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� Audience 
¡  undergrads and incoming graduate students 

� Purpose 
¡  familiarize newcomers with both the underlying physics and the 

technical details of the Mu2e experiments 

�  Informal 
¡  Plan for a short overview of a topic, followed by questions and 

discussion 
¡  Later, students can talk about what they’re working on. 
¡  We take requests. 
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�  The muon was originally discovered 
1936 Anderson and Neddermeyer 
while studying cosmic ray data 

�  Hypothesized to be Yukawa’s 
proposed mediator of the nuclear 
binding force, but did not interact 
strongly 
¡  Yukawa’s particle was the pion 

�  Excited electron? 
¡  If so, expect 
¡  Not seen! 

�  The muon was observed to decay to 
electron+”something invisible” with 
a spectrum consistent with a three 
body decay 
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µ→ e+γ

Fast forwarding (and skipping a bunch of stuff)… 



� Based on the work of Richard Feynman and others, we 
now view the electric field as the discrete exchange of 
photons. 

�  If the probability is high enough, you exchange a lot of 
photons and quantum è classical again. 

June 22, 2015 Mu2e Lunch Talk 4 

Classical picture: charged 
particles produce “fields”, which 
exert forces on other particles  

Quantum picture: charged particles 
have a probability of exchanging 
“virtual photons” 

“Feynman Diagram” 



� QED became the basis for our models of the other 
forces. 
¡  In quantum mechanics, a “force” is something that changes the 

“state” of a particle, which can sometimes mean changing it into 
another particle. 

�  And that’s just the beginning… 
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QED Weak Interaction Neutrino 

Proton 

“W” (like a photon but 
about 100 times as 
heavy as the proton!) 
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Combine 
to form 

hadrons 

Free 

Mediate 
interactions 

Weak charged current 
interactions “flip” 
fundamental fermions 
(analogous to spin flip) 

Fermions Bosons 

Neutrino mixing 



�  We can generalize these Feynman Diagrams and change their 
orientation to explain every type of particle interaction there is 

 

�  They’re literally the basis of everything we do here. 
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n→ p+ e− +νe

beta decay

e+e− → µ+µ−
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l le lµ
µ− 1 0 1
total 1 0 1

l le lµ
e− 1 1 0
νe −1 −1 0
νµ 1 0 1

total 1 0 1

l le lµ
µ− 1 0 1
p 0 0 0

total 1 0 1

l le lµ
νµ 1 0 1

n 0 0 0
total 1 0 1

muon decay 

CCQE 

Both lepton number and lepton “flavor” (generation) 
number are individually conserved* 

*except in neutrino mixing 



�  Forbidden in Standard Model 

�  Observation of neutrino mixing shows 
this can occur at a very small rate 

�  Photon can be real (µ->eγ) or virtual 
(µN->eN) 

�  Standard model branching ration  
~O(10-52)  (effectively zero) 

µ− e−

0Z

Flavor Changing Neutral 
Current (FCNC): 

Higher order dipole “penguin”: 

µν eν

Virtual ν mixing 

W
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µ−

0Z

µ−

Neutral Current Scattering 

OK 



� Because extensions to the Standard Model couple the 
lepton and quark sectors, Charged Lepton Flavor 
Violation (CLFV) is a nearly universal feature of such 
models. 

� The fact that it has not yet been observed already 
places strong constraints on these models. 

� CLFV is a powerful probe of multi-TeV scale dynamics: 
complementary to direct collider searches 

� Among various possible CLFV modes, rare muon 
processes offer the best combination of new physics 
reach and experimental sensitivity 
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? 

? 

? 

Flavor Changing 
Neutral Current 

� Mediated by massive neutral Boson, e.g. 
¡  Leptoquark 
¡  Z’ 

¡  Composite 

� Approximated by “four fermi 
interaction” 

Dipole (penguin) 

�  Can involve a real photon 

�  Or a virtual photon 

? 

? 

? 

June 22, 2015 11 Mu2e Lunch Talk 

µ e

?



� Only the “dipole”-like reactions can lead to a decay 

� However, if we capture a muon on a nucleus, it could 
exchange either a virtual photon or other (unknown) 
neutral boson with the nucleus 
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µ
e

γ

?
µ→ e+γ

µ e

γ *

? µ e

?



�  Similar to µ→eγ, with important advantages:	


¡  No combinatorial background. 
¡  Because the virtual particle can be a photon or heavy neutral boson, this 

reaction is sensitive to a broader range of new physics. 

�  Relative rate of µ→eγ and µN→eN  is the most important clue 
regarding the details of the physics 

µ

~105 MeV e-  

•  When captured by a nucleus, a muon will 
have an enhanced probability of exchanging 
a virtual particle with the nucleus. 

•  This reaction recoils against the entire 
nucleus, producing a mono-energetic 
electron carrying most of the muon rest 
energy 
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Ee =mµc
2 −

mec
2( )
2

2mNc
2



�  We can parameterize the relative 
strength of the dipole and four fermi 
interactions. 

 
 

?

?

?
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Λ ≡ "mass scale" of intermediate particle(s)
κ ≡  relative strength of two terms (1 ~ equal)

Total rate ∝ 1
Λ4

Courtesy: A. de Gouvea 
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Mu2e is   
               ~ 104 TeV
                               
LHC is   
               ~ 10 TeV

Can’t Build those 
accelerators

Need multiple 
experiments to pin 
down theory κ

Muon-Electron Conversion and µ→e

Λ (TeV)

10 3

10 4

10 -2 10 -1 1 10 102

EXCLUDED (90% CL)

B(  → eγ)=10-13

B(  → e conv in 27Al)=10-16

B( μ  → e conv in 27Al)=10-17

μ

μ 

SINDRUM II

MEG GOAL

MEGA

Mu2e

MEG
SINDRUM-II

Λ



Example Sensitivities* 

CΛ = 3000 TeV

-4
HH µµµeg =10 ×g

Compositeness 

Second Higgs 
doublet  

ʹ′

→

2
Z

-17

M = 3000 TeV/c
B(Z µe) <10

Heavy Z’,        
Anomalous Z    

coupling 

Predictions at 10-15 
Supersymmetry 

2* -13
µN eNU U =8×10

Heavy Neutrinos 

L

2
µd ed

M =

3000 λ λ  TeV/c

Leptoquarks 

*After W. Marciano 
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�  Best Limits 
¡  Rµe<7x10-13 (Sindrum-II 2006) 
¡  Br(µèeγ) < 2.4x10-12 (MEG 2011) 

¡  Br(µè3e) < 1x10-12 (Sindrum-I 1988) 
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CLFV history

Concept of generations

• Muon is not an excited
electron

• µ⇥ e� limits: two
neutrino hypothesis

Constraints on models of
new physics 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

-1910

-1710

-1510

-1310

-1110

-910

-710

-510

-310

-110
1

Today’s best limits
Rµe < 7� 10�13 SINDRUM-II 2006

Br(µ⇥ e�) < 2.4� 10�12 MEG 2011

Br(µ⇥ 3e) < 1� 10�12 SINDRUM-I 1988

Mu2e goal
Single event sensitivity
Rµe = few� 10�17

Andrei Gaponenko 13 TRIUMF 2013-01-17

Mu2e will measure: 

Not quite  
apples-to-apples,  
but… 

Rµe ≡
Γ µ−N(A,Z )→ e− +N(A,Z)( )

Γ µ−N(A,Z)→  νµ + %N (A,Z-1)( )

Goal: single even sensitivity of Rµe=“a few”x10-17 



�  Most backgrounds are 
prompt with respect to the 
beam 
¡  Caused either by production or 

capture or muons 

�  Previous experiments 
suppressed these 
backgrounds by vetoing all 
observed electrons for a 
period of time after the 
arrival of each proton. 
¡  This leads to a fundamental to a 

rate limitation. 

µ->e Conversion: Sindrum II 

( )
( )

12103.4
capture

−
−

−−

×<
→Γ

→Γ
≡

Ti
TieTiR e µ

µ
µ

 DIO tail 
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Cosmic 
Background 



� Eliminate prompt beam backgrounds by using a primary 
beam consisting of short proton pulses with separation 
on the order of a muon life time 

� Design a transport channel to optimize the transport of 
right-sign, low momentum muons from the production 
target to the muon capture target. 

� Design a detector which is very insensitive to electrons 
from ordinary muon decays  

~200 ns ~1.5 µs 

Prompt 
backgrounds 

live window 
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•  Muons from bunch are 
captured on nuclei in target 

•  Wait for prompt backgrounds 
to subside 

•  Look for muons to decay (or 
convert!) 
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�  Very high rate 
�  Peak energy 52 MeV 
�  Must design detector to be very 

insensitive to these. 

�  Nucleus coherently balances 
momentum 

�  Rate approaches conversion 
(endpoint) energy as  
(Econversion-E)5 

�  Drives resolution 
requirement.  

N 

−e
−µ eν

µν
−µ eν

µν

−e

In-flight Decay: Coherent DIO: 
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negligible   95.56  MeV 10.08 MeV .0726 µs ~0.8-1.5 Au(79,~197) 

0.16 

0.45 

Prob decay 
>700 ns 

104.18 MeV 

104.97 MeV 

Conversion 
Electron Energy 

1.36 MeV .328 µs 1.7 Ti(22,~48) 

0.47 MeV .88 µs 1.0 Al(13,27) 

Atomic Bind. 
Energy(1s) 

Bound 
lifetime 

Rµe(Z) / 
Rµe(Al) 

Nucleus 

⇒Aluminum is nominal choice for Mu2e 

�  Determining the Z dependence is very important, but 
�  Lifetime is shorter  for high-Z 

¡  Decreases useful live window 

�  Also, need to avoid background from radiative muon capture 

      
  

−+

ʹ′→

ee
NN γνµ µ ⇒Want M(Z)-M(Z-1)  

< signal energy 
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p
π

π
π

µ
µ
µ

Hit a target 
with protons 

This produces 
mostly pions 

These quickly 
decay to muons 

π − → µ− +νµ

π + → µ+ +νµ

τ
π ±
=  26 ns

τ
µ±
=  2.2 µs

Muons go much further 



�  Production Target 
¡  Proton beam strikes target, producing mostly pions 

�  Production Solenoid 
¡  Contains backwards pions/muons and reflects slow forward pions/muons 

�  Transport Solenoid 
¡  Selects low momentum, negative muons 

�  Capture Target, Detector, and Detector Solenoid 
¡  Capture muons on Aluminum target and wait for them to decay 
¡  Detector blind to ordinary (Michel) decays, with E ≤ ½mµc2 
¡  Optimized for E ~ mµc2 
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� Generally, particles move in a 
helical trajectory 

 
� For high momentum particles, the curvature is used to 

measure the momentum 
� Low momentum particles are 

effectively “trapped” along 
the field lines 

� A particle trapped along a curved 
solenoidal field will drift out of the plane of curvature 
with a velocity 
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][
299/]/[][;

TB
cMeVpm

qB
p

== ρρ

10 MeV/c particle 
will have a radius of 
3 cm in a 1 T field 
 

vdrift =
γm
q
R̂× B̂
RB

v||
2 +.5v⊥

2( )Can be used to 
resolve charge and 

momentum! 



�  Produces pions which 
decay into muons 

�  Tungsten Target 
¡  8 kW beam 
¡  700 W in target 
¡  Radiatively cooled 

�  Heat Shield 
¡  Bronze insert 
¡  3.3 kW average heat load 
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5-94  Mu2e Conceptual Design Report 

Fermi National accelerator Laboratory 

 

 
 

Figure 5.64. The Heat and Radiation Shield shown in 4 views. 

Chapter 5: Accelerator Systems 5-95 

 
Figure 5.65: Temperature profile of the Heat and Radiation Shield. 

 
The beam absorber must be able to accept the entire beam power in the event that the 

target is missed, or during pre-targeting beam tests.  The beam absorber must be placed 
outside of and well beyond the Production Solenoid to allow access to the crane hatch 
and room for remote target exchange equipment.  The beam absorber must be compatible 
with the extinction model located above and behind the beam absorber [54]. 

 
The performance of the beam absorber was evaluated for a beam power of 25 kW, 

following the initial proposal for Mu2e. Using the Revised Fermilab Concentration 
Model [55], the impact of the beam absorber on the surrounding environment was 
evaluated. The calculations demonstrated that average concentration of radionuclides in 
the sump pump discharge will be 33 pCi/ml due to tritium and 3 pCi/ml due to sodium-
22.  This is 30.5% of the total surface water limit if pumping is performed once a month 
(conservative scenario).  Build-up of tritium and sodium-22 in ground water at 4"1020 
protons per year will be as low as 0.06% of the total allowed limit over 3 years of 
operation.  Estimates show that airflow should be below 500 cfm in the configuration 
without a pipe connecting the target region to the beam dump (average flux over the 
whole hall volume is 1.65 cm-2s-1) [56]. 

 

5-90  Mu2e Conceptual Design Report 

Fermi National accelerator Laboratory 

placed in a shielded cask, and removed by the crane.  A new target would then be 
installed.  At the conclusion of the target exchange, the target insertion and extraction 
tool would be removed by the crane.  The shielding blocks would be replaced, and the 
surface hatch reinstalled.  Remote handling equipment will be designed and built during 
construction.  However, the rental of the crane (of order $100K per target exchange) 
would be an operations cost. 

 

 
Figure 5.61: The engineering design (RAL) is shown here.  The target is supported by tantalum 
spokes attached to the support ring (green). 

 
Figure 5.62: Cut-away view of the PS with the target “cartridge” inserted inside the heat and 
radiation shield, the target insertion & extraction tool, and the hot cell & manipulator arms. 
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• Axially graded ~5 T solenoid captures low energy backward and 
reflected pions and muons, transporting them toward the stopping target 

Chapter 7: Solenoids 

Mu2e Conceptual Design Report 

7-9 

muon yield at the stopping target; a lower field value would still allow the experiment 
to operate, albeit with a ~10% decrease in stopped muons.  This range is reflected in 
the PS parameter table where applicable.  

 
In this section the various Production Solenoid design features (conductor, coil, 

and cryostat) are presented.  This is followed by a summary of the studies that have 
been performed to show how the PS design meets the project’s requirements. Details 
of these studies have been documented in various design notes [9][13][14][15]. 

 

Figure 7.2. Cross Section of the 3-coil design of the axially graded Production Solenoid. 

Conductor Design 
Figure 7.3 shows a cross section of the Production Solenoid conductor. The 

conductor consists of copper-clad NbTi superconducting strand formed in a 
Rutherford cable and stabilized with structurally enhanced aluminum. The nickel 
doped aluminum alloy was chosen to be a compromise between a high RRR and good 
mechanical strength. The insulation type and thickness were chosen to meet the 
required voltage standoff while minimizing the thermal barriers that could impede 
efficient conduction cooling.   

 
The PS employs a composite cable insulation made of polyamide and pre-preg 

glass tapes. This type of insulation, originally developed for the TRISTAN/TOPAZ 
solenoid, was also used in the ATLAS Central Solenoid [18]. The cable is insulated 

Mu2e Conceptual Design Report 

Fermi National Accelerator Laboratory 

7-16 

Figure 7.9. Axial field profiles on the Production Solenoid axis. Different lines correspond to 
the maximum, zero and minimum trim currents. 

 
Figure 7.10. The design magnetic field Bz(r=0) in the PS2 region compared to field 
tolerances (dashed lines) at zero trim current. 

Magnetic Gradient 

start here

“bounce” here

Magnetic reflection  
(pinch confinement) 



�  Transports muons from production 
target to capture target 

�  Curved solenoid eliminates line-
of-sight backgrounds 

�  Collimator in center selects low 
momentum negative muons 
¡  RxB drift causes sign/momentum 

dependent vertical displacement 
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Chapter 7: Solenoids 

Mu2e Conceptual Design Report 

7-23 

• TS1 - Straight section that interfaces with the Production Solenoid. 
• TS2 - Toroid section downstream of TS1. 
• TS3 - Straight section downstream of TS2 (TS3u coils are in the TSu cryostat, 

TS3d coils are in the TSd cryostat). 
• TS4 - Toroid section downstream of TS3. 
• TS5 - Straight section downstream of TS4 that interfaces with and the 

Detector Solenoid. 

Figure 7.14. The Transport Solenoid with the significant components identified. 

The Transport Solenoid performs the following functions: 
• Pions and muons are created in the production target in the Production 

Solenoid. The Transport Solenoid maximizes the muon yield by efficiently 
focusing these secondary pions and subsequent secondary muons towards the 
stopping target located in the Detector Solenoid. High energy negatively 
charged particles, positively charged particles and line-of-sight neutral 
particles will nearly all be eliminated by the two 90° bends combined with a 
series of absorbers and collimators.   

• The TS1 field must be matched to the field of the Production Solenoid at the 
interface for optimum beam transmission. 

• There must be a negative axial gradient at all locations in the straight sections 
(TS1, TS3 and TS5) for radii smaller than 0.15 m to prevent particles from 
becoming trapped or otherwise losing longitudinal momentum. 



� Multiple layers to allow decay 
or conversion electrons to exit 
with minimal scattering 
¡  17 Aluminum foils 
¡  200 µm thick 

� Stops 49% of arriving muons 
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Chapter 8: Muon Beamline  
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Figure 8.25. The proton absorber, stopping target and stainless steel space frame that supports 
the target and proton absorber. 

 
 
 
 
 
 
 
 
 

Figure 8.26. Detail of the connection between the space frame and the internal rail system. 

Considered Alternatives to the Proposed Design  
Thin polyethylene sheet is rather difficult to support. A prototyping effort is under 

way to evaluate this concern. Alternate low Z materials with better mechanical 
properties exist (other hydrocarbon polymers or Styrofoam) and will be studied if 
necessary. 

 
The nominal shape of the proton absorber is a simple hollow cone.  Other shapes, 

such as the “blade” configuration shown in Figure 8.27, are being considered.  The 
blade alternative would allow conversion electrons to spiral through unaffected while 
still intercepting most protons. Simulations will determine which configuration is 
preferable.  

 
 

Chapter 8: Muon Beamline  
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Detector Solenoid, a significant number of muons will strike the support structure and 
produce DIO electrons.  Therefore, the support structure must be made of a high Z 
material because the endpoint of the DIO spectrum and the muon lifetime decreases 
as Z increases.  The chosen material is tungsten. 

Figure 8.22. The conversion electron momentum spectrum of a target configuration of 17 
foils (black line), 8 foils (black dots), and 33 foils (red line).  For each target configuration, 
there are 500k muons that are required to convert to an electron when stopped in the target.  

Figure 8.23. The incident muon distribution overlaid with the stopped muon distribution for 
the geometry of 17 foils.  There are approximately 500k incident muons.  

Thermal Properties 
Beam electrons and muons deposit about 400 mW of heat in the muon stopping 

target.  The heat must be dissipated through a combination of radiation and 
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Fermi National Accelerator Laboratory 
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8.3.4 Muon Stopping Target 

The muon stopping target consists of 17 circular aluminum foils that are arranged 
coaxially. They are equally spaced 50 mm apart and have a thickness of 0.2 mm.  The 
radii range from 83 mm to 65 mm and are tapered with decreasing radii in the 
direction of decreasing magnetic field. The position of the target in the Detector 
Solenoid is such that the first foil is at 1.57 T and the last at 1.30 T. 

 
There are several physics requirements [4] that limit the choice of target material 

as well as the geometry. The selected material must have a conversion energy that is 
higher than the maximum photon energy from muon radiative capture (µ- + (A, Z) # 
(A, Z-1) + X + $), which can induce background. To avoid prompt backgrounds from 
the beam, data taking begins about 700 ns after the peak of the proton beam pulse.  
The lifetime of the muon in the target material (which decreases with increasing Z) 
must be long enough that a significant portion of the muons remain after 700 ns, but 
short enough that most decay before the next arriving proton pulse at about 1700 ns. 
However, the expected conversion rate increases with increasing Z, so that it is 
advantageous to choose a material with high Z. To reach the required sensitivity, at 
least 40% of the muons must stop in the target.  Finally, the target geometry must be 
chosen to minimize energy loss from potential conversion electrons, minimize 
background contamination from sources passing through the target (beam electrons, 
cosmic rays, etc.), maximize the interception with the muon beam, and minimize the 
rate of DIO electrons that can reach the tracker. A schematic of the proposed design is 
shown in Figure 8.19. 

Figure 8.19. Schematic of the stopping target and support.  

Conversion electron spectrum: 



�  Graded field around stopping target to increase acceptance  
¡  Magnetic reflection again 

�  Uniform field in tracking volume 
�  Electromagnetic calorimeter to identify electrons. 
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It is sealed on one side by the muon beam stop, while it is open on the other side 
where it interfaces with the Transport Solenoid. The last section of the Transport 
Solenoid protrudes into the DS cryostat.  

 
The Detector Solenoid is designed to satisfy the field and operational 

requirements defined in the DS requirements document [3]. The overall structure of 
the solenoid is shown in Figure 7.33.  It consists of two sections: a “gradient section”, 
which is about 4 m long, and a “spectrometer section” of about 6 m. The magnetic 
field at the entrance of the gradient section is 2 T and decreases linearly to 1 T at the 
entry of the spectrometer section, where it is uniform over 5 m.  

 
Figure 7.33.  Overall structure of the Detector Solenoid coils and cryostat. 

The Detector Solenoid coil design is based on a high purity aluminum sheath 
surrounding a NbTi Rutherford cable. This type of conductor has been used 
successfully in many similar superconducting detector solenoids. Aluminum has very 
small resistivity and a large thermal conductivity at low temperatures providing 
excellent stability. Furthermore, aluminum stabilized conductors can be extruded in 
lengths of several kilometers. Precise rectangular conductor shapes can be obtained, 
allowing for high accuracy in the coil winding.  

 
Two types of conductor are required; both 20 mm high. The “narrow” (5.25 mm 

wide) conductor will be used in the DS gradient section, while the “wide” (7 mm 
wide) conductor is used in the spectrometer section. The dimensions are optimized to 
give the required field when identical current is transported in both conductors. The 
conductors contain Rutherford-type NbTi cables with 12 and 8 strands, respectively. 
The strands have a diameter of 1.3 mm, a SC/Cu ratio of 1, and a critical current of 

µ Stopping 
Target 

Proton 
Absorber 

Tracker EM Calorimeter 
Muon Absorber 



Production 
Solenoid 

Transport 
Solenoid 

Detector 
Solenoid 

June 22, 2015 31 Mu2e Lunch Talk 

Decreasing field 
prevents particle 
trapping and 
excessive straggling 
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Tracker

No material in the middle
• Only tracks with

pt > 53 MeV/c
can make hits

• DIOs from the peak do not
touch the tracker

Andrei Gaponenko 52 TRIUMF 2013-01-17

Calorimeter

Chapter 10: Calorimeter 

Mu2e Conceptual design Report 
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10.3 Proposed Design 
In the 100 MeV energy regime, a total absorption calorimeter employing a 

homogeneous continuous medium is required to meet the resolution requirement. This 
could be either a liquid, such as xenon, or a scintillating crystal; we have chosen to 
investigate the latter. Two types of crystals have been considered for the Mu2e 
calorimeter: lutetium-yttrium oxyorthosilicate (LYSO) and a new version of lead 
tungstate (PbWO4), called PWO-2. The design selected for the Mu2e calorimeter uses an 
array of LYSO crystals arranged in four vanes of 11 " 44 crystals that are approximately 
1.3 m long.  A lead tungstate-based alternative will also be briefly described, as will an 
alternative disk-based geometry.  Electrons following helical orbits spiral into the side 
faces of the crystals, colored red in Figure 10.2. Photodetectors, electronics and services 
are all arranged on the opposite face.  

 
The 4-vane geometry has been optimized (see below) for the best acceptance at a 

given crystal volume (i.e. cost).  The alternative disk geometry allows a further 
improvement in acceptance. Each vane is composed of a matrix of LYSO crystals, 
described below.  The crystal dimensions are 3 " 3 " 11 cm3; there are a total of 1952 
crystals.  Each crystal is read out by two large area APDs.  Solid state photo-detectors are 
required because the calorimeter resides in the 1 T magnetic field of the Detector 
Solenoid (DS). Front end electronics reside on the detector and digitizers for each 
channel are placed inside the DS.  A flasher system provides light to each crystal for 
relative calibration and monitoring purposes.  A source system provides absolute 
calibration and an energy scale. The crystals are supported by a lightweight carbon fiber 
support structure.  Each of these components is discussed in the sections that follow. 

Figure 10.2. The Mu2e calorimeter, consisting of an array of LYSO crystals arranged in 4 vanes.  
Electrons spiral into the red faces. 

• 4 vanes of LYSO crystals
• Independent energy and

position measurement
• Particle ID
• Independent trigger

Andrei Gaponenko 53 TRIUMF 2013-01-17

Most decays (pT<53 MeV/c) go 
down the middle (vacuum) 

Conversions hit 
multiple planes. 

Helical trajectory 

Electromagnetic 
Calorimeter to tag 

electrons 



�  To achieve the required resolution, must keep mass as low as possible 
to minimize scattering 

�  We’ve chosen transverse planes of “straw chambers” (21,600 straws) 

�  Advantages 
¡  Established technology 
¡  Modular: support, gas, and electronic connections at the ends, outside of 

tracking volume 
¡  Broken wires isolated 

�  Challenges 
¡  Our specified wall thickness (15 µm) has never been done 
¡  Operating in a vacuum may be problematic 
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Figure 9.2. Outline of a tracker panel. Dimensions are in millimeters. 

 
Figure 9.3. Edge view of a panel showing the arrangement of straws within a panel. 
Dimensions are in millimeters. 

e− • Track ionizes gas in tube 
• Charge drifts to sense 
wire at center 

• Drift time gives precision 
position 



1992 Proposed as “MELC” at Moscow Meson Factory 

1997 Proposed as “MECO” at Brookhaven 
   (at this time, experiment incompatible with Fermilab) 

1998-2005 Intensive work on MECO technical design 

July 2005 Entire rare-decay program canceled at Brookhaven 

2006 MECO subgroup + Fermilab physicists work out means to mount 
experiment at Fermilab  

October 2007 Mu2e letter of intent submitted to Fermilab 

Fall 2008 Mu2e Proposal submitted to Fermilab 

November 2008 Stage 1 approval. Formal Project Planning begins 

November 2009 DOE Grants CD-0 

2013 DOE Grants CD-1 

2015  DOE Grants CD-2/3b 
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Start civil and magnet construction 



§  Fermilab 
Ø  Built ~1970 

Ø  200 GeV proton beams 
Ø  Eventually 400 GeV 

Ø  Upgraded in 1985 
Ø  900GeV x 900 GeV p-pBar collisions 
Ø  Most energetic in the world ever since 

Ø  Upgraded in 1997 
Ø  Main Injector-> more intensity 
Ø  980 GeV x 980 GeV p-pBar collisions 
Ø  Intense neutrino program 

Ø  Soon the second most powerful collider 

Ø  What next??? 

Ø  With the LHC now the highest energy 
collider, Fermilab must focus on different 
types of physics.  

until recently 
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• Accelerates the 400 MeV beam from  
the Linac to 8 GeV 
• Operates in a 15 Hz offset resonant circuit 

• Cannot make required beam structure 

• That’s why MECO wasn’t proposed there 

• Sets fundamental clock of accelerator  
complex 

•  More or less original equipment 

•  40+ years old 

•  Supplying beam to neutrino program and Mu2e will require ~doubling output 

•  Hardware limits è Improve RF system 

•  Radiation limits è Improve acceleration efficiency 
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è “Proton Improvement Plan” (whole separate talk) 
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Booster 

Main Injector/
Recycler 

Delivery Ring  
(formerly pBar Debuncher) 

Mu2e 

Ø  One Booster “batch” is 
injected into the Recycler 
(8 GeV storage ring). 

•  4x1012 protons 

•  1.7 µsec long 

Ø  It is divided into 4 
bunches of 1012 each 

Ø  These are extracted one 
at a time to the Delivery 
Ring 

•  Period = 1.7 µsec  

Ø  As a bunch circulates, it is 
resonantly extracted to 
produce the desired beam 
structure. 

•  Bunches of ~3x107 
protons each 

•  Separated by 1.7 µsec 



�  Extracting all the beam at once is easy, but 
we want to extract it slowly over ~60 ms 
(~35,000 revolutions) 

�  Use nonlinear (sextupole) magnets to drive a 
harmonic instability 

�  Extract unstable beam as it propagates 
outward 
¡  Standard technique in accelerator physics 

39 

Extraction Field 

Septum 

Unstable beam motion 
in N(order) turns 

Lost beam 

Extracted beam 

June 22, 2015 Mu2e Lunch Talk 

x

!x



�  Detail: 
¡  3x107 p/bunch 
¡  1.7 µsec bunch spacing 
¡  ~30% duty factor 
¡  ~1.2x1020 protons year 
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analysis below is 3"1012 protons, whereas, the peak intensity of the present design is a 
factor of three lower (1"1012 protons). 

 

 
Figure 5.4. This figure shows the first eight Booster ticks of a Main Injector cycle. Proton batches 
are injected into the Recycler at the beginning of the cycle and again at the fourth tick.  After each 
injection, the beam is bunched with 2.5 MHz RF and extracted one bunch at a time. 

5.2.1 Space Charge 
At Mu2e beam intensities the self-defocusing space charge field of the circulating 

beam is not small in comparison to the external focusing field of the lattice quadrupole 
magnets.  Space charge defocusing shifts the betatron tune downward relative to the bare 
lattice tune.  Furthermore, the amount of tune shift depends on the betatron amplitude of 
a circulating particle. Small amplitude particles are subject to the largest tune shifts while 
large amplitude particles undergo the smallest tune shifts. Thus, a beam containing 
particles with a wide distribution of betatron amplitudes will see a wide distribution of 
tune shifts.   
 
 

1.33 sec Main Injector cycle 5-4  Mu2e Conceptual Design Report 

Fermi National accelerator Laboratory 

 
Figure 5.2. The accelerator timeline is shared between Mu2e and NO!A.  The blue and red bars 
represent Mu2e and NO!A proton batch injections respectively. Mu2e Recycler Ring beam 
manipulations occur in the first eight 15 Hz ticks.  NO!A proton batches are slip-stacked during 
the remaining twelve 15 Hz ticks.  The total length of a cycle is 20 ticks = 1.333 sec. 

The preparations required for the existing Antiproton Source beamlines and for the 
Delivery Ring for the Mu2e experiment are largely equivalent to the requirements of the 
Muon g-2 experiment. Thus, the Delivery Ring and proton transport preparations for both 
experiments will be accomplished as an Accelerator Improvement Project (AIP). The 
conceptual design for this AIP is given in Reference [6]. 

 
The Delivery Ring to Mu2e target external beamline is a new facility that transports 

the proton beam to the Mu2e pion production target (Section 5.7). The external beamline 
contains a beam extinction insert that removes out-of-time beam to the required level 
(Section 5.8).  Upon arrival at the Mu2e pion production target, the beam interacts with a 
tungsten target inside the shielded super-conducting production solenoid (Section 5.1).  
The resulting pions decay, producing the muons that will ultimately constitute the muon 
beam for the experiment. A Heat and Radiation Shield (HRS) lines the inside of the 
production solenoid (Figure 5.3) to prevent quenches from the heat radiated from the 
target and to protect the solenoid super-conducting coils from radiation damage. 

5.1.3 Macro Time Structure of the Proton Beam 

The Mu2e experiment must share the Recycler Ring with the NO!A experiment, 
which uses the Recycler for proton slip-stacking. This sharing is accomplished by 
performing the required Mu2e beam manipulations in the Recycler prior to the injection 
of the first proton batch designated for NO!A. There are a total of twenty possible proton 
batch injections into the Recycler Ring from the Booster within each Main Injector cycle.  
These proton injections will occur at a maximum rate of 15 Hz (one batch every 



� A set of resonant dipoles in the beam deflects beam 
such that only in-time beam is transmitted through a 
system or collimators: 
¡  Think miniature golf! 

 
� Use resonant dipoles at two frequencies 

¡  ½ bunch frequency to sweep out of time beam into collimators 
¡  High harmonic to reduce motion during transmission window 
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At collimator: At dipole: 

In time 

Out of 
time 

x

!x



� Must measure extinction to 10-10 precision 
¡  Roughly 1 proton every 300 bunches! 

� Monitor sensitive to single particles not feasible 
¡  Would have to be blind to the 3x107 particles in the bunch. 

� Focus on statistical technique 
¡  Design a monitor to detect a small fraction of scattered particles 

from target 
¢  10-50 per in-time bunch 

¡  Good timing resolution 
¡  Statistically build up precision profile for in time and out of time 

beam. 

� Goal 
¡  Measure extinction to 10-10 precision in one hour. 
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Extinction monitor

• Select positive tracks of a few GeV/c originating in the
proton target with collimators and a permanent magnet

Pe
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Andrei Gaponenko 42 TRIUMF 2013-01-17

Selection 
channel built 
into target dump 
channel 

Extinction monitor

• Observe the tracks with a magnetic spectrometer
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•  Spectrometer 
based on ATLAS 
pixels 

•  Optimized for few 
GeV/c particles 



•  µ- are accompanied by e-, π-, …   
•  Extinction system makes prompt background ~equal to 

all other backgrounds 
•  1 out of time proton per 1010 in time protons. 

•  Lifetime of muonic Al: 864 ns. 
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µ- → e-νν	


•  Ee < mµc2 – ENR – EB 

•  N ∼ (Econversion  - Ee)5 
•  Fraction within 3 MeV of endpoint ∼ 

5x10-15 
•  Defeated by good energy resolution 
 
 
 

1. Muon decay in orbit (DIO) 
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Reconstructed signal and backgrounds (CDR)
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2. Beam Related Backgrounds 
• Radiative π- capture: 
 π-N →N*γ, γZ → e+e-  

• Muon decay in flight:  
	

µ- → e-νν 

•  Since Ee < mµc2/2, pµ > 77 GeV/c 
• Beam electrons 
• Pion decay in flight: 
      π- → e-νe 
• Suppressed by minimizing beam 

between bunches and waiting 
– Need ≲ 10-10 extinction (see 

previous discussion) 

 

  
 

 

3. Asynchronous Backgrounds 
•  Cosmic rays 

•  suppressed by active and 
passive shielding 

Goal: Prompt background ~equal 
to all other backgrounds 
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� All hits from 500-1694 ns 

 
� Hits within ±50 ns conversion electron 
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Pattern recognition

Single proton pulse: particles and hits in 500–1694 ns
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Pattern recognition

Single proton pulse: particles and hits in±50 ns around conversion
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�  Cuts chosen to maximize 
signficance 

�  3.6x1020 protons on target 
¡  3 years nominal running  
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Background  Background 
Estimate 

Error 
Estimate 

Reference Justification 

Muon decay-in-orbit 0.22 ± 0.06 2085 Acceptance and energy loss 
modeling, spectrum 
calculation; reconstruction 
algorithm 

Cosmic Rays 0.05 ± 0.013 CDR Statistics of sample 
Radiative Pion Capture 0.03 ± 0.007 2085 Acceptance and energy loss 

modeling 
Pion decay In-Flight 0.003 ± 0.0015 2085 Cross-section, acceptance 

and modeling 
Muon decay In-Flight 0.01 ± 0.003 2085 Cross-section, acceptance 

and modeling 
Antiproton Induced 0.10 ± 0.05 2121 Cross-section, acceptance 

and modeling 
Beam electrons 0.0006 ± 0.0003 2085 Cross-section and acceptance 

(this is an upper limit) 
Radiative muon capture < 2 x 10-6 – 1230 Calculation 

Total 0.41 ± 0.08 2085 Add in quadrature 
Table 3.1. Summary of background estimates and errors.  Mu2e-doc-2085 is a more detailed 
summary with references. 

 
Parameter Value 

Running time @ 2 % 107 s/yr.  3 years 

Protons on target per year 1.2 x 1020 

µ– stops in stopping target per proton on target 0.0016 

µ– capture probability 0.609 

Fraction of muon captures in live time window 0.51 

Electron Trigger, Selection, and Fitting Efficiency in Live Window 0.10  

Single-event sensitivity with Current Algorithms 5.6 % 10–17 

Goal 2.4 % 10–17 

Table 3.2. The expected sensitivities for a three year run. The numbers for the ‘current 
algorithms’ reflect results using the preliminary track recognition package, while the ‘Goal’ is the 
result when the anticipated level of efficiency for track recognition has been achieved. The 
preliminary package has met the interim goal of 50% of the eventual expected reconstruction 
efficiency. 

Reconstructed signal and backgrounds (CDR)
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Single Event Sensitivity: Rµe=2x10-17 



� Backgrounds 

 
� Bottom line: 

¡  Single event sensitivity:  Rµe=2x10-17 

¡  90% C.L. (if no signal)  :    Rµe<6x10-17  
¡  Typical SUSY Signal:  ~50 events or more 
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Backgrounds and sensitivity (CDR)

3 years of 1.2� 1020 protons/year (8 kW beam power)

Background description Expected events
Muon decay in orbit 0.22± 0.06
Antiproton induced 0.10± 0.05
Cosmic rays 0.05± 0.013
Radiative pion capture 0.03± 0.007
Muon decay in flight 0.01± 0.003
Pion decay in flight 0.003± 0.0015
Beam electrons 0.0006± 0.0003
Radiative muon capture < 2� 10�6

Total 0.41± 0.08

Preliminary code: ⇤ 5� 10�17 single event sensitivity
Code improvements: expect ⇤ 2� 10�17
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4 order of 
magnitude 
improvement! 
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�  Maximizing the intensity of the Main Injector will require replacing 
Fermilab’s aging proton source. 

�  In 2007 the Fermilab Long Range Steering committee endorsed a 
design based on a linac incorporating ILC RF technology 
¡  Temporarily named “Project X” 

�  Specification has undergone many iterations.  Current incarnation 
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Muon program driven by 3 
GeV CW linac beam 



� Both prompt and DIO 
backgrounds must be 
lowered to measure 

� Must upgrade all aspects 
of production, transport 
and detection. 

� Must compare different 
targets. 

� Optimize muon transport 
and detector for short 
bound muon lifetimes. 

� Backgrounds might not be 
as important. 

Yes No 

Mu2e 
Signal? 

Rµe ~ 10-18 
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• Vary Z  to probe new physics

Vγ

S
D

VZRate /Rate in Al

Z

1
Al

Ti

Pb

V. Cirigliano, R. Kitano, Y. Okada, P. Tuzon., arXiv:0904.0957 [hep-ph]; 
Phys.Rev. D80 (2009) 013002 
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RAu
µ→e

Rµ→eγ

RAl
µ→e

s13

θ13 : G. Fogli et al., arXiv:1205.5254 

V. Cirigliano,  B. Grinstein, G. Isidori, M. Wise 
Nucl.Phys.B728:121-134,2005

 1σ band on θ13

x7 from 
Au to Al

Now we 
know this! 



�  At our level of sensitivity, we hit fundamental limits with this technique 
¡  Simply increasing the proton flux will not improve the limit dramatically 

�  Improve momentum resolution for the ~100 MeV electrons to reject high 
energy tails from ordinary DIO electrons. 
¡  Limited by multiple scattering in target and detector plane 

 è go to bunched, mono-energetic muon beam, allowing for thinner target 

�  Allow longer decay time for pions to decay 
�  Both of these lead to a decay/compressor ring 

�  Other issues with increased flux 
¡  Upgrade target and capture solenoid to handle higher proton rate 

¢  Target heating 
¢  Quenching or radiation damage to production solenoid 

¡  High rate detector 

�  All of these efforts will benefit immensely from the knowledge and 
experience gained during the initial phase of the experiment. 

�  If we see a signal a lower flux, can use increased flux to study in detail 
¡  Precise measurement of Rµe 

¡  Target dependence 
¡  Comparison with µ→eγ rate 
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�  We have proposed a realistic experiment to measure 

¢  Initial single event sensitivity of Rµe=2x10-17 

¢  This represents an improvement of four orders of magnitude compared to the 
existing limit, or over a factor of ten in effective mass reach. For comparison 

�  TeV -> LHC = factor of 7 
�  LEP 200 -> ILC = factor of 2.5 

�  ANY signal would be unambiguous proof of physics beyond the 
Standard Model 

�  The absence of a signal would be a very important constraint on 
proposed new models. 

Rµe ≡
Γ µ−Al→ e− +Al( )

Γ µ−Al→  All Captures( )( )
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“Preac” - Static 
Cockroft-Walton 
generator accelerates H- 
ions from 0 to 750 KeV.   

“Old linac”(LEL)- accelerate 
H- ions from 750 keV to 116 
MeV 

“New linac” (HEL)- 
Accelerate H- ions from 
116 MeV to 400 MeV 
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•  The Main Injector can accept 8 GeV 
protons OR antiprotons from 

•  Booster 

•  The anti-proton accumulator 

•  The 8 GeV Recycler (which shares 
the same tunnel and stores 
antiprotons) 

• It can accelerate protons to 120 GeV (in a 
minimum of 1.4 s) and deliver them to  

•  The antiproton production target. 

•  The fixed target area. 

•  The NUMI beamline. 

• It can accelerate protons OR antiprotons 
to 150 GeV and inject them into the 
Tevatron. 
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� Protons are 
accelerated to 120 
GeV in Main Injector 
and extracted to pBar 
target 

� pBars are collected 
and phase rotated in 
the “Debuncher” 

� Transferred to the 
“Accumulator”, where 
they are cooled and 
stacked 

� pBars not used after 
collider. 
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�  Beam Delivered in 15 Hz “batches” from the Fermilab Booster 
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Fermi National accelerator Laboratory 

 
Figure 5.2. The accelerator timeline is shared between Mu2e and NO!A.  The blue and red bars 
represent Mu2e and NO!A proton batch injections respectively. Mu2e Recycler Ring beam 
manipulations occur in the first eight 15 Hz ticks.  NO!A proton batches are slip-stacked during 
the remaining twelve 15 Hz ticks.  The total length of a cycle is 20 ticks = 1.333 sec. 

The preparations required for the existing Antiproton Source beamlines and for the 
Delivery Ring for the Mu2e experiment are largely equivalent to the requirements of the 
Muon g-2 experiment. Thus, the Delivery Ring and proton transport preparations for both 
experiments will be accomplished as an Accelerator Improvement Project (AIP). The 
conceptual design for this AIP is given in Reference [6]. 

 
The Delivery Ring to Mu2e target external beamline is a new facility that transports 

the proton beam to the Mu2e pion production target (Section 5.7). The external beamline 
contains a beam extinction insert that removes out-of-time beam to the required level 
(Section 5.8).  Upon arrival at the Mu2e pion production target, the beam interacts with a 
tungsten target inside the shielded super-conducting production solenoid (Section 5.1).  
The resulting pions decay, producing the muons that will ultimately constitute the muon 
beam for the experiment. A Heat and Radiation Shield (HRS) lines the inside of the 
production solenoid (Figure 5.3) to prevent quenches from the heat radiated from the 
target and to protect the solenoid super-conducting coils from radiation damage. 

5.1.3 Macro Time Structure of the Proton Beam 

The Mu2e experiment must share the Recycler Ring with the NO!A experiment, 
which uses the Recycler for proton slip-stacking. This sharing is accomplished by 
performing the required Mu2e beam manipulations in the Recycler prior to the injection 
of the first proton batch designated for NO!A. There are a total of twenty possible proton 
batch injections into the Recycler Ring from the Booster within each Main Injector cycle.  
These proton injections will occur at a maximum rate of 15 Hz (one batch every 



�  Additional 10-5 extinction from beam delivery system 
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Beam motion in 
Collimator 

Transmission 
Window 

Bunch 

Time (ns) 

Extinction Region 

Collimator Material: 

Extinction < 5x10-8 over 

range of interest for 

optimized collimators 

 

This is multiplied by the 

Delivery Ring factor to 

produce a total 

extinction of < 5x10-12 


