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Charge, Context / Background:
• The charge has been provided by Julie; 8 questions to 

address. 
• The design presented in this review represents the 

conclusion of the project funded design effort.
– Future development work will be performed on operations 

money.
– While the target presented likely has room for improvements, 

this design will be used to meet the project key performance 
parameters (KPP’s).

• Context / Background:
– Mu2e project is under significant financial constraints.
– Target Station is significantly over budget.
– This target will be the first used and likely will not see full design 

intensity as it will take some time to tune the extraction.
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Target Requirements

• 8 GeV Protons from Delivery Ring
• Eight  43 msec long spills during 380 ms.  Then, 1020 msec 

of no beam.
• Operate for 1 year (2 x 107 seconds ~ 5555 hrs ~ 33 weeks)
• Goal is to make pions which decay to muons, and the muons 

transported to and absorbed in a stopping target.
• Goal is a target lifetime > 1 year of operation.

• Beam Power is 7.3 kW for the design intensity running 
– Used in the analysis presented here.

• A reduced intensity of 3.8 kW will be the running mode for the 
first 2-3 years of operation.
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Target Requirements

• A target change not during a scheduled shutdown effectively 
reduces the muon rate:
– Duration ~ 4 weeks (working assumed duration)
– Each change is a 12 % reduction in muons over the year of 

running (4/33 ≈ 0.12)

• Operating Cost to Replace a target is on the order of 
$100,000 (perhaps more, unlikely to be significantly less).
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Target Position Requirements

• Target Position Requirements in Mu2e docdb 887 by James 
Popp, Rick Coleman and Kevin Lynch.

• Transverse:
– Overall alignment of the target rod with respect to the beam 

transversely (i.e. x-y where the beam is along z) needs to be 
less than about 0.5 mm to avoid losing more than a few percent 
of the muon yield [4].

• Longitudinal:
– Muon yield is significantly less sensitive to target position along 

the muon channel (z), locating the target within +/-1 cm is 
sufficient
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about 75 feet end-to-end

Requirements and Design Goals:

• Maximize the stopped muons in the stopping target.
– Estimated by Simulations in G4 beamline and the Framework
– Material around the target absorbs pions and reduces the 

muons in the stopping target.
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Meeting Target Position Requirements

• Transverse: 0.5 mm
• Longitudinal: within +/-1 cm is sufficient
• This effectively Sets requirements on the spoke angles.

– To maximize the transverse rigidity, spokes should be 
perpendicular to the target long (z) axis.

– To maximize longitudinal rigidity, spokes should be parallel to 
the target long (z) axis.

• Spokes at 70 degrees to the target long axis (20 degrees to 
perpendicular) is a compromise that meets both 
requirements.
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Target Pion Production Performance
• Bob Bernstein (Fermilab) and Kevin Lynch (CUNY, York College) have 

both calculated the stopped muon production.
– Bob has used the Framework (I think this is a full Geant simulation).
– Kevin has used G4 beamline (an optimized form of Geant which 

includes some cuts to accelerate performance)
• From Kevin Lynch in mu2e docdb 26811 page 8 Summary of Yield 

Calculations:
– TDR: 0.0019 mu/POT (optimistic no supports)
– TDR Target: 0.0016
– Tier 1: 0.00156
– Hayman 2: 0.00151

• Bob has provided Edep output for Hayman2 in docdb 30629 and muon 
yield numbers in docdb 30111.
– Hayman 2:  0.001463 +/- 10 stopped muons per POT
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Target Pion Production Performance

• Results for this design are in the range of 0.001463 (Bob) to 
0.001510 (Kevin) stopped muons per POT.

• Using 0.0016 for the TDR target value based on realistic 
assumptions, this target design is 91% to 94% of the TDR 
value.  
– 5.6 % lower using Kevin’s stopped muons per POT
– 8.7 % lower using Bob’s stopped muons per POT
– 0.0015/ 0.0019 = 79% of theoretical (bare rod) version.

• The mechanical integrity improvements cost us less than 6-
9% in muon yield. The experiment spokesmen had given us 
20% to accomplish this.

• Success.
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Target Failure Modes (not in chronological order as identified by RAL):

• Melting, Tungsten melting temperature ~ 3500 K
• But, long before it melts, it softens and low mechanical 

stresses result in plastic deformations.  
– think of a stick of butter on a warm summer day.  
– Usually called Creep which is a function of Temperature, Stress, 

and Time.  Strain, ϵ, Described by Norton Creep Law:  
• Stress to the 0.9 power
• Time to the 0.3 power
• Constant B = 0.4, Q = 122 kJ/mol for 1% La2O3 doped W.
• Conclude:  Support target to minimize mechanical stress.

• Thermal Stresses.  
– Parts that heat up are constrained by those that heat up less, 

resulting in thermal stresses.
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Oxidation driven by residual 
Oxygen and Water Vapor in the 
vacuum.
• Depends on the 

concentrations of O2 and H2O 
and on the temperature.  
Negligible if the temperature is 
sufficiently low.

• Oxygen Cycle:

• Water Catalyst:

Target Failure Modes Continued, Oxidation:
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The two photographs 
show before and after 
oxidation tests performed 
by RAL with an air leak to 
a vacuum.

Better Vacuum lowers 
residual Oxygen and water 
vapor, reducing the 
material loss.

Vacuum Calculations 
indicate 1x10-5 torr around 
target.
Better vacuum limited by 
conductance of high 
vacuum line.   

Target Failure Modes Continued, Oxidation:
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Difficult to Quantify Failure Modes: Recrystallization & Radiation 
Damage.
• Recrystallization:

– Deformed grains in the material are replaced by defect free 
grains.

– Usually results in loss of strength & reduced hardness.
– Ductility usually increases
– For tungsten, starts around 1300 C, 1% La2O3 doped W raises 

this to  about 1500 C.
– Conventional wisdom is to avoid recrystallizing after cold work 

option if possible. 
• Radiation Damage:

– Very large DPA (Displacement Per Atom).
– Production of Hydrogen and Helium within the Tungsten 

Material.
– Flying blindly into this with no way to test prior to operation
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Other Constraints:

• Remote Handling System Design Very Mature.
– Started in 2014, Design effort completed.  Built, some testing 

completed.  NO opportunity to change significantly.
• Extinction Monitor looks at core of the target for out of time 

protons hitting the target (which if not identified would mimic 
the out of time signal the experiment is looking for).
– Extinction Monitor needs minimally obstructed view.

• Heat and Radiations Shield (HRS) is in fabrication.
– Target and bicycle ring mount in the HRS

• All Edep used in the target ANSYS has come from G4 
beamline simulations by Kevin Lynch CUNY- York College.
– Some results from the Framework Model by Bob Bernstein 

(FNAL)
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Images below come from the solid model (F10002515, a.k.a the integration 
model in Teamcenter) and represent the view of the target from the 
perspective of the extinction monitor.  

Extinction Monitor View of the Target:
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Design Goals to Thwart Identified Failure Modes:
• Reducing the temperature of the target solves some of the 

problems:
– Oxidation
– Creep
– Recrystallization

• Temperature does not necessarily affect the radiation 
damage or the production of hydrogen and helium, but it may 
allow better diffusion of gaseous isotopes out of the metal.  
– Extent of the impact is not well understood.

• Thermal Stress can be reduced by separating the core 
elements and giving the hot part room to expand:
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Start with the Governing Thermal Equation:

𝑃𝑃 = 𝜎𝜎 × 𝜀𝜀 × 𝐴𝐴 × (𝑇𝑇4 − 𝑇𝑇𝑏𝑏4)
• P = Energy Deposition from the Protons in the Target
• σ = Stefan-Boltzmann constant (5.67x 10-8 W/m2* K)
• ϵ = emissivity  (temperature dependent)
• A = surface area of the target
• T = temperature of the target
• Tb = temperature of the surroundings (about 305 K , 90 F)
• Absorber Power (P) is between 600 and 700 Watts.

• Conclusion, only two parameters can be adjusted to change 
the target temperature with constant power input, ϵ & A.
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Ground We have Covered:
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Starting in 2018 Analysis included emissivity as a 
function of temperature, non-uniform 
time dependent Energy Deposition (Edep) (380 msec 
of Edep, 1.02 sec of no heating).



So, What is left to change to reduce the temperature?

• The area term by adding 
fins to increase the area:
– The Strawman 1

• Peak at 1000 C
– The Strawman 3

• Peak at 1000 C
– Hangman

• Peak at 1400 C
– Hayman 1

• Peak at 1120 C

Hayman2…..
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T ~ 1000ºC

T ~ 1000ºC

T ~ 1400ºC

T ~ 1120ºC



Ingrid’s Thermal Results for Hayman2
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Erosion Rate of about 1 x 10-7 g/cm2/min
Time = 2 x 107 seconds = 3.34 x 105 min
Erosion Rate of 3.34 x 10-2 g/cm2 per year
Density = 19.3 g/cm3

Material loss = 1.73 x 10-3 cm / year
Material loss = 1.73 x 10-2 mm / year

Conclusions:
• Material Loss Failure Mode Not Likely to 

Limit the target lifetime.
• Will avoid Recrystallization since 

temperature is less than 1500 C.

Thermal Results Summary:

1/15/2020Pushka | Mu2e Target CRR22

Hayman2 Operating Range 

Core & Fin Peak 1130 C = 1403 
Spoke Peak 945 C = 1218 K
Ring Peak 967 C = 1240 K 



Target and Target Support Design Plays Nicely 
with the Remote Handling 
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Things to note:
• Fins not exactly on the 45 

degree angle, but do 
minimize the fin view from 
the extinction monitor.

• Only minor change to the 
bicycle ring from the test 
unit used for remote 
handling is the additional 
material at the 3 anchor 
points.

• Spokes at both ends are 
at the same angle.  No + / 
- 12 degree offset at each 
end.

• 15 degrees from 12, 4 and 8 
o’clock positions

View from the EOAT:
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• View as seen from the TSu.
• Pink Ring represents the 

HRS inner shell.
• Yellow represents the EOAT 

removable tooling
• White and Gray parts are 

the target, spokes, bicycle 
ring, and spoke tensioning 
hardware.

• No interferences with the 
EOAT.
• Only one area close 

with 0.019 clearance.
• No interferences with the 

HRS.

Hayman2 mounted in the EOAT
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Support Post is stainless steel, 
303. (BLUE)
Spoke is 1% La2O3 Tungsten 
Adjustment nut is 6061-T6 
Aluminum or SS as was used in 
Ingrid’s FEA (Green)
Spoke keeper parts are 303 
stainless steel for machinability.
Spring is 302 stainless steel.
Ring can be 6061 T-6 
Aluminum or SS as was used in 
Ingrid’s FEA (Green)
Roll pin used to lock Support 
post to the bicycle ring.
Details shown on next page

Cross Section thru one of the 3 support posts:
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Support Post is stainless steel, 303. 
(Translucent Green)
2 mm diameter Spoke is 1% La2O3
Tungsten (Purple)
Adjustment nut is 6061 Aluminum 
(Teal) or 303 SS

SS Aircraft Wire tie not shown (to 
prevent loosening) needs to be added.

Spoke keeper and keeper insert are 
303 stainless steel (Purple)

This is like the mechanism that holds 
the valves in place in a car engine.

Spring is stainless steel (Purple)
(McMaster Car item shown)  Could 
change to a wave spring to increase 
stiffness if needed.

Detail of Spoke Adjustment Mechanism

1/15/2020Pushka | Mu2e Target CRR27



Problem: Threading Tungsten is 
difficult and expensive.
Solution:  Grab spoke with a less 
expensive groove in the spoke and 
use a split valve keeper.

(haven’t found commercial ones for 
4 mm diameter valve stems.  5 mm, 
& 7 mm are common)

Note we added a bit of clearance to 
assemble this (image not updated 
here, see next page). 
Note 3:1 taper on spoke diameter 
change for stress reduction.
Have added additional taper at the 
target end for stress reduction since 
last shown.

Detail of Spoke Adjustment Mechanism (2)
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Note we added a bit of clearance to assemble this: 

Detail of Spoke Adjustment Mechanism (2)
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In our review in July two suggestions were 
made:
1. Attempt to include a keeper over the small 

bits in case a spoke fails so that parts stay 
together during target removal.
• Able to do in 4 of 6 locations.
• Two spots interfere with inner surface of HRS

2. Consider a basket under target to catch 
any bits that break off.
• Was proposed in 2015.
• Interferes with existing remote handling scraper.
• Additional material likely has negative impact on 

stopped muons, unable to get this simulated in 
G4

• Potentially could increase target temperature as 
this acts as a thermal shield.

• Result:  not incorporated.

Keeper
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Max Load, 2.09 pounds = 9.2 Newtons
McMaster Carr Part Number 9435K35
10 Newtons has been about the spoke tension discussed and analyzed in 
the vibration studies by RAL.
2 N is the optimum to ensure the spokes are always under tension with 
minimal deflection without losing significant preload with beam on.
Lower tension = lower stress = lower creep & higher tension = higher stress 
= higher creep, but higher natural frequency of assembly.
Tunable parameter after target assembled.

The Spring:
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• 4.1 mm diameter hole in the target 
ring.

• 5 mm diameter half hemisphere on 
the spoke fits into a female ground 
sphere section in the ring.
• Ball and Socket joint.

• Cold end (4 mm diameter) of the 
spoke enters the ring first during 
assembly.

• Ran a simple ANSYS to evaluate 
the stress at the ball / rod interface 
& ring after our review in July.
• Revised design and re-ran 

ANSYS to show stress 
reduction.

Spoke at the Target End
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• End Rings are separate objects:
• Simplifies fabrication
• Reduces thermal stress 

between hot fins and cold 
rings.

• Assembly clearance is 
sufficient to allow thermal 
growth of fin without loading 
ring.

• Analysis indicates T operating = 
1000 C (too high to use Inconel).

• Horizontal component of spoke 
tension keeps ring on target.

• Modified notch and target end 
based on fabrication feedback 
which also reduces stresses.

Target to Ring Connection:
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Stress and Creep 
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Consider Creep:

• A function of Temperature, Stress, and Time.  Strain, ϵ, 
Described by Norton Creep Law:  
– Stress to the 0.9 power
– Time to the 0.3 power
– Constant B = 0.4, Q = 122 kJ/mol for 1% La2O3 doped W.
– Conclude:  Support target to minimize mechanical stress
– Source: 
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Quantify Allowable Stress for Acceptable Creep:

• Time = 2 x 107 seconds = 5555.6 hours
• Maximum Desired Deformation set at .5 mm

– An analysis by Kevin Lynch on the stopped muon production for 
a rod target deformed by 2 mm from several years ago 
indicated little change in production for this deformation.

– At 0.5 mm, the P-Delta effect should be small
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Hand Calculated Stresses in Target and Spokes:

• Target Bending Stress:
– Moment of Inertia (rolled at 15 degrees) = 1205 mm4

– Bending stress for a simply supported beam (assume uniform 
loading (not perfectly true) = 0.99 MPa
at 1130 C

• Target Axial Stress:
– Axial Area = 12 mm2

– Axial Load due to target + rings weight = 0.586 N
– Axial Stress due to target weight = 0.048 MPa
– Axial Stress due to 3 sets of pre-loaded spokes 

(at 2 N each)= 0.17 MPa; (at 10 N each) Axial Stress = .85 MPa
– Total Axial Stress = 0.219 MPa

at 1130 C
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Hand Calculated Stresses in Target and Spokes:

• Spoke Stresses:
– Based on 2 N preload:

• 2 mm diameter, A = 3.142 mm^2, = 3.14x10-6 m2

• Stress = 6.37x10-5 N/m2 = 0.6 MPa
– For 10 N Preload:

• Stress = 3.18x10-4 N/m2 = 3.0 MPa
– Load for Target Weight of 2.738 N (mass = 0.274 kg) and two 

rings each with weight of 0.281 N (mass = 0.0287 kg each).
Vertical Load component at each end is: 1.65 N

– Spoke tension = 1.65 N / (20 Cos * 15 Cos) = 1.81 N
– Spoke Stress for target weight = .58 MPa
– Total spoke stress (for upper spokes) = 1.2 MPa to 3.6 MPa

at 945 C
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Resulting Hand Calculated Stresses for Acceptable Creep:
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Ingrid’s Stress and Deflection Results for Hayman2
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Status of Fabrication Drawings for Hayman2
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Drawings Released in Teamcenter (except for one common part (a 
commercial component, no drawing needed to procure).
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Fabrication Drawings in Teamcenter:



Target Drawings

• Drawings were extracted from Teamcenter 1-9-2020 and 
PDF’s are in a zip file in the Mu2e docdb 30814.
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Target in the Bicycle Ring Drawing
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Target Model in Teamcenter
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Recommendations from Previous Reviews
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Recommendations from Previous Reviews:
• 2018 IPR: Develop a plan for the final target design and procurement that 

satisfies the Mu2e requirements by the next DoE/OS IPR.
– A plan was developed and executed to modify the design of the Production 

Target to ensure that it meets the requirement to survive for at least a year at 
nominal beam intensity. Oxidation and creep are the main issues. These have 
been addressed through the addition of fins that reduce the temperature 
significantly and stiffen the target against creep, and by changing the solid 
tungsten rod to a series of smaller tungsten pieces separated by gaps. The 
addition of additional material does decrease the stopped muon yield, but this 
is acceptable compared to the risk of downtime associated with changing a 
target in the middle of a run. 
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Recommendations from Previous Reviews:
• 2019 TSD Review on November 15th:

– 1. Document a maximum tolerance stack-up with regards to target assembly, alignment, deformation (including creep) 
and beam positioning concerns. Determine if possible offset is within experimental positioning requirements. 

– 2. Perform FEA iteration for two additional scenarios listed below. Confirm target/target assembly stress, temperature, 
& deformation remain within engineering or physics limitations given continuous operation at this offset for 1 year @ 
8kW for scenario (b). 

• a. Accident condition assuming rapid extraction occurs as opposed to slow extraction. 
• b. Continuous operation with beam center at greatest possible offset relative to target due to possible 

alignment/creep/etc… stack-up documented above. 
– 3. Ensure creation and independent review, or confirmation thereof, of supporting documents related to target 

interfaces, assembly procedures, installation/retraction plans, testing, & commissioning are performed. 

• Interpretation of these recommendations:
– 1. Document that the target can be adjusted into the proper place considering 

all the fabrication tolerances.  This is a work in progress.
– 2. FEA with Single turn extraction & Off-Axis steady state beam FEA .  Both 

evaluations will occur after FEA resources become available again 
(transitioned to performing LBNF work in the short term).

– 3. Document the target assembly & alignment procedures.  (Installation 
machine testing and commissioning is outside the scope of the target CRR).  
This is work in progress.
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Previous Off-Axis Analysis results:
• In Docdb 2406 (circa 2012) by RAL a rod target was analyzed for a 2 mm 

off-set beam.  Results include the following images with nominal beam 
position on the left, 2 mm off-set bean on the right:
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Risks
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Risks:
• Target had two risks in the risk registry; both transferred to 

operations circa 2014.  
• Obviously, general risks concerning manpower, fabrication 

difficulties remain, although not captured in the registry.
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Fabrication and QA Procedures
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Fabrication:
• Greg Bulat, Fabrication Specialist, visited Unified Tool on 

1/3/2020 to review the latest drawings and discuss this 
difficulty of this fabrication, see email below:

• This is consistent with previous discussions with Unified and 
other EDM capable vendors.

• The target can be built
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Quality Assurance Procedures:
• The components (target, spokes, bicycle ring, etc) will all be procured as 

build-to-print items.
• Acceptance criteria are the dimensions and tolerances shown on the 

fabrication drawings.
– There is not a separate written specification.
– Will require material certificate of conformance (COC) and certified 

test report (CTR)
• Upon receipt, the completed parts will be measured using standard 

machinists measuring tools (dial calipers, micrometers, surface plate, etc.) 
to confirm dimensions have been met within specified tolerances.
– CMM measurements are not required.

• Mu2e Docdb 7112 include is where the above is documented says:
– Target Specific:
– Delivered parts compared to drawings.  Deviations identified and evaluated on a case by case basis 
– Material Certificates of Conformance (COCs) and Certified Test Reports (CTR’s) compared to 

specifications.
– Target in bicycle ring assembly measured to verify correct target position.
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Future Work
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Future Work (on Project):
• Target Design Work Funded by the Project is finished.

– (regardless of the outcome of this review, the project has spent the budget)

• Will Perform cross check of EDEP from the Framework model 
(Bob Bernstein) with EDEP from G4 Beamline (Kevin Lynch).
– Not likely to repeat FEA unless there is an error discovered with 

the G4 Beamline EDEP data.
• Map existing Edep data onto to ANSYS model to simulate off-

axis beam and re-run ANSYS.
• Re-run ANSYS with EDEP over shorter time period to 

simulate single turn extraction accident condition.
• Design Target Alignment Tooling and Document Procedure.

– Calculate stack-up tolerances and compare to adjustment 
range.
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Future Work (Off Project):
• However, Off-Project Work Continues:

– Staff are working closely with Euclid Tech Labs, the recipient of 
a phase 1 SBIR to develop a high emissivity surface treatment 
(coating) for a tungsten target.  

– If successful, the SBIR results could be applied to a future 
target funded as part of operations.   Emissivity enhancements 
could result in a target with higher stopped muon rates in the 
stopping target because of fin area reductions.

– An LDRD full proposal was submitted for an actively cooled 
Mu2e II target design, capable of being tested in the existing 
Mu2e facility. 

• If built using operations funds after the LDRD design effort, this is a 
potential actively cooled back-up Mu2e target. 
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Conclusions
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Conclusions:

• Target Core Visible by Extinction Monitor
• Support matched to transverse and longitudinal position 

requirements
• Works with existing remote handling equipment
• Stress and Temperatures result in Operating conditions below 

the Curve where Creep will exceed the desired displacement 
over 1 year of operation

• Tungsten oxidation rate calculated to be negligible over 1 
year of operation.

• Stopped Muon Production approximately 90+% of the 
realistic TDR value.
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