimators (TCTA and TCTP) (also through
complementary HRMT9 experiment - ref. A. Rossi, S. Redeaelli et al.).

= To quantify collimator damage for LHC Operating Scenarios.

= To characterize novel materials currently under development for Phase II
Collimators.

= To benchmark advanced numerical simulations, powerful but based on
limited and scarce literature data on material constitutive models.

= To collect, mostly in real time, experimental data on Constitutive Models
of BID Materials (Equations Of State, Strength Models, Failure Models ...).

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 9



LHC Collimation

N HRMT14 Contributors _jHiRadMat
jL\ |

High-Radiation to Materials

- <« = BE-ABP: experiment advising, approval and financing. Microphones. Survey and alignment.
= BE-OP: HiRadMat beam operation
= DG-RP: Radioprotection support and validation.
= EN-HE: test bench transport and installation.
=  EN-ICE: acquisition software, hardware support.

= EN-MEF: HiRadMat facility management, fast camera lease and support. Experiment and facility
activation simulation.

= EN-MME: coordination, engineering, general design, DAQ design and instrumentation,
manufacturing, metrology and assembly.

= EN-STI: motorization and controls, remote control interface, FLUKA simulations, Be window
design.

=  PH: cable characterization and mirrors coating.

= TE: PCB manufacturing. Support in flash circuit design. Support to vacuum design.

7 EUCARD
\v

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME ‘ 10

= Politecnico di Torino: support in engineering, simulations and testing.
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LHC Collimuiion

AL Experiment Specification _jHiRadMat

High-Radiation to Materials

= 6 different materials: Inermet 180 (95%W, 3.5%Ni, 1.5%Cu), Glidcop (Cu+0.15%Al,0,),
Molybdenum, Molybdenum-Copper-Diamond, Copper-Diamond, Molybdenum-Graphite

N

Ll = 6+6 Target Stations with 2 specimen types for each material for Medium intensity
s and High intensity tests

-

GEJ = 10 slots per target station with up to 10 specimens (according to material density)
= Extensive Data Acquisition System

©

8 = Post-irradiation analysis

)]

#%8] Medium Intensity Tests: High Intensity Tests:

= Type 1 Sample Type 2 Sample

GL) (440 mm L30 mm) (half-moon, Offset 2 mm)

U

=

0o

-

L
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LHC Collimation
y Project

ring Department §=)\

Graphite restrains
and spacers

Design Overview _jJHiRadMat

Aluminium Sample

Holder

High-Radiation to Materials

Sample holder in Al 6082 T6: good elastic limit, low
density

Restraints and spacers in graphite, as a barrier to
transmission of shockwaves (low shock impedance).
Equivalent to free-free boundary condition

Thermo-structural calculation performed on
supports: acceptable deformations and stress
transmitted

2.000e+13

0.000e+00

-2.000e+03

-4.000e+03

-6.000e+03

B00e43 Shockwave propagation from Inermet180
sample to graphite, 20 bunches

-1.000e+04

14th March 2013
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LHC Collimation

& Design Overview —)HiRadMat

S High-Radiation to Materials

CERN

Test-bench main features

] = Mobile Sample Housing:
2 d.o.f.: vertical and lateral

=  Vacuum Vessel

= Beryllium windows for stand-
alone layout

= 3 optical viewports
=  Quick-dismounting system

=  Pumping port

=  Embarked mirror set

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME ' UCARD 13
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LHC Collimation

Project

\\

14th March 2013

Beam and Irradiation Parameters

Beam energy: 440 GeV
Bunch spacing: 25 ns

Protons/bunch: ~1.1e11 (lower when
scraped)

1 to 144 bunches per pulse
Total Pulses: 52 (excluding alignment)

Total Bunches: 1558 (excluding
alignment)

Total Protons: ~ 1.7e14

Test Runs: 27-28 Sept, 2-4 Oct 2012

-) HiRadMat

High-Radiation to Materials

Irradiation Summary

Type 1 Total n. of | Total n. of BF:T( :iz)e Number
Targets protons bunches [mnzn( X n):m] of pulses
Inermet 180 4.3e12 51 ~1.5x ~1.5 6
Molybdenum 8.0el12 112 ~1.5x ~1.5 7
Glidcop 7.8e12 111 ~1.5x ~1.5 6
MoCD 1.4e13 135 ~1.5x ~1.5 7
CuCD 1.4e13 136 ~1.5x ~1.5 8
MoGr 1.5e13 149 ~1.5x ~1.5 10
Type 2 Total n. of | Total n. of B(ecan; ziz)e Number
Targets protons bunches [mn: X n‘1’m] of pulses
Inermet 180 9.1e12 72 1.9x1.9 1
Molybdenum 2.85e13 216 2Xx2 2
Glidcop 1.77e13 144 2x2 2
MoCD 1.96e13 144 2Xx2 1
CuCD 1.95e13 144 2Xx2 1
MoGr 1.95e13 144 2Xx2 1

A. Bertarelli, M. Guinchard - EN-MME
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Outlook —JJHiRadMat

High-Radiation to Materials

@ Context

* Introduction to-HRMT14-LCMAT Experiment

= Numerical Simulations
= Instrumentation and Validation Tests
» Results and Analysis

= Conclusions
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'LHC Colllmalion
Project

Simulations of Shock-waves —)HiRadMat

High-Radiation to Materials

e » Extensive simulations (Autodyn Hydrocode), based on FLUKA input (EN-STI), allowed to

‘@ Engineering Department g=)\

- -B.000e+05
-8.0002+05
-1.0002+06

inermet

Cycle GO0

Time 1.442E-004 ms
Units ram, mg, ms

define pulse parameters (number of bunches, bunch spacing and sigma).

= Focus on Hoop and Longitudinal Strains and Radial velocity measured on sample outer

Surface Gauge History ( Ident 0 - inermet )
*10™

Hoop Strain at various
longitudinal positions

— (1)Gauge# 39
—— (2)Gauge# 79
—— (3)Gauge#119
|| — @)Gauge#t159
— (5)Gauge#199
—— (6)Gauge#239
(7)Gauge#279
—— (8)Gauge#319
—— (9)Gauge#359
H H — (10)Gauge#399
T N S E— | T (11)Gauge#439

STRAIN YY (none )

Radial Velocity on the
external face at various

longitudinal positions

¥ —( TCaluges 30
2)Gauge# 79
1Gauge#119
1Gauge#159
1Gauge#199
1Gauge#239

¥-VELOCITY (més )
[an]
|

I
o
|

Pressure wave propagation pattern 104
1Gauge#279
1Gauge#319
1Gauge#359
DGauge#399
1)zalge#l 39

-5

Example: Simulations on Inermet 180 ”

(0 = 2.5 mm, 20 b, intensity 1.5e11 particles) S
TIME {ms)

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME /ﬁc ARD 16
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LHC Collimation

.~ Simulations of Target Explosion —jHiRadMat

High-Radiation to Materials

CERN

Additional Smooth-Particle-Hydrodynamics (SPH) calculations allowed determining damage
extension, particle fragment velocity and trajectories to optimize pulse parameters and assess:

 Potential damages to tank, windows and viewports
* Material density changes

* Feasibility of Optical Acquisition (exposure time and number of frames per second).

AUTODYN-30 v14.0 fram ANSYS
AUTODYN-3D v14.0 from ANSYS

ABS VEL. (mfs)
! 3 E80e+02
3.285e+12

| 2.920e+12

ABS VEL. (m/s)
! 8,557 +02
7.737 0402

| B.878e+02

2T eoiges2

— 2.190e+02 — 5.159e+02

— 1 828e-+12 — 4.293e+02

| — 1.4608+02 1 3.440e+02

e 1 2smesm

7.305e+01
I 36566401
B.470e 02
testautodyngeom_w
testautodyngeorn_w Cyele 21201
Cyele 35251 Time 1.012E-002 ms

Time 1 7B9E-002 ms Units mm, mg, ms
Units ram, g, ms

1.721e+02

B8.612e+01

1.644e-01
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y Project

Outlook —J HiRadMat

High-Radiation to Materials

* Introduction to HRMT14-LCMAT Experiment
= Numerical Simulations

* Instrumentation and Validation Tests
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LHC Collimation

High-Radiation to Materials

v Instrumentation Design -jJHiRadMat

Medium Intensity Beam Impacts :

= Azimuthal strain measurements on the
surface of the sample;

= Radial vibration measurements;
* Temperature measurements;

= Sound measurements.

7843

7.0B4e+06

6.279e+06

5.494e+16

4.709e+06

3.824e+06

3.13%e+06

2.355e+16

1.570e+06

7.848e+15

-1.362e+02

yele 2040
lime 5.042E-004 ms
nits mrm, mg, ms

High Intensity Beam Impacts :

= Azimuthal strain measurements on the
surface of the sample;

= Fast speed camera to follow the fragment
front formation and propagation;

* Temperature measurements;

Sound measurements.

sssssss

gggggg

nnnnnnn

mmmmmm
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LHC Colllmalion

‘@ Engineering Department g=)\

Simulation for Inermet Sample # 24 bunches

e Instrumentation Design

_jHiRadMat

High-Radiation to Materials

High Amplitude :
= Upto3000 um/m

2000 oy i 1 o i o 1 I i o e i - 20 :
= . . . - - - = Upto25m/s (depending
TE6 . e e e i e e e e > )
< —— Strain Fast speed effects :
1000 Velocity [Lohtiiiizizibros - 10 = 4 ps for the 1st wave
£ i i ; ; i i * Periodic effects of 1.5 us
> g : ! ' : : ! :
iu 500 o WL N AN B Y SN TN ol L | N - 5
U_-B’ | 1 1 1 1 1
= 3
23
5 o Ll N NN X A TN -0
=R~
L 9
=] : i | l :
ST 500 [ - - -V HiE I R e i o A - -5
] 1 I I ' }
TU T‘ 1 1 1 1 1 1
U U 1 1 1 1 1 1
-1000 [------ -4+ s AL REEE R b b BE EEEE R B S Bn S ST - -10
= Z Z Z Z Z Z
1500 | Lot BEEEEERERS R EEEES S s
[ . | : : : .
1
-2000 -20
0 5 10 15 20 25 30 35 40
Time (ps)
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LHC Collimation

N Instrumentation Design -) HiRadMat

High-Radiation to Materials

= Temperature : Temperature Evolution on Mo Samples
Z00-=ne=n=—re pfesfacfos fasfesfecy mofaspech R :
I S
& ; | | | |
Worst case : AT of 100K in few seconds g 100 -2/~ i Tl SR TR i
Cooling down : Few minutes & 50 - 1. L I . L .
0 i i i i i
0 1 2 3 4 5
= Movie of the Fragment cloud propagation: Time after impact (s)

ABS VEL (m/s)

Simulation for 72 b, 6 2.5 mm, 1.08e13 p I -
Cloud Advancing speed ~ 316 m/s

— 6016e+02
— 515902
— 4299402
1 34400402

— 2s80e+02

1.721e402
I 8612401

1644201
testautodyngeom_w
Cycle 21201

Time 1.012E002 ms
Units mm, mg, ms

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 21



% Instrumentation Design -jHiRadMat

CERN

Physical Time Quantit Sampling
effects Amplltude response y Frequency

Azimuthal 3000
Strain st i 1.5 ps Strain Gauges 4 MHz
Electrical Lonsgltu.dmal 3000 1.5 us 122 Strain Gauges 4 MHz
Systems train um/m
Temperature 150 °C 1s 36 Pt100 100 Hz
Vacuum Level 10-6 mbar 1s 1 Pirani Gauge 100 Hz
Radial Laser Doppler
Optical Velocity 24m/s 15ps 1 Vibrometer 4 MHz
Systems  Particle Front Fast Speed Camera
316 m/s S5us 1 o Flelh Syt 20000 fps

propagation

= Areal challenge due to the quantity of channels and the bandwidth !!! / AL \
[ | |
| ®

= Synchronisation of the measurements

= And the environmental conditions....

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 22



LHC Collimaiion

A Environmental Conditions _jJHiRadMat

High-Radiation to Materials

= High radiation Level on the Tank:

Dose [Gy]

Fluka simulations foresee as conservative

L‘/—u assumption ~250 KkGy integrated. No
modern electronic device can resist!
=)
C
Q
£
E . 1.02 x 10'? protons
8 . HiRadMat Conﬁguration: Courtesy : V. Boccone (EN-STI)
O Limited number of connectors available on the table + distance between the bunker and the tank
e]0)
. —
® Restricted Access Very limited Access
C X
.ED F,;%?:g&:f-— : n-él._E.—__—&!— = ;; g et e =t * ‘_: S ""_,EE"' i = iy g —
C ===y S Nl —
LLI QH ~ ~ L N —

Courtesy : HiRadMat Team
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LHC Colllmuhon

Implementation —jHiRadMat

High-Radiation to Materials

Z

,_
-

Mirror
Mirror
Temperature Resistive Strain
| probes (Pt100) gauges
Vib t
1Ibrometer Vacuum Gauge Flash System
Fast Speed Camera
A
618 Wires

NI Selution
[ ﬁm ‘r J T 266 Wires (40m) - Existing Infrastructure SWITCH

N

Hardware Control from the surface (+60 m):

’ = Switch positions depending of the materials tested
! 9 = Control / Activation of the flash system

Trigger GPN = Positioning of the sample holder

Z

1 Engineering Department

CERN
)
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LHC Collimulion

Project

b
CERN
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@ Engineering Department

= The resistance of a wire (R) is a function of three parameters :

When gauge is deformed, electrical resistance changes.

=» For 2000 um/m, AR is equal to 11 pQ'!

=» Measurements inside a Wheatstone Bridge :

Strain Measurements —jHiRadMat

R= p% with R (Q), Length (m), Section (m?*) and p (Q /m)

A_R —k A_L with k: Gauge factor

R L

Shielded box

High-Radiation to Materials

< 40m

---------------

Vout -

Vin +

Fast Speed DAQ
Vin -

--------------

Low Noise Power

Supply 10V DC

14th March 2013
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LHC Collimuiion

Strain Measurements —jHiRadMat

High-Radiation to Materials

CERN

= Dynamic response of the strain gauges (Typically around 50 kHz) ?

Very critical strain measurement requests validation tests !

N

=» Increase our knowledge for this bandwidth (higher than 50 kHz) ;

l—!
—

=» Check the dynamic response of the gauges and the glue ;

=» Evaluate the signal to noise ratio and the accuracy of the measurements ;

=» Hopkinson bars test bench

Longueurs barres (m)

.

-

S

)

| -

(C

Q.

Q 0,0014 -

D 0,0012 -

— €

(o]0) L 0,001 - SR' ) 6 T

< & 00008 - < //

S % 0,0006 - EI Durée de I'onde

% = 00004 _ ) > A e

£ 0¥ >

té'o -0,51 -0,01 0,49 0,99 1,49 1,99 2,49 2,99 3,49 3,99 4,49 4,99

L Echantillon Piégeur d’onde
A ———

& ] e e
Projectile Barre d'entrée Barre de sortie

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME EUCARD 26



LHC Collimuiion

Strain Measurements —)HiRadMat

High-Radiation to Materials

e
CERN

= Validation results

N

3000 r o [ —————— T o
| | Reference Signal —_— |

,_
-

| | Strain gauge signal ~—=—— |
2500 AR SRR o SERREEEEE

w00 T S T o
| - =~ 200 kHz effects | |

Z

1 Engineering Department

CERN
)
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LHC Collimation

Cable effects _jJHiRadMat

High-Radiation to Materials

= (Characterization of the cable effects

=» Typical signal from the strain gauges : 25 mV (Full Scale) up to 1 MHz

=» 42 m of cables -

Magnitude dB

0

-5

-10

-15

Mixed of cables

L T T S e Tt on T 3 % ¥ 785 5 5500 SRS

B

-20

+ Magnitude cable table(45m

hMagnitude cable bunker{10m

o5 1
o Conbisnaison of both transfert functior
10° 10*
1507+ Phase cable bunker(10m) : R IR :
1001 ¢ Phase cable table(45m SRR ST SO AU SO AU at Team
50 o Conbisnaison of both transfert functior : : : Do :
o : T
g 0O ¢ ;
£ : L
Yy R SO N T T L L L T
OO S O O OO S A
150 -
10°

14th March 2013

Frequency [Hz] Courtesy : G Blanchot — PH/ESE
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LHC Collimulion

Radial Velocity Measurements —)HiRadMat

High-Radiation to Materials

= Radial measurements performed with a Laser Doppler
Vibrometer equipped with :

Z

=» Targeting laser (green)

r_
-

=» Infrared laser for measurements

=» Long range lens
=>In line video camera with reticle overlay

& Polytec

Data sheet

RSV-150 Remote Sensing Vibrometer

i‘ I‘- - '-r—-Y £ ‘."4

IV‘

gineering Department

TV, BNC connector

grTEaturing 16 sensitivity ranges: 1 um/V — 100 mm/V,
T scale (peak-peak) 2 m, analog output +10 V, BNC connector

0 Hz ... 25 kHz (range dependent)

Ll-l Filters High pass: 10 Hz (suppression of ground vibration), 100 Hz
Low pass: 1 kHz, 5 kHz
Video output CVBS signal, 1V p-p/75 Q, BNC, PAL standard
Settings LCD display and soft keys, software remote control via USB
(with supplied control application Vibrometer Panel)
signal level LED bar indicator and RSS! voltage output; indicates the return signal strength
7N Operating temperature +5°C ... +40 °C (41 °F ... 104 °F)
Size 235 mm x 320 mm x 150 mm (3U, half rack/42 HP)
Welght 6kg
Power supply 100 ... 240 VAC (£10%, 50/60 Hz)/(12 - 24 V DC, optional)
Protection class 1P-20
PC interface USB 1.1, system remote control

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME " EUCARD 29



LHC Collimation

" Radial Velocity Measurements —jHiRadMat

High-Radiation to Materials

= Validation results
=» Test performed in BA7, same configuration as HiRadMat facility

=» Same components as for the final measurement
B - S s - o]

Shaker with the §
| sample, Excitation |
.| bysweepsine
(5Hz to 1kHz)

@ Engineering Department §=)\

[« 5SS 22
e
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LHC Collimation

4 High Speed Camera —)JHiRadMat

High-Radiation to Materials

CERN

High Speed Camera Specifications:

o =>» Distance: ~42 m,
[: =» Optical Circuit: 3 mirrors + 1 window,
= Lens: Nikkor 1000 mm,
=» Observable area at 42 m: ~100x100 mm,
=>» Frame rate: 20000 fps,
=» Shutter time: 5 us. 100 mm
—— o —
100 mm
—a || e |
— —

Courtesy : HiRadMat Team
14th March 2013 A. Bertarelli, M. Guinchard - EN-MME EUCARD 31



LHC Collimation
g Proiect

L High Speed Camera _jJHiRadMat

High-Radiation to Materials

= Vintage Xenon Flash Light

= Robust 1970’s electronic components
= Very high luminosity

= Customized electronic circuits . #80-4000 ps

TO (trigger CCC

Delay Be
<
TO + 1850 us 1150 us
Flash 4 = u> I_Jsef.ul
Lighting
Flash 3 To+2350ps 650 8 Time 1.1 ms
I I [ | >
. ! Z ) ¢ 5 6 t (ms)
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LHC Collimuiion

RadHard Switch —)HiRadMat

High-Radiation to Materials

CERN

=  Switch multiplexing (1:8)

= Radiation Hard Components

N

l—!
—

= Electrical Consumption : 90 Watts (Air cooling)

= Special design for low noise level signals

=  Wheatstone bridge integrated on the board

)\‘ Engineering Department

2

Courtesy : B. Magnin TE-MPE and
Pablo Fernandez Carmona EN-MME
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LHC Collimation

7 % Mounting Operations _JHiRadMat

High-Radiation to Materials




NG Installation —jHiRadMat

Z
LL|
)
-
)
&
=
| -
(qV)
Q.
)
O
o]0
-
-
Q
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g
o]0]
-
L
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LHC Collimation

Timing for acquisition = IEadiat
' i : : i \

L Pt100 and control channels @100 Hz
[ Vibrometer }:f ~N

N
Real Time PXI
(En

--------------- Vibrometer

strain gauges |l

--------------- strain gauges @100 Hz

: \ @4 MHz ool o
N — =EEN; NEEED.
4 c i i ! ™

G D Total Lighted time
< QD B '1.1 ms :
LL > : | . mSI
2 T i i 5 v,
e . i ' . . . Y
L g : ( Fraine Rate : :
g | | 2pz [ |
L &
—= — 5 i i y

' 1 | ' ' > time

i -3ms +10 ms +710 ms +30 s

Arm Tridger End |
acquisition t=0 acquisition

Courtesy : C. Charrondiere EN-ICE
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.. {\ Software Implementation ~ —JHiRadMat

i R

Remote connection | Remote connection

|

) 3 O
5 =2 ~rtual Machi — |
) ) )
(7))
£ o
£ &
= GPN a TN  Reboot
i s @ command
2 48 ™
C /, \\
= | \:
g I : :@
T \ ] Remote reset |
0 e s T e
= \ Courtesy : C. Charrondiere EN-ICE /

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME %%E_U CARD 37



LHC Collimuiion

s Project

Measurements and Analysis —)HiRadMat

e
4 CERN

52 impacts generated on the 12 target stations

= 40 GB of raw data
LL| = Typical results for the Glidcop materials at 72 bunches

, [

V-
— = 1

:\‘ Engineering Department

@
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LHC Collimation

o3

Strain analysis < HiRediaa

’ CERN

v

0¥™

] N T

. Wheatstone bridge Wheatstone bridge

] Output [mV] Input [V]

2098
1 AT

18861 Bridge Factor (4)
Gage factor (2)

M

02 Offset removal Smoothing function

27N

Strain signal
[um/m]

14th March 2013
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LHC Collimation
4 Project

. Velocity / Strain Comparison —J]HiRadMat

ceeN. um/m
TS E, 1T [ 8 Bottom T 5 5 5 5
I e L M e e e
1 ' -+ 8_Middle_T 1 = : :
2000 prireeeereeeee et : :
1 i L Kl
1 i el
i X
0 At 1
] ; al | 11
] 1 E I : ' ] ' i ' ! |
_500 T | T T T | II T T T ‘ I T i\il | T T T T | T T T | T T T ‘ T T T T | T T T ‘ T T T |
mISIIO 20I 30 ¥ 4.0 50 60 7.0 8.0 9‘0 1qous
= I : ! \' Vibrometer\ ] !
20— ; : :
10
0
1 I
] I
-10 :
i I
] 1
] 1
-207] i
= T i T T T ; T T i T T II\ i T T T T i T T T T i T T T T i T T T T i T T T ; T T T i
10 20 30 40 50 60 70 80 90 100us
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LHC Collimation
Project

Frequency Strain Analysis = —)HiRadMat

CERN um/m i Ms Hm/m
3000- _ ==,
: 1 Wavelet analysis
2500 b (T i |
: ‘ . : : H | :—100
2000 3
. Perturbation
| every 100pus
1500,__ Source ? o
1000 |
500- 3
I Shockwave E
0 ? | signature
thbe L Lot bl Lo0m
500+t

1020 1040 1060 1080 ys

100 200 300 400 500 600 700 800 900 lolgl(-)i
yA
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LHC Collimation
4 Project

Temperature results ~Jainadiiat

e
CERN

90 | | T [ Slot#08 ——
Z | | | | Slot#09 —
% Slot#04 ——

80

-~
[,

o2}
a1

60

gineering Department
temperature ['C]

55

0 5 10 15 20 25 30
time [s]
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'LHC Collimation
% Project

Outlook —JJHiRadMat

High-Radiation to Materials

@ = Context

* Introduction to-HRMT14-LCMAT Experiment

= Numerical Simulations
= Instrumentation and Validation Tests
= Results and Analysis

= Conclusions

I@ Engineering Department

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 7 EuCARD *3
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LHC Colllmahon

N Medium intensity tests —)HiRadMat

High-Radiation to Materials

CERN

Glidcop Sample - Slot#08

72 b (scraped), Total intensity: 4.66e12 p, c = 1.3 mm

=\

BOOQ g oo o s e :
-Gl 8top I | - vibrometer

—GI 8 middle | - |—velocity model
| —GlI 8 bottom | |
~__strain model

N
0) ]

N
o

—
0]

2000+

—
o

an
o
o

1000 -

strain [ m/m]
velocity [m/s]

500+

)
-
)
&
=
| -
(O
Q.
)

O
o]0)
-

-
Q
()
-
o]0)
-

L

| I |
O o < o o

N
o

500315720 30 40 50 60 70 80 90 100 2510750 30 40 50 60 70 80 90 100

time [ 8] time [u 8]
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LHC Collimulion

e
CERN

N

r_
-

P En

gineering Department

Inermet Sample Slot#08

24 b (scraped), Total intensity: 2.7e12 p, 0 = 1.4 mm

—~—W8top
1 ~ |——strain model

—
o

1000 |

strain [u m/m]
O

velocity [m/s]
O

-1000 ¢
-10

[\
al

N
O

—
a

al

1
a

High-Radiation to Materials

N Medium intensity tests _JHiRadMat

|~ vibrometer |
| velocity model |

_3000 . | R R SN SR TP R T SRR SR
0O 10 20 30 40 50 60 70 80 90 100 0
time [ s]

10 20 30 40 50 60 70 80 90 100
time [p s]
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LHC Collimation

‘@ Engineering Department =)\

Project

High Intensity Tests (Type 2)

7 cenn Inermet samples as seen from viewport and camera

_jHiRadMat

High-Radiation to Materials

14th March 2013

A. Bertarelli, M. Guinchard - EN-MME
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\ High Intensity Tests (Type 2) g o

Inermet : comparison between simulation and experiment

Total time
800 us

0.000e400
0.000e+00

0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00

testautodyngeom_w
Cycle 0

Time 0.000E+000 ms
Units mm, mg, ms

Total Beam Specimen .
Case Bunches | p/bunch Tirerity Slot Velocity

Simulation 60 1.5el1 9.0el12p 2.5 mm 9 316 m/s

Experiment 72 1.26el1 9.05e12 p 1.9 mm 8 (partly 9) ~275m/s

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 47



LHC Collimation

Post-irradiation Analysis —) HiRadMat

High-Radiation to Materials

Inermet Type 2 specimens hit on their centre (2mm from free surface)
Simulation: 72 b, Total intensity: 1.08e13 p, 6 = 2.5 mm
Experiment: 72 b, Total intensity: 9.03e12 p, 0 = 1.9 mm

2128403

1.163e+03 >
11150403
10676403
1.019e+03
9.711e+02
9.230e+02
8.7500+02
5.269+02
7.788e+02
7.307e402
6.826402
B.34Be+02
5 8656402

No observable plastic deformation
Large fragments chipped off e e
specimen surface o

o 3.942e+02

Granular aspect of damaged 1oz

2980002
microstructure.
, Crometirs | age fairly comparable wi

Time 1.785E-001 ms

S erimental evidence

.

Makch 2013 D i . Guinchard - EN-MME

[ANNEEEEREl

JHRRE |

.

S e ¢




LHC Collimuiion

'—l
=1

Pl

@‘ Engineering Department

Project

Post-irradiation Analysis —)HiRadMat

High-Radiation to Materials

Two shots on Molybdenum Type 2 specimens (2mm from free surface)
Pulse 1: 72 b at centre, Total intensity 9.05e12 p, 0 = 1.9 mm
Pulse 2: 144 b 10 mm vertical offset, Total intensity 1.95e13 p, 0 = 2.0 mm

Pulse 1 (72 b as on Inermet)
* No apparent surface deformation
* Crack at Slot 6 to be analysed.

| Pulse 2 (144b twice w.r.t. Inermet)
|« Damage extension still smaller than
on Inermet (~5 mm)

* Evidence of plastic deformation

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 7 EUCARD 49



LHC Collimation

Post-irradiation Analysis —)HiRadMat

High-Radiation to Materials

) Copper-Diamond Milybdenum-Coper-Diamond Molybdenum-Graphite (3 Grades)
144 bunches 144 bunches 144 bunches

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME




Post-Irradiation Phase —JHiRadMat

High-Radiation to Materials

= Limited observation of impacted specimens ad-hoc viewport (on upstream
side of vacuum vessel) while still on the test-bench. Done

= Additional direct observation with personnel approaching the vacuum vessel
while in the HiRadMat tunnel. Done

= Transport to a class C workshop. (e.g. PSI hot-cell). Expected late 2013
= Dismounting and specimens NDT (visual observations, measurements)

= Cutting of relevant samples to observe material damages, degradation,
change of physical and metallurgical properties etc.

Due to the significant activation, any handling, inspection and analysis will be
discussed and planned with RP experts, in line with ALARA principles.

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME ‘ 51



LHC CQII!mullon

"N Outlook —) HiRadMat

High-Radiation to Materials
@ = Context

* Introduction to-HRMT14-LCMAT Experiment

= Numerical Simulations
= Instrumentation and Validation Tests
» Results and Analysis

Conclusions

‘@ Engineering Department
[ |
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LHC Collimation
g

Conclusive remarks —)HiRadMat

High-Radiation to Materials

cigeering Department @

[@] -

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME //E:CEARD 53
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LHC Collimation

4_\_. -j HiRadMat
oY

Warm Thanks to many colleagues and friends from EN-MME,
EN-MEF, EN-STI, EN-ICE, EN-HE, BE-ABP, BE-OP, TE-MPE, TE-
VSC, DG-RP, PH, Politecnico di Torino ...

Questions?

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 54



LHC Colljmalion

Project

I@;A Engineering Department E=\

Backup slides

_jJHiRadMat

High-Radiation to Materials

14th March 2013

A. Bertarelli, M. Guinchard - EN-MME
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LHC Collimation

Post-irradiation: Viewports -)HiRadMat

" Side viewport after
mpacs

14th March 2013

High-Radiation to Materials

Tungsten and Molybdenum vapours generated during beam impact
expanded inside the vacuum tank and condensed '
video acquisition.

; =
| — Tungsten
Coating

Top Viewport

A. Bertarelli, M. Guinchard - EN-MME




LHC Collimuiion

N Phase II Materials Overview —)HiRadMat

At~ High-Radiation to Materials

Density [kg/m3] 1650 10220 8900 ~5400 ~6900 ~6100 ~5600
- Atomic Number (Z) 6 42 29 ~11.4 ~17.3 ~13.9 ~13.1
L1

T, [°C] 3650 2623 1083 ~1083 ~2623 ~840 ~2520
=)
c SSNI [kWm?/kg] 24 2.6 2.5 13.1+153 69+109 11.4+15.4 74 *
)
& TSNI [K] /ke] 793 55 35 44 =51 72+96 60 +92 115 *
=)
| -
O Electrical N - - .
o Conductivity [MS/m] 0.14 19.2 53.8 12.6 9.9 11.8 1+18**
@ worse N betor * Estimated values
() ** =18 MS/m with Mo
o0) surface coating
& = (C-C stands out as to thermo-mechanical performances. Adversely outweighed by poor electrical
CILJ conductivity, low Z, expected degradation under irradiation.
)
= = High-Z metals (Cu, Mo) possess very good electrical properties. High density adversely affects
?:0 their thermal stability and accident robustness.
-« Metal-diamond composites exhibit a balanced compromise between TSNI, SSNI, electrical
F— conductivity , density, atomic number.

= Molybdenum-graphite, currently under development and characterization, shows very
promising figures of merit.

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 7 EUCARD 57



LHC Collimation

<~ LCMAT Design Overview —)HiRadMat

High-Radiation to Materials

i ™™ = Camera window glass made of Fused silica 7980:
radiation resistant, high mechanical properties.

P——— =  Structural calculation: in the worst case, maximum
\v equivalent stress on the glass after clamping is 35 MPa
N - (Glass resistance: 52 MPa)
. Radiation Young’s Compressive | Flexural

Material Resistance Modulus Strength Strength Hardness
7980 No Knoop Hardness

Fused darkening 72.7 GPa 1.14 GPa 52.4 MPa (100 g) 522

Silica up to 1 MGy kg/mm?2

N ANSYS

Nongommercial use onl

I@ Engineering Department @

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 7 EUCARD 58

v



LHC Collimation

N Energy Deposition -jJHiRadMat

High-Radiation to Materials

Full cylinder - 450 GeV - central impact - sigmaXY=0.25 x 0.25 mm?

16 | | | | | |
inermet180 ——+—
Molybdenum ——+—
glidcop15 ——+—
14 | MoCuCD 7
CuD ——+—
= 12 | -
‘g . V. Boccone
£ E afﬁ;ﬁ EN-STI
- 10 L -
cé) * ¥ Sty
S gt T .
3 : +
Q)] 4*"’%*
@ 5 * *
= - +=+ -
& . .
 Hiaiin
_::(g ++""'H-H- +'|"'H-H-H_'|- - $‘F
o 4 - - . = +-o- + +++ - +f"*‘+++++ e 7
+ ey e 7 - * (R, L
2 B * -+ + +++++ ++ =
+ - e e Aaas
g +_;+++ o e T bR T
0 % :W:W. L s : L L
0 5 10 15 20 25 30 35
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LHC Collimation

N Autodyn: Type 1 Sample _jHiRadMat

High-Radiation to Materials

CERN
= Maximum number of bunches chosen in order to keep deformations below 0.3%
» Longitudinal and circumferential strain measured by strain gauges on the external face

= Radial velocity measured by LDV on the external face

Gauge History ( Ident 0 - inermet)
*10" 15 —
10—
£ 54
i
2 % 0— Gauged# 39
g i 1Gauge# 79
: — (1)Gauge# 39 i -5 IGauge#119
% (2)Gauge# 79 IGauge# 159
= (3)Gauge#119 JGauge#199
i g;gaugglgg =10 JGauge#Z 30
— aug
= e caory
(7)Gauge#279 -15 - g
—— (B)Gauge#319 IGauge#3sg
— (9)Gauge#359 D)Gauge#399
: : : ' ! — (10)Gauge#399 -
1L (11)Gaugets30 S 1)Gauge#439
*10” TIME (ms)
Circumferential strain in different Radial velocity on the external face in different
longitudinal positions, 20 bunches longitudinal positions, 20 bunches

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME 60



LHC Collimation

CERN

Autodyn: Type 1 Sample

Sigma = 0.25 mm vs Sigma = 2.5 mm

= Similar values measurable on the external face by LDV and strain gauges

=  With a larger sigma:
= Lower damage in the inner volume during first impacts

= Negligible change of density

= Beryllium window less charged

5.E-04

4.E-04

3.E-04

[
T
=
=y

Circumferential Strain
o
=
=,

0.E+00

-1.E-04

14th March 2013

-2.E-04

Inermet180 - 4 bunches with different sigmas

=—=Sigma=2.5mm

=—=Sigma=0.25mm
Fa

a\

/] -\

/] \
=V

0.002 0.004 006

A. Bertarelll, M. Guinchard - EN- t]
Time [ms

_jJHiRadMat

High-Radiation to Materials

DD 61




LHC Collimation

N Autodyn: Type 2 Sample -jHiRadMat

High-Radiation to Materials

= Goal of the Experiment:
= observe the emitted particle spray with High Speed Video Camera
= Validate proposed Autodyn model used for TCT (Chamonix ‘11)

= Simulations

= Explicit calculation performed on Inermet180

(worst case)

Case 0 = 0.25 mm and 2.5 mm, bunch intensity
1.5E11 particles/b, 10, 60 and 70 bunches

SPH mesh 0.2x0.2x0.2 mm (= FLUKA bins)
Simplified Graphite supports for preliminary

analysis = Next step: real supports geometry

al

Material “ Strength model Failure model

Tabular (SESAME) Johnson-Cook Hydro (Pmin)

Al-6061 Polynomial Johnson-Cook Johnson-Cook
Graphite 4550 Polynomial Johnson-Holmquist Hydro (Pmin)
Stainless steel AISI 316 Shock Johnson-Cook -

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME ‘ | 62




LHC Collimation

Y Autodyn: Type 2 Specimens -)HiRadMat

High-Radiation to Materials

Max Internal Max Particle Speed in X-

Bunch Number & Sigma Max T . Hole Diameter
Energy Dir after 10 us

10 - 0.25x0.25 mm 5’881 K 22.87 GPa 1.289 MJ/Kg ~190 m/s ~2 mm
60 - 0.25x0.25 mm 25’800 K 37.81 GPa 6.741 MJ/Kg ~870 m/s ~7-8 mm
~8-10 mm
70 - 0.25x0.25 mm 29°190 K 37.81 GPa* 7.795 MJ/Kg ~950 m/s
70 - 2.5x2.5 mm 4’606 K 8.572 GPa* 1.075 MJ/Kg ~360 m/s ~10 mm

*Pressure peak is not at the end of the energy deposition,
£60 bunches for 0.25mm, ~65 b for 2.5 mm

10 bunches e 60 bunches
0.25 mm Izj 0.25 mm
t=10ps T=10us

ABS VEL (m/s)

1.936e-+402
I 1.743e+02
1.543e+02

—  1.388e+12

6.578e+02

— 6018412

L1 1i62esm2 — 5159+

L | ggg3esnt — 429902

[ E— 77476401 — 3.440e+02

—  sottest -

3 8742401 1.721e+02
I 1.938e+01 I 8.612e+01
1.852e-02 ¥ 1.64de-01 = ! \
: n
testautodyngeom_w aﬂ testautodyngeam_w . ﬂ
Cycle 21201 P
x

Cycle 10051 Time 1.012E-002 ms
Time 1.052E-002 ms.
Units mm, mg, ms

Units mm, mg, ms
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LHC Collimation

Autodyn: Type 2 Sample -jJJHiRadMat

High-Radiation to Materials

CERN

AUTODYN-30 v14.0 fram ANSYS

70 bunches PROS sigma 2.5 mm:

ABS VEL. (m/s)
g 2.omm = Less vaporized material
: T=17ps (window covering)

I = Lower density change

i = Lower load on Be window

B 70 bunches
7.3056+01 SIS 0.25 m m
3.856e-+01 Ll t = 1 7 uS

Units mm, mg, ms

PROS sigma 0.25 mm: I

— 3.730e-+02

= Representative of high energetic
beam impacts

= (~ LHC Scenario)
= Higher particles speeds

— 2.7598e+02

1.866e-+02

testautodyngeom_w ".k e 'E; i
14th March 2013 A. Bertarelli, M. Slnrehard — EN-I\ﬁ E
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LHC Collimation

Project

CERN
MBS VEL. (mis)

= X-Dir max speed 850 m/s T

= Z-Dir max speed ~1500 m/s

= =>» Graphite downstream and o
upstream protective discs to be T e
Checked! : 47918412

AUTODYN-3D v14.0 from ANSYS 19168402
Material Location I 55820401
2872004

ALBOB1-TE_POLY

GRAPH POLY testautodyngeom_w
Cycle 9901
Time 3.714E-003 ms
TUNG.ALLOY

Units mm, mg, ms

35304

Wi

/
i

7
it

1

...... 1180_0-4_2_trajectory
Cycle 612

Time 1.220E-004 ms

Units mm, mg, ms

14th March 2013

Autodyn: Type 2 Sample

. AUTODYN-3DVI40 flom ANSYS

-) HiRadMat

High-Radiation to Materials

" Tempogal evolution of 60 bunches,
sigma 0.25 mm,
Up to 12 us

A. Bertarelli, M. Guinchard - EN-MME 65



LHC Collimation

v Design Overview -jJHiRadMat

High-Radiation to Materials

Vacuum tank is made of 304L, 10 mm wall thickness

Vacuum: standard mobile turbo group will allow for
pressure below Imbar

Static structural and buckling analyses performed for tank,
glass windows and Be windows. Safety is ok.

Debris generated by beam impacts on samples don’t possess
enough Kinetic energy to plastically deform or drill the tank

!
7 4350402

1 6.506e+02

Inermet 180 Cut Sample hit by 70
0.25x0.25 mm? SPS bunches:
max particle speed ~ 900 m/s

| 55776402

= 4847es2

1 3718e2

| —=| 27830402

Stainless Steel
vacuum tank

1.859e+02

92950401

[a

ey 1108203

inemet180_0-4_12_trajectory
Cycle 27184
Time 6 796E-003 ms

x ‘E
Units mm, mg, ms

= Fast dismounting system studied to ease tank opening,
decreasing exposure time for operators
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High-Radiation to Materials

Y Vacuum System —) HiRadMat

i)
-
()
&
)
| -
48]
Q.
Q
)]

Ineering

l;;; Eng

Jauge Pirani
(CF16)

Vanne d'isolement en
CF63 (raccordement
groupe mobile de

pompage)
Picage pour tumbac
ISO-KF 25
Separateur d'huile
(refoulement)
Pompe primaire
RV12 Tumbac DN25 avec
embouts ISO-KF 25
Vanne de securité
ISO-KF 25
14th March 2013 A. Bertarelli, M. Guinchard - EN-MME i o 67
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LHC Collimalion

Beam energy: 440 GeV

Bunch spacing: 25 ns (can be 50 ns)

Protons/bunch: 1.5E11

Beam size: 0.25x0.25 mm? (low-
density Type 2 samples), 2x2 mm?
elsewhere

by Be window.

)
-
)
&
=
| -
(qV)
Q.
G)l
O
o]0
C
-
Q
()
-
o0
-
L

i

~"  LCMAT Experiment: Specifications

_jHiRadMat

High-Radiation to Materials

Irradiation Summary

Tungsten 5e12 2x2 7 15 + 20
Molybdenum 9.3el12 63 2x2 7 15 + 20
Glidcop 9.3el2 63 2x2 7 15 + 20
MoCD 1.5e13 101 2x2 7 15 + 20
CuCD 1.5e13 101 2x2 7 15 + 20
MoC 1.5e13 101 2x2 7 15 + 20

Tungsten 9.1e12 2Xx2 3 15 + 20
T t l t d b t Molybdenum 1.1e13 74 2X2 3 15 + 20
| | ~

OLa expec €d BUIier or pro ons Glidcop 1.1e13 74 2XxX2 3 15 + 20
1'3E14 MoCD 1.1el13 74 0.25 x 0.25 3 15 = 20
. CuCD 1.1e13 74 0.25 x 0.25 3 15 + 20

=  Total test time: ~ 1 week n X
MoC 1.1e13 74 0.25 x 0.25 3 15 = 20

14th March 2013 A. Bertarelli, M. Guinchard - EN-MME CARD 68
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LHC Collimation

i Spec and Calculation Notes ~jJHiRadMat

High-Radiation to Materials

CERN

= EDMS 1186793, “Specification for tests on collimator material samples in
HiRadMat facility”, A. Bertarelli;

= EDMS 1204238, “Summary of the prompt dose deposited on different components
during HiRadMat experiment on material samples for collimators”, F. Carra;

= EDMS 1203115, “HiRadMat collimator material samples: structural analysis of the
vacuum tank”, F. Carra;

= EDMS 1199421, “HiRadMat Fused Silica Window: Stress Calculations with
Helicoflex Joint Sealing”, N. Mariani;

= EDMS 1198388, “Helicoflex joints for the HiRadMat sample holder”, F. Carra;

= EDMS 1203483, “Graphite supports for material samples test in the HiRadMat
facility: structural analysis”, F. Carra;

= EDMS 1208024, “HiRadMat test on collimator material samples: calculation of
cooling time for cylindrical samples”, F. Carra;

= EDMS 1223740, “Dimensioning of Copper-beryllium clamps for mirrors used
during the HRMT14-LCMAT experiment in the HiRadMat facility”, F. Carra.
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LHC Collimation

High Intensity on Glidcop/1 -JHiRadMat

High-Radiation to Materials

= Delay Beam - TO = 22 us (errors in measurements and in CCC pre-trigger settings).
* (Configuration: Simultaneous shot of Flash 3 + 4 at t=3 ms.

= =>» Images acquired between 2.9 and 4 ms after the beam impact!!!!

= Need for higher pre-trigger from CCC!!!

#80 - 4000 ps

TO (trigger CCC

TO + 1850 s 1150 ps Total
Flash 4 > : )
Lighted
TO + 2350 ps 650 :
Flash 3 — time 1.1 ms
' >
I I | |
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LHC Collimation

High Intensity on Glidcop/2

= Delay Beam - TO = 2022 us (after asking for 4 ms pre-trigger...)

* (Configuration: Simultaneous shot of Flash 3 + 4 at t=2 ms.
= =>» Images acquired between -0.1 ms and 1 ms after the beam impact!!!!
= Successful synchronization between Beam, Video-camera and Flashes!!!

TO (trigger CCC)

Delay

Flash 4

Flash 3

14th March 2013

TO

#61 -3050 ps

— -

ear
—
TORK 850 ps 1150 pd
4 i Tf)tal
Lighted
- 1350 us 650 Us
p\/ N
| | [ —=
0 2 3 4 5 t (ms)

A. Bertarelli, M. Guinchard - EN-MME

_jHiRadMat

High-Radiation to Materials

time 1.1 ms u-—-____.‘
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LHC Collimation

Post-irradiation Analysis -JHiRadMat

High-Radiation to Materials

AUTODYN-30 vi2.1 from ANSYS
1.000e+00
. 9.000e-01
— 8.000e01
— 7.000e-01
b 6.000e-01
=1 5.000e-01
— 4.000e-01

2 2

— 3000e01 /i 'M u“.’f“

2.000e01

1.000e-01

0.000e+00

testautodyngeom_w
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LHC Collimation

Fast video results - HiRadMat

TN
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LHC Collimation

A8 Conclusive remarks _jHiRadMat

High-Radiation to Materials

CERN
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