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MERIT Experiment Window Study

- Proton Beam Windows
- Optical Windows

N. Simos, PhD, PE

Energy Sciences & Technology Department
Brookhaven National Laboratory
simos@bnl.gov
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imary (upsirean) Window
Lmamn - Ti-6A1-4V attached to 144" Ti-6A1-4V disk

secondary windows (monitored)
1lmm-thick Ti-6A1-4V disks

|
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2mumn Divertor plute

playisg the role of u primary
downstream window

SSTL '
TieAlL)V SSTL
Tie ALV H “‘
SSTL

Double Upstream and Downstream Secondary
Windows (1mm thick Ti-alloy) and monitored
atmosphere (vaccum or pressure)
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Primary Window/Flange

Primary window “collar” to allow
welding onto the thicker disk
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Mad Model of A -> A3 Line

25.5 GeWc Non-Resonant Beam for 120 pi mm-mrad Beam
0.08

0.07

0.06

0.09 -

0.04 t--

0.03

0.0z

0.0

1/2 beam size {m)

o.00

-0.01

—-0.02

-0.03

-0.04

|— 100 ns —{

Figure above depicts the tight beam spot requirement (0.5
x 0.5 mm rms) for target experiment at AGS

Induced shock stress in a window structure by 16 TP
intensity beam and the spot above will likely fail most
materials in a single short pulse ( ~ 2 ns)

MERIT Experiment ISsues
with SSTL Windows

BNL Review
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Fiberoptic Strain Gauge Arrangement in the 2"
diam. Beam Window

aclive strain
[mirror] element
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Beam Window Experimental Studies(E951)

Experimental Strain Data vs. Simulation

5 o4y W“UJ\W wmlmh
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The composition of Ti6Al4Y Grade 5

Content
= Weldability - Fair .
* Forging - Rough 982°C (1800°F), finish 968°C (1775°F) = <0.08%
e Annealing - 732°C (1350°F), 4hr, FC to 566°C (1050°F), A.C. F.C. not Fe 30,25
necessary for bars N, <0.05%
* Solution Heat Treating - Forgings 0, =0.2%
*  Ageing - 004-954°C (1660-1750°F), 5 min-2hrs, W.Q. 538°C (1000°F), 4hr, A.C. Al 5.5-6.76%
v 3.5-4.5%

H,(sheet) «0.015%
Ho(bar)  <0.0125%
Hy(hilet)  <0.01%

Ti-6Al-6V tested as beam window T eslance
with the24 GeV AGS Beam (3.5 TP)

Typical physical properties for Tieal4v.

: :
MERIT experiment =» Ti-6Al-4V Density gfon? (b c0 ) A

Melting Range °C+15°C (°F) 1649 (3000)
Specific Heat J7kg.=C (BTUAb/F) 560 (0,134)
Volume Electrical Resistivity ohm.cm (ohm.in) 170 (67)
Thermal Conductivity W/m. K (BTU/ft.h.°F) 7.2 (67)

Mean Co-Efficient of Thermal Expansion 0-100°C /°C (0-

Important: Tests at BNL showed that Hg 212°F /2F) B.6110° (4

Mean Co-Efficient of Thermal Expansion 0-300°C /°C (0- 6
5729F JoF) 2.2%10°% (5.1)

does not attack the aluminum Beta Transus °C215°C () 999 (1e30)
Of the al on Compos ition . Typical mechanical properties for TiBAl4Y,

Property Minimum Typical ¥Yalue
Tensile Strength MPa (ksi) B97 (130) 1000 (145)
0.2% Proof Stress MPa (ksi) 828 (120) 910 (132)
Elongation Over 2 Inches % 10 18
Reduction in Area % 20

Elastic Modulus GPa (Msi) 114 (17)
Hardness Rockwell C 36
Specified Bend Radius <0.070 in x Thickness 4.5
Specified Bend Radius =0.070 in % Thickness 5.0
Welded Bend Radius » Thickness ]

Charpy, ¥-Notch Impact J (ft.Ibf) 24 (18)
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von mises (MPa)
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Temp (K)

MERIT Wind

MERIT Window Study
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Hg Jet Destruction & Viewing Window Safety Analysis

Optical Window Vulnerability Study

Sapphire Window

Entering into BALLISTICS !l

.

V=200 m/s

Mercury iet interaction with 24 GeV
3.3 TP beam of the E951 experiment

Beam-induced Hq jet destruction

In the “bigger picture” goal is to benchmark a simulation of the event with test data.
The benefit will be a clear understanding of how quickly jet destructs and thus provide
information as to how close micro-pulses in the real muon collider can be stacked
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7\ 2
\What are we dealing with? Projectile velocity estimates IS

KE =%pdl’U: = AP o(dl)

AP = a, ATk
a,= (C170T)p
odl’) = a, dl" AT
Us/cd =2 a,° AT*

U, =2 [o, AT] ¢

600 Fag,

Pilwysical Properties of Mercury

Dengity: p=13.5 x gm/cm?

Compressibility: «=0.45 x 10-18 m%N|

Volumetric Thermal expansion: o, = 18.1 x 10-3 K-
Specitic Heat: ¢, = 140 I/ Kg K

Velocity of Sound = 1300 m/s

Critical Point Temperature: T, = 15930 C

Critical Point Pressure: P, = 185 MPa

Based on beam energy
deposition & Hg properties

Velocities of ~ 200 m/s are
expected
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Preliminary beam-induced jet destruction analysis — NO Magnetic Field

MERIT EXPERIMENT - EXPLODING HG CASE )

Time = 70 Fringe Levels
Contours of History Variable #1 1.417es01
reference shell surface N
min=0, at elem# 1
max=14.1683, at elem# 16901

1.275e+01
1.133e+01
9.918e+00
8.501e+00
7.084e+00
5.667e+00
4.250e+00
2.834e+00 |
1.417e+00 _|

0.000e+00 _

[Hg Density Distribution
following beam interaction
70 micro-secs
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«Sapphire has been selected as the optical window (excellent
strength properties including fracture ~ 8 Joules/m”2 ) — protect
against thru cracks

«6mm thickness (such thickness does not impede the optics)

*Explore other thicknesses for future applications (2Zmm & 4mm)

Compressive Strength MPa @ R.T. ASTM CT73 Zoon

Tensile Strength MPa @ R.T. ACMA Test #4 250 - 400

Modulus of Elasticity

(Young's Mod.) GPa ASTM CB48 250 - 400
Flexural Strength (MOR) MPa @ R.T. ASTM F417 760 - 1035
Poisson's Ratio, v - ASTM CB18 0.29

Fracture Toughness, K MPa »x mi/2 MNotched Beam Test 1.89
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OVERVIEW OF Sapphire Window Vulnerability

Expertise in ballistics/impacts and ALE formulations allowed the
modeling and analysis of a series of cases that included the
formation of cracks in the sapphire window

The nominal (6mm) sapphire window does not experience any kind
of failure when subjected to a mercury droplet of 5mm diameter
(~half the jet diameter) traveling at 200 m/s

For the same projectile, neither the 4mm nor the 2mm experience
failure in the form of cracking or penetration

Penetration of the 4mm thick window is possible with a 2cm diam.
Mercury projectile traveling at 400 m/s
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- Employ ALE formulation (LS-DYNA) Sapphire Window

- Hg modeled as fluid enclosed in a hyper-thin hyper-elastic membrane
(surface tension) that bursts upon impact

- Hg spills and mixes with the surrounding fluid

- Sapphire is specially modeled so cracks can be traced if they develop

- Mesh adaptation in the impact region for sapphire & mercury is employed

- Examined: 2mm; 4mm and 6mm sapphire windows

3
“on con®

.
V=200 m/s

Modeling of Lagrangian-Eulerian impact analysis of explading Hg

ling of L ian-Eulerian impact analysis of exploding Hg
o _

Anr (Fulerian)

sapphire
(Lagrangian

iy
\\‘&\\\\‘:{\\

g
LiRany
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HG-DROPPLET-HIT-SAPPHIRE-WINDOW (GRAMS

Time = 1]
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VIEWING WINDOW
BASELINE ANALYSIS

Smun diam. He dropplet

aselime Conficmration:

- G Sapplure Window

- Smn diameter Hg dropplet
- Velocity = 200 m/s
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Time =

Front & back surface displ. in 6mm window following impact
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Time = 0

Displacement time history of the back face of a 2mun-thick Sapplire Window
impacted by a S diameter Hg dvopplet travelling at 200 m/s
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4Amm sapphire & 2cm diam. projectile:
IMPACTED face shown small surface cracks

4mm sapphire: ba
and no cracks
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Z—-displacement

0.8

0.5

0.4

0.2

Displacement of back face of drun Sapplhire window dwing immpact with a 2cm
diameter He-like dropplet immpacting window at 200 m/'s
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2cm diam. droplet impacting a 4mm sapphire window at 400 mfs
Time = 0

Z2cm diam. droplet impacting a 4mm sapphire window at 400 m/s
Time = 0

BNL Review - December 12, 2005



Z-displacement (cm)
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CONCLUSIVE REMARKS
Windows are SAFE from beam & mercury splatter

Actual IMPACT tests on sapphire will be performed to
ensure confidence in the simulations

Challenges of Titanium-to-Stainless welding will be met

(there is always the fall back position of “titanionizing” the
whole assembly
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