US LHC Accelerator Research Program
BNL - FNAL- LBNL - SLAC

LARP Phase Il Collimator
Engineering Status

Jeff Smith
SLAC

\ beam 49 September 2008

CERN Phase Il Design Meeting

* Gene Anzalone, Eric Doyle, Lew Keller, Steve Lundgren, Tom Markiewicz, Reggie Rogers
& Jeff Smith

CERN Phase Il Design Meeting - 19 September 2008 1 LHC Rotatable Phase Il Collimators



LARP

Design Overview
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LHC Phase Il Base Concept

physical constraints
LARP current jaw design

20 facets

* beam spacing: geometrical constraint

* Length available 1.47 m flange - flange Glidcop Cu Mo

 Jaw translation mechanism and collimator
support base: LHC Phase |

* >10 kW per jaw Steady State heat
dissipation (material dependent)

Cu coolant supply
tubes twist to allow
jaw rotation

Helical cooling channels

25mm below surface

Cantilever Mo shaft
@ both ends
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eJaw composed of molybdenum shaft and
copper mandrel wound with copper
tubing for cooling. Exterior Jaw

quadrants brazed on top of mandrel

| Molybdenum
Shaft

Copper tubing wound 1n groove
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Upstream end vertical section

LARP

Lundgren
Jaw Geneva Mechanism
Worm Gear
Shaft
‘\.
1-2mm Gap — ! I
Water Cooling
Channel
U-Joint Axle
Diaphragm Support Bearings
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@ Rotation Mechanism

LARP

Tooth
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Thermal Considerations
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R FLUKA Results - Power Deposited vs. Length

e
LD Ist secondary collimator

- Various materials

TCSM.AG6L7 Upper Right Jaw vs. Length 80% halo on TCPV, 5% halo on TCSM.AG6L7
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Material thermal performance
- Hollow Cylinder Model

-OD=150mMm, I.D.=100 mm,L=12m

- NLC-type edge supports

- aperture 100

100, primary debris + 5% direct |SS @ 1 hour beam life transient 10 sec @ 12 min beam
cooling |power Tmax (1defl (um) [Tmax max flux power Tmax ( |defl (um) |Tmax max flux
arc (kW) per |[C) water (W/m*2) (kW) C) water (W/im*2)
material (deg) jaw side( C) side( C)
Al 360 3.7 33 143 18.5 73 927
2219 Al 360 4.6 34 149 26| 7.1E+04 23 79 559 46| 3.1E+05
BeCu (94:6) 360 0.85 24 20 4.3 41 95
C R4550 360 0.6 25 ) 3.0 41 20
—»(Cu 360 10.4 61| (221) 43| 2.7E+05 52 195] (829)  117| 1.2E+06
Cu - 5mm 360 4.5 42| Tt7] 39| 2.3E+05] 224 129 117| 1.2E+06
Cu/Be (5mm/20mm) 360 5.3 53 161
Super Invar 360 10.8 866 152" 60
Inconel 718 360 10.8 790 1039 66 54 1520 1509 85
Titanium 360 7.4 214 591 42 36.8 534 1197 77
Tungsten (48 m L) 360 13.5 183 95 79 67.5 700 335 240°| 2.6E+06
Al - solid core 36 3.7 40.8 31 18.5 80 357
2219 Al 36 4.6 43 31 23 89 492
BeCu (94:6) * 36 0.85 27 2 4.3 46 101
Cu 36 10.4 89 79 67| 5.6E+05 52 228 739 139| 1.4E+06
Cu - solid core 36 104 85 60 65 5.3E+05 952 213 942 120| 1.2E+06

1. deflection not valid, super invar loses its low c.t.e. at 200C
2. pressure > 30 bar needed to suppress boiling

* Promising but no practical implementation

Cu chosen — balance of efficiency, deflection and manufacturability

9
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June 2006
Introduce new jaw-hub-shaft design which
eliminates central stop & flexible springs

x5 improvement in thermal deformation
1260 um — 236 um (60kW/jaw, t=12min)

426 um — 84 um (12kWI/jaw, t=60min)

DEFLECTED SURFACE

BEAM
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Comparison of
Hollow Moly shaft to Solid Copper Shaft:
LARP Improved deflections
but necessitated Moly/Cu Brazing R&D

)

Q— 3 : —

Solid Cu, 75cm tapered jaw, Tubular Moly, 95 cm straight jaw,
asymmetric hub symmetric hub
Steady State T =12 min Steady State t =12 min

t=1 hour for 10 sec t=1 hour for 10 sec
Gravity sag 200 um .< 67.5 um >
Power absorbed 11.7 kW 98.5 kW 12.9 kW 64.5 kW ‘
Peak Temp. 66.3 °C 197 °C 66 °C 198 °C
Midjaw Ax 100 um 339um  (_ 83.6 um 236 um >
Effective Length 91 cm 25 cm 74 cm 39 cm
Sagitta 221 um 881 um 197 um 781 um

Note that to preserve the maximum deflection toward beam of 25
microns requires retracting jaw from nominal sigma position.
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Jaw facets PR ey SERERETER
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T » melt

Shaft ' '
Shower max — extent of melted
Cooling Ege_left nov? 06 _smallbins) Zone
tubes
Case: beam abort system fires asynchronously, 8 full intensity bunches into jaw
Model: - increased resolution 3-D ANSYS & FLUKA models
- Thermal heating/cooling analysis followed by quasi-static stress analysis
- Jaw ends constrained in z during 200 ns, released for 60 sec cool-down
- 0.27 MJ deposited in 200 ns
- Molten material removed from model after 200 ns
Result: - 57e3 peak temperature (ultra fine model)
- 54 um permanent deformation (concave)
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Exact Nature & Extent of Damaged Region still
not really known well. We need beam tests with
prototype.

Thin Cu sample in FFTB electron beam at SLAC
Hole = Beam Size

Single pulse damage in Cu
2x1010
8umx6um

2000um 500 kW 20 GeV e- beam hitting | |
a 30cm Cu block a few mm from edge FNAL Collimator with .5 MJ
for 1.3 sec (0.65 MJ)
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Jaw Construction and Brazing
Considerations
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Brazing and Construction R&D

e[ ast couple years a lot of R&D performed to determine how to:

eBraze molybdenum to copper
odifferent thermal expansion rates

*Braze copper tube to copper and remove gaps around braze
*\Vind copper tube around helical mandrel groove

e\Won't go into all of this.

*\Will just show the steps taken to manufacture our first full length jaw
eFrom winter 2007 - summer 2008
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@ Three Braze Cycles
LARP

*Three brazing steps.
*Brazing materials set to melt at gradually lower temperature.
1. Braze Moly shaft and hub to Mandrel
e 25% Gold, 75% Copper
2. Braze copper coil to Mandrel
e 35% Gold, 65% Copper
3. Braze jaw quadrants to mandrel surface
e 50% Gold, 50% Copper

CERN Phase Il Design Meeting - 19 September 2008 16 LHC Rotatable Phase II Collimators



e After much R&D developed
method to braze molybdenum to
copper for inner shafts

Molybdenum (and some other
components) from Eagle Alloys
Corp. www.eaglealloys.com
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eHere are pictures showing preparation for
second brazing

eHere on support stand and ready for insertion
in baking oven

eCarbon block used to hold thermally g
expanding copper against central hub T
and shaft (moly and copper) | Ly Y

«
eNext time may use carbon block full length
of mandrel
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Brazing Coil to mandrel

LARP
eBrazed coll in three brazing cycles

eExamined quality of braze between cycles

eHere are pictures for second braze cycle
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LARP

*Ran into some problems with brazing.

*Too much braze material was

apparently used and our mandrel
was brazed to the furnace mount
during third braze!

*Had to saw off braze flange

Mandrel brazing
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e Brazing error resulted in bending of
end of mandrel attached to furnace

table.
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The Aftermath...

‘g : . ;

*Most of mandrel OK, but end had to
be fixed

*Used custom made clamps to “press”
mandrel back into shape.

o

Center shaft not 1in center of mandrel
due to bent mandrel
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Mandrel concentricity looks OK now after repairs

eSurface must be machined flat for reception of
Jaws quadrants

Slight kink in mandrel had to also be bent out
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eSurface machined and ready for reception of jaw
quadrants

eSlightly different outer diameters.

e|eft side in picture at 0.d. spec. Right side will
require slightly modified jaws to fit on diameter.
Add material to fill gap.

e\ant very good thermal contact between jaws and
cooling coil around mandrel.
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Jaw Quadrants

At spec

Slightly under spec
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jaw Quadrant modifications

LARP

eJaw Quadrants measured and
machined to cleanly fit Mandrel
0.d.

eAssembled around Mandrel
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Quadrants around Mandrel
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@ Brazing Jaws

LARP

eBrazing Jaw
Quadrants
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Machine flat facets and grooves for
heater test

LARP

*Final brazing was a success!

*Flat facets and grooves for heater tests
and thermocouple holes have been
machined.

*\Nithin 25 micron tolerance along facet
surface.
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Considerations for Jaw Construction

eDiscovered several complications in machining/assembling/brazing
first full length jaw.

eGained much experience in brazing techniques. Lots of small
hurdles have been overcome with limited number of people.

eReconsidering how much braze alloy we apply
*\\Ve needed a lot to fill up cavities and crevices due to coil winding
eCoil “keystones” as it's wound, creating large gaps to fill

eConsidering alternative winding technigues or methods to fill gaps
without using braze

Maybe use a round tube (not square), will have less keystone
and less gap, test being performed now.

Maybe we can expand the tube to fill the gap
ePressurized air or water
ofreeze water in tube
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First Full Length Jaw Thermal Tests

*This jaw will undergo thermal tests using two 5 kW
heaters placed along jaw surface (simulating
steady state beam heating)

eSensors will then measure thermal deflection to
confirm ANSYS simulations.

eDeflection toward beam during beam heating must
be minimized.

Capacitive Distance Sensors

Heating rod
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ANSYS Simulations

1
ELEMENTS AN
JUN 12 2008

e Jaw with two 5 kW heaters modeled in

HGEN RATES

ANSYS

QMAX=.119E+09

e|ncludes accurate representation of
e Water flow/temp change
e Material properties
e Thermal expansion
eHeat flow / thermal conductivity

\Heaters

u] LZ264E+08 .5Z8E+08 LT9ZE+0E L106E+02 AN
L13ZE+H08 SEE+08 . GA0E+08 . SZ4E+08 L119E+02 JUN 12 2008

test jaw 8lpm Skw 10:02:28

TEME (BVE)
REYS=0

SMN =20

SM¥ =35.654

Water Flow model

20 23.479 26.957 30.436 33.914
21.739 25.218 28.696 32.175 35.654

test_jaw 8lpm Skw

test jaw 8lpm Skw
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LARP

*ANSYS predicts 100 microns sagita
on side opposite heaters (where
capacitec sensors are mounted)

*(Note: this is different than the sagita
due to realistic beam heating.)

ANSYS Predictions

AN
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TIME=1
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REYE=0

DMX =.386E-03
EMN =1%.331
BM =51.921
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22.952

test jaw 8lpm Skw

JUN 12 Z008
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30.194 37.437 44.679

:08:15
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Mounting jaw and heaters

Heater slot Heaters mounted and
strapped 1n
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Thermal test setup
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Measure jaw thermal expansion
with capacitive distance sensors

Heaters attached
on bottom (jaw
rotated 180
degrees from
previous slide
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LARP

Measure:
etime
swater flow
ewater pressure in
ewater pressure out
ewater temp in
ewater temp out
epower supply voltage x2
epower supply current x2

ecapacitive distance sensors
X3

ethermocouples x22
e37 parameters in total

eFrom data at right can show
9kW from heaters = 9 kW
absorbed in water

e\ery little escapes radiatively
or conduction/convection
through air
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LARP

Deflection (microns)

Heater
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Measured Sagita at 6 Locations Around Jaw

54 Degrees

Jaw 1
Jaw Mid |7
Jaw 2
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Jaw 1
Jaw Mid
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To summarize the results

e The deformation of the jaw is in good agreement with ANSYS
predictions along the entire azimuthal angle

e femperature change along jaw is also in good agreement

Measured Sagitta vs. ANSYS
- — 5 - . . Measured Temperature vs. ANSYS
100_ 7777777777777777777777777 ‘7 _ANSYS | 45 T T T T
f f f : | O Measured - ANSYS 90
— O Meas 90
7)) 40H ——ANSYS 180|
g Y 2 A N - © Meas 180
= 90 | | | ‘ | | —— ANSYS 270 3
-9 G351 © Meas 270 | R :
£ E
_ch o ¢ AT 5\ 12 30t
S
N i
_50! 25
20 | | | |
0 0.2 0.4 0.6 0.8 1
-100 ' ' ' | ' ' ' Longitudinal Position Along Jaw (m)
0 50 1 QO 150 200 250 300 350
Azimuthal Angle (degrees)
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Vacuum Testing

LARP

o[ ast year some vacuum bake-out tests on short jaws were completed with varying
degrees of success.

*\With our thermal tests completed, jaw is now undergoing bake-out tests.
*Results should come soon!
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RF Contact Measurements

LARP

« Must have low resistance for RF contacts, especially Jaw/transition piece interface
— This interface is ~11 mm from beam and must have ~<0.02 mOhm total low frequency resistance

— What kind of electric contacts should be used here?
 Silver plated? Rhodium? Is copper good enough? (probably not) Cold welding copper?
» Considering results from Sergio Calatroni et al.
* How much force needed for good contact?
* How will resistance increase with wear and tear?

» Performing RF contact resistance measurements with HP microOhm multimeter.

Low resistance
RF contact

7

);

Slot for Spiral RF Spring

S —
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Experimental setup
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Spira™-Shield Setup
Anvil/

Cradle

Rhodium plated glidcop anvil
and cradle
Silver plated BeCu spiral
spring
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*Results with Spira™-Shield spring
as a function of compression.

*Bulk resistance of anvil/cradle
(0.02 mOhm) removed

eDesire <0.08 mOhm.

*No observed degradation with
rubbing

\

a
:

7%
G

Spira Manufacturing Corporation

NN

Measured Resistance (mOhm)
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Results with Spira™-Shield Spring
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Next step

e Test contact resistance in real geometry
Manufacture “end cap” for jaw and transition piece.
*\Work underway, should have results within the month.
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Impedance considerations and RF
Trapped Modes

o] wasn't going to get into this for this talk.
eBut we can discuss it if you like...
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For Further Information

SLAC Rotatable Collimator website:
ehttp://www-project.slac.stanford.edu/ilc/larp/rc/default.ntm
eHere you can find:
eDocumentation
A lot of photographs
Mechanical Design Drawings
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