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Definition of BID

A BID is a component that intercepts beam for different purposes

A Production of secondaryparticles (Targets)

A Beam cleaning / shapingScrapers / Collimators / Slits )

- Protection of sensitive components
- Concentrate beam losses in one specific location: avoid spreading beam

losses over a long beam line section (Keep machine maintainable!)

A Ht YI Ho? Rt GYt 1J(@eaamDamp) | wlWHIJ¢ O W

Page3



PSI

Challenges of BIDs: The Beam

A InHigh Power / EnergyProton Machines (HIPA, ESS, LHC) the beam can
deposit enormous amounts of power/energy

A Theway the power is deposited on BIDs depends on the kind of machine

- Continuous Wave : Power constantly and homogeneously deposited in time
Ex: HIPAPSI)590 MeV,1.4 MW continuous power, 50.7 MHzcyclotron frequency
- Pulsed-Beam: Power deposited constantly but concentrated in pulses
Ex: SNSJORNLD 1 GeV protons,l.4 MW average power, 60 Hzrepetition rate
ESS(LUND) 2.5 GeV protonsb MW average power, 14 Hzrepetition rate
- Circulating Beam: Energy deposited on beam dump athe end of each run

Ex: LHC(CERN).8 TeVprotons, 539 MJstored energy,6 TWinstantaneous power (89, s)
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Challenges of BIDs: The Risks

ABID can be exposed to (extremely) high
A Temperature (100s to 1000s °C): absolute and distribution (hot spot regions)

Can leadto deformation or melting

A Stress (100s of MPa)

Can lead to plastic deformation (>Yield Stress) or fracture (GUltimate Tensile Stress)

A Radiation Damage (several DPAs, Displacements per Atom)

Canlead do swelling, embrittlement, etc.

A Activation (100s of Sv/h)

Problematic handling and disposal
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BIDs Design Aspects

Essential aspects

- Geometry

- Material choice : Physics requirements (Targets), Structural Behavior, Activation

- Power/Energy Deposition : Through beam and/or thermal radiation from neighboring components

- Thermal analysis : Max Temp. and Temp. Distribution

- Structural analysis : Stress, Deformation, Fatigue

- (Water) Cooling: Erosion,Corrosion, Wear (Pipe Material, Water Flow Rate), Cavitation, Boiling, Pressure Drog
- Environment : Vacuum, Shielding, Surrounding Components

- Operational Safety: Critical vs Replaceable BIDs

- Manufacturing feasibility

- Installation/Removal/Handling

Other important points

- Movable parts
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BIDs Design: Power Deposition

A TheEnerg3y or Power deposited by the beam in a BID
(unit: J/m<and W/m?3resp.) depends on

Beam properties
BID Material and Geometry

A Energy deposited 3 land temperature increase
3 Jof BID related through materialensity mand
specific heat capacity wof BID:

J|

s |L 'IF

A Well-established Beam-Matter Interaction Monte
Carlo Codes can assess this figure:

~9 AdW[ xOu HAW7?2Ef~dWll~ AEdAWs

A In some cases, (simple geometry, thin BID) this
assessment can be performed analytically with good
approximation
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BIDs Thermomechanical Aspects: Heat Dissipation

The Heat deposited in a BID can diffuse through differeprocesses

Heat Conductivity [W/(K)] | Material Thickness [nﬂ

_ <
A Conduction: A J|| 0 < J||;F=I

Within Solid
Heat Flux [W/n#] | Heat Transfer Coefficient [W/(#K)]

A Convection: A r1|vo S B i]l-o

Between Solid and Fluid

Heat Flux [W/n?
| ] I | StefantBoltzmann Constant: 5.67x108 W/(m2K%) |

A Radiation: A /(/RJ,|
“~

| Emissivity[0-11 |

Choice of Cooling Method must take boundary conditions into account:

Material, Temperature, Emissivity, Thickness, Moving Parts, etc.
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BIDs Thermomechanical Aspects: Stress

Stress describes forces present
during deformation [Pa]

Depending on the force direction stress
causes different sort of Deformations:

Tensile: elongation
Compressive: shortening
Flexural: Bending

Deformation can be

Elastic( Youngos Modul us
Plastic (Stress > Yield Strength)

Fracture (> Ultimate Strength)

§ PSI

Strain Hardening Necking

Stress } f |

<

/N l
Ultimate Strength
Elastic _ _ ~
Deformation Plastic Deformatian Fracture
Yield Strength
Ductile Materials
| &nep Mogiips = BIsh 0P )
Run
> Strain

Strain: the relative internal change in shape of an
infinitesimal cube of material [mm/mm]

In BIDs, the main source oétress is typically the non uniform
temperature distribution generated by interaction with the beam
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PSI

Finite Elements Method/Analysis (FEM/FEA)

For BID Thermomechanical and Fluid Dynamics Analysis
FEASolver and Computational Fluid Dynamics (CFD )
Multiphysics Simulations Tools are available

A All FEA/CFD calculations presented in this lecture carried out usingNSYS®

A Other tools (like COMSOLOpenFOAN can also beemployed

A FEA/CFDSimulations needHPC resources and can be extremelytime consuming

Ex:CFD Simulation ofvs ofthe SINQTarget (over 1 Million Cells) on a 20 cores machine with 1.5
N7 WA 2 Mahehsll
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BID Design Workflow  PS

T EATE: R \ n S s
Paella
3DEXPERIENCE BEShvi y
Conceptual Power Thermal Structural
Design Deposition Simulatons Simulations
Calculation
CAD.stp Analytical FEA/CFD FEA/CFD
Simulatiors Simulations
CAD.gdm Monte Carlo
Simulations
t Not OK | Not OK |
lOK

Fina Designi(Design Office)
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What Is this Lecture (not) About?

A Overview of BIDs at the PSI High Intensity Proton Accelerator (HIPA) Oy
A WY Uk q WUHE Y ZddilititdHabss 1X
A1 YUK qWwidU qef MQOr Mudfiphigsics Simulation Codes X

BIDs@CERNby MarcoCalviani:
https://indico.cern.ch/event/980520/

https://indico.cern.ch/event/980519/
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The High Intensity Proton Accelerator (HIPA)

PSI
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BIDs in the 590 MeV, 1.4 MW Proton Channel

TgM: 5mm C

UCN Target
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Target E TgE

TargeWheeI
8%beamoss
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Shielding

Target
Chamber

 Region: 30% Beam Losses

Collimator2&3

14%beanloss
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TgEWheel Design

Since 2003:

Modified designwith gaps to
allow for thermal expansion

TARGETWHEEL

Secondary Particles : Muons, Pions

Material : Polycrystalline Graphite
Mean diameter: 450 mm

Graphite density: 1.8 g&m

Operating Temperature: 1500° C

Irradiation damagerate: 0.1 dpa/Ah

Rotation Speed: 1 Turn/s

Targetthickness: 40 (or 60) mm

Beam loss: (oB42) % (after collimation)
Power deposition : 20 kW/mA (40 mmthickness)

Cooling: Radiation

Temperaturedistribution simulation



PSI

Slanted TgEDesign

New Slanted Target E tested in 2019 and in operation since 2

protons protons

Slanted 40 mm TgE

Standard 40 mm 1g

Standard TE

Advantages of Slanted Geometry:

Surface muon rates mcrease by ~50%

(1N
1 N

68

7 / aEAM ounp\ p-beam legs likely to miss THncreased sagety for SINQ Target
/ PiEl b oo L E. Credit: Andreas Knecht o
¢<> ,\1 +45% QQ % 89.5 /slanted
AL ’2‘ ) g o standard
LE“ ﬂﬁ O;fﬂﬂﬂﬂmﬁaf ¢ i
+49% 19552, o o
™ ; 68.5 O
/MyEd N VAN %mﬂ&hﬁlﬁ og 0 oago®
E\,j (p [ZN7 .r." o o o
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PlHl i - AL S i "
. \ e o Proton Beam Horizontal Position on TgE [mm
Credit: Andreas Knecht ' iti gE[mm]  pagel7



Straight and Slanted TgE Temperature Distribution

Steady-state case: simplify and speed up simulation process

A No target rotation

A Equivalent planar geometry (no surface curvature)

A Beam power deposition integrated along ycoordinate and
smeared on the perimeter of the full target

A Consideronly 2 target tiles rescaling the current accordingly.

m |1346.2| m |965.29% AC

14415 1251 10605 87005 67958 Slanted Target Version: 2319
beam entry angle &\

Straight Target Max. 1459AC Min. 703AC
Max. 1536AC Min. 679AC

Slanted Target Version: 2320
beam entry angle 1A
Max. 1322AC Min. 739AC
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Straight and Slanted TgE Stress Distribution

Equivalent planargeometry employed for simulations!

MPa
12,912 Max 10,05 71875 43252 1,462
11,431 2.6186 5. 7h63 2,894 0,031759 Min

Straight Target
Max. ~ 13 MPa

MPa

26,045 Max 20,258
23,13 17,364 11,578 57883 0,00056912 Min

Slanted version: 2319
Beam entryangle 8A
Max. ~ 26 MPa

MPa
12.01 Max 2.3409 6,672 40035 1,3348
10,675 3, 0066 58,3379 26092 0,00046 38 Min

Slantedversion: 2320

beam entry angle 1A
Max. ~ 12 MPa

PSI

Ultimate Tensile Stress
POCOgraphite

(employed for PSI Targets):
~38Mpa

(at room temperature,
larger for higher
temperatures )

Version 2319 chosen due
to larger muon production
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TgEIncident s

ATRC Wast-CH 2

Rim cut in beam
direction in 9 tiles
(2014)

Possible explanation:
beam running while
switching target
rotation on

(Interlock failure?)

- Damaged Bearing(severa%tjimes) h




TgECollimator KHE?Z2

 PSI

Collimator Material

Body: OFHGoxygenfree high thermal conductivity copper
Cooling Water PipesStainless Steel

Absorbed beam power: 150 kW

€ and ayedrseperatian !
(120 Ah total beadllarge probe position

KHEZjurlnglnstaIIatlon [
( o 500 4 ‘ 7 ® measured dose rates
| X calculated dose rates
g 400
>
® ]
o 300+ L
4
5 %
8 200 "
(@) T X
100 - *
] Py ¥a
ol e " °
T T T T T T T T T )
-100 -50 0 50 100
- beam Distance from beam ————e-
upstream surface [cm] downstream

Dose rateipto 500 Sv/imeasurect
KHEZAuringinspectionn March 2010!! Page21
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KHEZ2/3: New Design for future 3.0 mA Beam

_ 58 Copper Temp. Safety Limit =405°C
Current Design at 3.0 mA Beam " (~2.6 mA beam)

Homologous temperature from which recrystallisation
and creep start to occur.
Rule of thumb : T_homologous [K]= 0,5*T _melting [K]

Current KHE2/3 Design
Temperature Distr. for 3.0 mA
Proton Beam on Target E
Tmax = 565°C

mmmmmmmm
111111111111

Unik:
Time: 1
sssss ax
526.63

‘ ) 45054 ) 374,45 ) 298.37 222.28 ) 147.41 72.55 ; ) 35.118 C
mmm) New Collimator required for 3.0 mA beam!

564.67 C

New Design at 3.0 mA Beam

New KHE?2/3 Design
TemperatureDistr. for 3.0 mA
Proton Beam on Target E

147,47 72,653 35 . 255 c Page22



PSI

BIDs in the 590 MeV, 1.4 MW Proton Channel

TgM: 5mm C

TgE: 40/60 mm C 150 kW Collimator

.'1‘ ' 4 o S
) M.l D g

A58

UCN Target
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Hoist
adapter

SINQ Target: a bit of History

A SINQneutron spallation source commissioned in 1996
A Targetmaterial: Zircalloy/Lead (previously Steel/Lead)
A Activetarget cooling: heavy water circuit

A ~15 targets employed so far: continuous development
A Target lifetime: 2 years

A Upto ~1 MW beam power fully stopped on target

TARGET
HEAD

D:O-pipes

TATGET
SHIELDING
AND
SUPPLY
SHAFT

s
1

MARK | MARK 11/ 1II MARK IV

L8l

Vacuum seal

BN Bolted
connection
(3
N Steel shielding

plug

D0- MODERATOR
ZONE

Bolted
{R-—"" connection
i
I NEUTRON
PRODUCTION
ZONE

Start-up target: Lead-@Cannelonid6 Tar get Ldadrdannelonio, cyl i ndri cal YFh.a s

solid Zircaloy rods stainless steel cladding neutron reflector (ABI nket 0)

1997-1999 2000-2005: + 42% more 2009-Current: t+ 54% more neutrons aT Beam
neutrons vs MARK 1I/11 Page24



SINQ Target 13 (MARK IV)

Page25

Temperature

(First Row) make water

Empty Zircalloy Tubes
flow turbulent

Full Zircalloy Rods
(avoid lead melting)

Cannelloniiead Filled

Zircalloy Tubes

(typically, 90% volume)

Neutron Reflector




Beam Power deposition
calculated with MCNP
Fluid Dynamics Analysis
performed with ANSYS
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Temperature SINQ Target 13 at 1.5 mA Beam

600

500

400

Temperature / °C
S
o

200

Zircaloyll
(Solid) 100

SINQ Temperatures in Lines

+Symmetlry—Line (1.5 mA) (S)
-a-Line-6_05 (1.5mA) (5)
——Line-12_1 (1.5 mA) (5)
~e-Line-18_15 (1.5 mA) (S)
—Line-24_2 (1.5mA) ()
-#-Line-30_25 (1.5 mA) (S)

+S;'mmetry—Line (1.5 mA} (FI)
——Line-6_05 (1.5 mA) (Fl)
——Line-12_1 (1.5 mA) {Fl)
—Line-18_15 (1.5 mA) (Fl)
——Line-24_2 (1.5 mA) (Fl)
——Line-30_25 (1.5 mA) (FL)

8

_—

/

~ Line-36 3 (1.5 mA) (S) —#=Line-36_3 (1.5 mA) (FL)
#Row Lead (SO I d;unem_ss (1.5ma) (3) ——Line-42_35 (1.5 mA) (Fl)
2 —Line-48_1 (1.5 mA) (5) —+Line-48_1 (1.5 mA) (Fl)
/7 ——Melting Temperature Lead ] ]
14 / LeadMelting Point
6

)

z-Position / m

10,
f e/
16
20 o4 Heavywater (D20) (Fluid
28
30
36
¥
-2.2 -2.1 -2.0 -1.9 -1.8

-1.7

z
+
1@
[

SymmetrylLine
Line 6_05
Line 12 1
Line 18 15
Line 24 2
Line 30 25
Line 36_3

Line 42_35
Line 48 4

Page27



SINQ Target Incidents

Targetll:

Many broken Zircalloy
Tubes Molten Lead
pouredinto cooling
water and blockedhe
circulation '

'i'arget8:
OneCracked Zircalloy Tubg

All Crackedlubeslocatedin the central,
high temperature target region (T>33C)

~ No or little operational consequence
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The IMPACT Project

IMPACT «Isotope andMuon Production using Advanced Cyclotron and Target technology»
-  HIMB: «Highintensity Muon Beams», up tt01° u*/s at beamline frontend (Commissionir§28)
- TATTOOSargeted Alpha Tumor Therapy and Other Oncological Solutions (Commisgi@8ihg

HIMB

TGV Y TgHz20mm €
(Replacement TargettMy5mm C)

IMPACT CDR (Conceptual Design Report) published on 01.20@2//www.psi.ch/en/impact/documents
IMPACTTDR(Technical Design Report) due 12.2024 Page2e



Concept new Target Station H (TgH) for HIMB

Target H

Wheel
Courtesy Andreas Kne+ /

Challenges

A Verylimited space for the targetnsert: ~500 mm
between2 muon capture solenoids

\\\\\\
T

Short and wide solenoids witarge fringing field
iIntroduce a vertical bend of proton beam

e
AN
Y
741/
c

N
AN

A Thicker targetZ0 mmTgHvs 5 mm TgM):
higher beam losses & activation

A Slanted targetgeometrywith large rim to maximize
muon production

Capture
Solenoids
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TgHInsert (Very Preliminary!)

Vacuum
Flang

Steel

[ Transmissio :
E§1|Eﬂ(j”1g)

Shaft

Rails for Remote

TargetRim Handling

(Graphite)

Spokes

CopperCooling

Hub adaONBSYye

Transmission

Protection

‘Gear and - Collimata
Bearings -

ProtonBeam
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TgHRegion: BIDs

Target Ansys
Insert . 2022 R

Capture
Solenoid

\ Cooling Plate
“~——Cooling Plate  KHH2

~ Collimator
Collimator ~ kHH?2

KHH1

BPM + Profile Monitor

Target RIM Collimator
; Target Chamber KHHO

Local Shielding

X<
e
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Heat Load from Protons and Secondary Particles

Cooling plate MuH3

y [mm]

-400 =200 0 200 400
Z [mm)]
Gomponent Power deposited [kKW]
Target Wheel 32 kW
LocalShielding 5 kW
Target Insert 0.225 kW
CollimatorKkHHO 58 kW
Mirror Plates (Captur&olenoid 2.5kW
Angle [deg]

Total 100 kW
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Copper Cooling Plate

Protection Collimator

Two Rim Versions (out of 7) still under investigation
- V2 Twosuperposed halivheels,24 tiles, 0.5 mm slits
- V7. One full wheel, 12 tile, 1 mm slits

- Material: PolycrystallineGraphite

- Thickness 3.5mm (effective thickness 20 mjn

- Rimwidth: 100 mm

—

Target Rim

ProtonBeam

PSI
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TgHRImM: Thermal Simulations

ANSYS simulation of one graphite tile
V2, planar equivalent geometry
Similar results for V7

Power Deposition calculated analytically: 32 kW
Beam Current: 3mA, Beam Size (0x): Imm

Power density Target H 3mA B: Steady-State Thermal ¥2 1.149
Ternperature
056 Type: Ternperature
Unit: *C
Tirne: 1
Custom
0.24
0.48 Mas: 1423.3
Min: 443,74
? 603 P
0.22 0.40
£ 1423.3
E W 5
E 020 032 2 | 12056
P ' Fa | 1098.8
2 8 u 087,06
T -0.24 9 879,11
< 0.18 N
, = L 77027
2 661,43
0.16 o I 552,50
0.16 443,74
0.08 Max. Temperature: ~1420° C
0.14
0.00
0 2 4 6

Angle [rad] Page35



TgHRImM: Structura | Simulations

Ultimate stressin tension, flexion andompressior{dataat roomtemperature):
, @M 0®
, pomd®

ae A

GNJ LIKskréndiis éncreases with temperatu(meo temperaturedependent data found for R6510):

Stress at slit: 30 MPa

Equivalent Stress

Equivalent Stress Type: Equivalent (von-Mises) Stress

& . Unit: MPa
Type: Equivalent {von-Mises) Stress Time: 15
Unit: MPa - Deformation Scale Factor: 1.0 {True Scale)
Time: 15 St t | t' 39 M P 13.05.2024 1043
- ress at Slit. a
120.99 Max
119.3 Max 107.55
106.04 94,103
92,79 80.66
79.536 Sl
66.281 zgg‘l
53.026 26,887
39.772 13.444
26517 0.0011868 Min
13.262
0.0078224 Min

TgHV2 vs V#Von Mises stress distribution along the .’
Tensile area beam paclth @3 mA Tensile area
o] > < i > —>
g 30
g
204
10 A
0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Normalised arc length [-]



Collimator KHHO Thermal and Structural Simulation

7 a0 7 i e

A Simulated independently from the target station (copper is reflective)

A Max Temperature: 206C

A Max Stress = 58 MPEITS_Cg& 150 MPa @15fC)  — =

D: Static Structural
Equivalent Stress

Temperature 9 Type: Equivalent (von-Mises) Stress

Type: Temperature
it:

u C Unit: MPa
" Time: 15

Tirme: 2000 s s

03.06.2024 10:01 11.03.2024 11:01
206.16 Max 57.665 Max
187.66 51.26
169.16 44,855
10 38451
13217 32.046
113.67 25,641
2 19.236
e 12,832
58173
39.674 Min 64267

0.02193 Min
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KHH1 and KHH2 Collimators

Function:
Clean/Shap e highly divergent beam after passing through 20 mm thick graphite target H

Prevent activation of downstream beamline components

Both KHH1 and KHH2:

TargetWhed 6 sections
30 cm length

Diverging aperture

Local Shielding——,

BeamI
Cooling Plate/ ‘ / KHH1 first section, front
protection
collimator
Beam
Vacuum chamber——— pipe

ged™"
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