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Outline

Brief Mu2e Physics Motivation

MuZ2e Experimental Setup

Solenoids and Requirements

Transport Solenoids
— Fabrication
— Testing
« Room Temp
* LHe “Cold”
— Assembly

Magnet Test Facilities at Fermi
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Standard Model

Three generations of matter

(fermions) » Successful theory
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Standard Model - is mixing allowed?

Three generations of matter
(fermions)
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photon

91.2 GeV/c?
0
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Z boson
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W boson

* Quarks mix — (Quark) Flavor
Violation

=126 GeV/c?

» Recently (~last 15 years) found the
— neutrinos mix — Lepton Flavor
Violation (LFV)

* Why not the charged leptons?
— CLFV
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Global interest in CLFV

Some of the CLFV Processes

Process Current limit Planned Next Gen Experiment
Z—ep BR < 7.5-1077

T — eee BR < 2.7-107%

T —> JLjij BR < 2.1-1078 10—%, BELLE-II

T — pee BR<1.5-107%

T — U1 BR < 6.5-107%

T ey BR < 33.10°8

T = Wy BR < 4.4.1078

K. — eu BR < 4.7-107 1=

Kt = ntep BR < 1.3-1071

BY — eu BR < 7.8-10~%

Bt - Kteu BR <9.1-10°8

ut — ety BR < 4.2-10~ 1 10~ 1% (MEG)

ut - ete et | BR<1.0-10712 10~'® (Mu3e)
u"A—se A RA <7.0-10713 10~17 (Mu2e, COMET)

Most sensitive CLFV measurements use u
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What is Mu2e?

Search for Charged-Lepton Flavor Violation (CLFV)

U N - e N

2= Fermilab
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What is Mu2e measuring?
Muonic Al 104 96 MeV

Conversion < 102 ' : o
‘U lll'

Decay In Orbit ~39% - 0
-..‘

Nuclear Capture ~61% @ ) w

7 2/7/20 K. Badgley | FRIB/MSU
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A Clever Idea

- OxcnepamerT MEJIC no momcky The Solenoid Muon Capture System
mpomecca p~A — e A for the MELC Experiment
RIaraeTcs axcnepmcn:r‘no NOHCEY NPONEeCCca AHOMATBLHOR XOHBEPCHE MIOOHOB Rashld I\(l D_]llklba.ev a.nd Vladlm.lr M[ LObaShCV

wx  p~+(AZ) - e"+(A,Z) ma yposme Br = 10~ ¢ mcmomssosammen

@32 OCTAHOBIEHHEIX OTPHENATENBHEIX MIOOHOB C HETEHCEBEOCTEIO o 101! 4~ /cex

E mewm nyare Mocxoscroi it Pab ~ . i 1
HpyIO Yz Meaonuol GabpurE npE cpenreM Toxe ~ 200 Institute for Nuclear Research, Russian Acaedemy of Sciences,

HacTosIlee BpeME NMOMydeR BEPXHMi Upefel Ha OTOT mponecc Ha upe Ti — 3
"+Ti — e~+Ti)/T (s~ Ti capture) < 4x10~? (TRIUMF, Kamaga). 60-th Oct. Ann. Ta, Moscow 117312, Russia

» Proposed in a 1989 by V. Lobashev & R. Djilkibaev in the Soviet Journal of
Nuclear Physics

— Pulsed proton beam

— Solenoids to capture muons

8 2/7/20 K. Badgley | FRIB/IMSU
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A Clever ldea...proposed at BNL

A Search for y~N — e~ N with Sensitivity Below 107'°

Muon — Electron COnversion

Proposal to Brookhaven National Laboratory AGS

The MECO Apparatus

Straw Tracker

* Proposed at Brookhaven in 1997

Muon Stopping
Target

i
Muon Beam

Superconducting st
op

Transport Solenoid

* Mu2e is essentially the MECO experiment

(25T=21T)
Crystal
S moved to Fermilab to take advantage of the
T ——_ Detoctor Solenoid accelerator complex
Production Solenoid (20T=-1.0T)

(5.0T-25T) Collimators

Proton Beam

e H
2 Fermilab
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A Clever Idea...also in Japan

detector for Muon transport Pion production
u-e conversion

« COMET is currently under construction at J-Parc \ . R
in Japan

* Phase-Il will provide the same sensitivity as Mu2e | COMET Phase-l Layout |

W Pion Capture w Pion Capture
Section Section
N A

Y

% Pions Dmg:gczt"” Production
= Muons 3m

IE‘ l I Pion Decay and

= Phase-I Detectors =1 Muon Transport Section

= CyDet StrECAL =

éy Muons Stopping
% ]
Beam

Detector gc;r'a‘;irrsé%’ent characterisation

Section

Detector
Section

Phase | Phase Il

e H
2 Fermilab
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MuZ2e Goals

« Produce 1018 Muonic Al atoms
— This is on the order of the number of grains of sand on all the world’s beaches!
« Suppress Backgrounds

» Detection system with tracking and calorimetry

— Conversion electrons of 104.96 MeV

2% Fermilab
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MuZ2e Experimental Layout
25T Protons (8 Gev)

46T

o
AN N

R

D "

PS TS DS
Experiment consists of 3 solenoid systems

Production Solenoid (PS)

« 8 GeV protons interact with a tungsten target to produce, among other things, u~(from pion
decay)

« Magnetic field gradient encourages pions and muons to travel toward the stopping target

2= Fermilab
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MuZ2e Experimental Layout
7. 5 T Protons (8 Gev) 1.0T

-
-

Transport Solenoid (TS)

» Magnetic field gradient encourages pions and muons to travel toward the stopping target
» S-shape

— Eliminates line of sight

— Minimize positive and neutral particles

— Allows for momentum and sign filtering
» Absorb anti-protons in a thin window

Collimator between
TSU and TSD

2= Fermilab
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MuZ2e Experimental Layout
Protons (8 Gev) 10T

25T

Detector Solenoid (DS)
» Aluminum stopping target

"I toward the

« Uniform field in detector region \ s L \.
_ Tracker PS bore tube DS bore tube

- Magnetic field gradient in the target regions en==
detector

— Calorimeter
£ Fermilab
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MuZ2e Magnet System

* 66 superconducting solenoids
— Production Solenoid(3), Transport Solenoid(52), Detector Solenoid(11)
— TS is divided into an upstream(TSU) and downstream(TSD)

» 4 cryostated magnets- individually cooled and powered

2= Fermilab
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Solenoid System

Power Supplies

Cryogenic System and Piping

Quench Detection

Vacuum Pumps

2% Fermilab
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NbTi Superconductor

* All coils are made of Al-stabilized NbTi
superconductor

— PS 9200A
— DS 6000 A
— TS 1750A
DS and TS used 99.998% pure Al (5N)

PS uses 5N doped with 0.1wt% Ni

~ 75 km of cable required

Coils are conduction cooled using liquid He

— NDbTi critical temperature ~10 K in zero
magnetic field

17 11/17/2023 K. Badgley | FRIB/MSU
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Anatomy of a Mu2e Solenoid

Outer cryostat (room temp, ~300 K)

Outer thermal shield (LN2, 77K)

Cold mass (LHe, ~5 K)

Inner thermal shield (LN2, 77K)

Inner cryostat/beam tube
(room temp, ~300 K)

2% Fermilab
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Flux density (T)

Production Solenoid
« Highest magnetic field region, ~4.5 Tdownto 2.6 T

» Being fabricated in industry, will be delivered fully cryostated
and ready to install early next year

PS Magnetic Field Requirement

Surface: Magnetic flux density norm (T) Contour: Magnetic vector potential, phi component (Wb/m)

A 5529
= Imain
46 Specification | | .
\ N ~

65 I3 55 i : -
V. Kashikhin et al., IEEE Trans on Applied
Superconductivity, Vol 3, No 3

19 11/17/2023 K. Badgley | FRIB/MSU

PS Cold Mass Assembly
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Production Solenoid

« Large heat and radiation environment

20

Mitigated by heat and radiation shield

Heat conductively removed through Al stabilizer and
thermal straps

Radiation reduces the thermal conductivity over time
(~2.5x10° /year DPA)

RRR sensors to measure resistance

 relationship between electrical and thermal
conductivity

Room temperature thermal cycle to anneal Al
~1/year

11/17/2023 K. Badgley | FRIB/MSU

Resistance (u€)

10000 | T 1000
i Tcmpﬁra(uxzc
10()0 ———————————————————————————— .
100 %
I ' 2
100 L-df-- -t __MeasuredResistance ____ § 1 _ g
i v : i g
g
0 2
T et ST TS FEEPE B
! Récovery.
1 . 1
2900 3400 3900 4400 4900

Elapsed Time (min)
M. Yoshida et al., AIP Conference Proc. 1345,
167

PS installed in outer cryostat (11/16/23)
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Detector Solenoid

» Field gradient 2 T down to a uniform 1 T in the detector region to transport electrons from the
target to the detector

» Two conductor cross sections were required to meet the field requirements while operating at
the same current

 The DS is also being fabricated in industry, will be delivered fully cryostated and ready to
install next year

DS1-4 Assembled

Magnetic Model of DS .
2= Fermilab
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Transport Solenoid

Transport Solenoid Magnetic Requirements

Region B Initial/Final dBs/ds dBs/dr  Ripple  Location*

£50 (T) (Tm)  (Thw)  (T) (m)
TS1 2.50/2.40 <002  NA NA  1=0,1=0.15
TS2 NA NA  >0275 2002  r<0l15
TS3 2.40/2.10 <002  NA NA  1=0,1=0.15
TS4 NA NA  >0275 2002  r<015
TS5 2.1012.0 <002  NA NA  1=0,1=0.15

» Consists of 52 coils grouped into the TSU(25) and the TSD(27)

» The straight sections require a gradient to prevent trapped particles and direct muons toward the
detector solenoid

» The curved sections have a limit on the radial gradient and the ripple due to the coil spacing

2= Fermilab
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Transport Solenoid Module

coil Itzads cooling tube

ground insulation

Coils inserted
through shrink fit
process

2= Fermilab
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Transport Solenoid-TSU Coils

L. AT
Jt H
24 K. Badgley | FRIB/MSU 2/7/20



Transport Solenoid — TSU Modules

M
] D ‘f/

2% Fermilab



Transport Solenoid — TSU Units

1-3 modules per unit

Units are fabricated at a vendor and shipped to Fermilab for testing and assembly
3% Fermilab
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Tolerance

27

Tolerance studies of the Mu2e solenoid system

M. L. Lopes, G. Ambrosio, M. Buehler, R. Coleman, D. Evbota, S. Feher
M. Lamm, V. Kashikhin, G. Moretti, T. Page, M. Tartaglia, Fermilab,
J. Miller, Boston University
J. Popp, York College CUNY
R. Ostojic, CERN
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MuZ2e requires efficient muon transmission and no
trapped particles

Error studies helped set the tolerances for
fabrication and assembly

Transmission was found to be sensitive to the angle
between coils

////

R
RS

EEETE
_
R

=
S

SR

\

\
f“ 97.7° :0.2°
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Room Temperature Testing

 Visual inspection
« Shipping shock log data
* Pressure and leak testing
« Voltage tap and RTD installation
 Electrical checkouts
— Resistance
— AC,DC inductance measurements
— Instrumentation checkouts
» Polarity check 5
 Vibrating stretched wire on each coill Stretched wire setup

2= Fermilab
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Magnetic Axis

I 11
1 ——ppfh e — F=IlXB#0
— 5 - —N F=I1xB=0
= -\-.___‘\h
/ -

https://www.miniphysics.com

» Vibrating stretched wire measurement to find the magnetic axis
for each coll, both position and angle

» Position measured with respect to fiducials on the shell and wire
system, translated to the Mu2e coordinate system

« As-built values fed back into magnetic model to ensure magnetic
requirements are met

2% Fermilab
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TS Magnetic Measurements

* Magnetic center measurement of all 52 coils
— After wire center located with vibrating stretched wire system, Metrology locates wire in the
MuZ2e coordinate system
— ~ 1 coil/week
» Acceptance tolerance on coil position <1 mm, but tolerance was tighter than needed, can tolerate
up to about 10 mm offset

Early SSW error Coil fabrication offset
25 ‘\
) \ H y offset
m x offset
1.5
1
£
E os I |
2 9 2 Lol 1, | [
= I | II |
o
i
-1 End coils with steel flange
-1.5
-2
1 7 9 11 13 15 17 19 21 23; 27 29 31 33 35 37 39 41 43 45 47 49 51 .
33 e3P $& Fermilab
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TS Magnetic Measurements

31

Previous tolerance studies showed muon transmission
was most sensitive to coil-to-coil angle errors

A strict fabrication tolerance was set on coil-to-coil angle
of < 0.2 degrees

This also set tight fabrication tolerances on the mating
module surfaces

Very good agreement between model and as-built
assembly

5 0.25 e
5 015 I I I I
[}
RL [T 5 [T i | P [ IR o R 111 ]
= -0.05 i ] 1 "1
o
o
= -0.15
S

-0.25

W a8 Wd O G RS VPSS W PO E P
AN DAY o AT A &\,\;»\q' '{,"\,\go\"' '\1\\,\9\0’ Mol 20 o ol 0 @V

*Assumed values

K. Badgley | FRIB/MSU

Jeff Brandt

CAD compare. Designed vs as-built.

2% Fermilab



Swapped Coils 14 & 15

* Due to a vendor fabrication error, we investigated the feasibility of
swapping coils 14 and 15

* The coil lengths and inner diameter are the same, so the coil center
position and angles remained at nominal

« Caoail 15 has one additional layer of conductor, this increases the
axial field at 14 and decreases at 15

« Magnetic requirements were still met, so we accepted the coil swap

TS2 Radial Gradient

0.04
L} e — —
0.03 -
0.02

0.8 -
0.01

Delta B(T)
o
T

Radial gradients(T/m)

ol
n
T

32 11/17/2023
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LHe/Cold Test Setup

33

Unit-to-unit leads are ultrasonically spliced together and
secured in splice boxes

— Ultrasonic weld used to avoid damaging the superconductor
Voltage tap connections made with an ultrasonic welder

— Voltage taps used to detect quenches
Temperature sensors installed

Long unit-to-unit leads mechanically supported and
soldered to dished head power leads

Ultrasonic splice

K. Badgley | FRIB/MSU

Unit mounted to the dished head
£& Fermilab



LHe/Cold Testing

» Dished head and unit craned over to the cryostat

* Vacuum pump down to 10-° Torr

« Controlled cooldown ~1 week

« Hipot performed before, during, and after the cold test

* Final leak check after the cold test

Cryostat and staging area Unit transferred to cryostat

34 11/17/2023 K. Badgley | FRIB/MSU




Cold Testing

 Each unit is cooled to ~5 K

— Controlled cooldown and warmup to minimize delta T
between the coil and shell

— ~week to cooldown and warm up

* Powered to 2100 A (120% of operating current) to produce
fields seen in the experiment

* Quenches in long unit-to-unit leads, no quenches in the coill
« Splice resistance under the required 2 nQQ

15

1

0.5

0

«,\q' u\" b<\ Q\'& \}\'3’ ,\y\'&

Splice Resistance [nQ]

GO Y S S T P T4 S R o S~ B BPAA %
VRGNV K U ORI R AR\ S\ SO\ SO )
R R I A AT A

Coils 2% Fermilab
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Aside on Paschen Breakdown

— He
 Pressure and distant dependent breakdown —
. . . . . : 5 . — H,

An issue when performing hipot in poor vacuum or when developing .| . . =~ . S

a voltage from a quench

— Can be overcome by improving the vacuum or eliminating the exposed
voltage

» Extensive campaign to Paschen-proof the transfer lines, magnet
cables, and feedbox leads

10* |

v, (Volt)

107 10° 100 10° 10°
pd [Torr cm] wikipedia

P0220906111633709

Power leads Paschen testing

2= Fermilab
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TS Unit Assembly

T
1 Inner thermal
= shield

Inner bore

Air Inlet [‘

Backing
Plate

« Special assembly tooling v
ZZZzZ2 |l’/‘- L L L L A

« Units moved into place on air bearings SO T e

Air Film Supporting Block Element

https://www.hovair.com/airbearing/

2= Fermilab
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Assembly

ll ”,A‘._\;" |
A\ il
=i
i T RN,
) = A 5'41 ok
Yo ( b
A \ X 7 1 4
\_ “,‘ S U V& == g "
1= ey 3 y
4

Jeff Brandt X
CAD compare. Designed vs as-built.

Good agreement between designed
and as-built thermal shield

TSU coldmass model

2% Fermilab

38 K. Badgley | FRIB/MSU



K. Badgley | FRIB/MSU




TSD Cryostat/Vacuum Vessel- Pictures




TS Current Status

/-
/

TSd shipping early next year TSu shipping in Dec
2= Fermilab
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Magnet Test Facilities at Fermilab

» Resistive/Normal Conducting Magnet Test Stands
— Stands A-C

» Superconducting Test Stands
— Vertical Magnet Test Facility (VMTF)
— Stand 4
— High Field Vertical Magnet Test Facility (HFVMTF) coming soon!

2= Fermilab

42 11/17/2023 K. Badgley | FRIB/MSU



Stands A-C
* Magnets from Fermi accelerator, for PIP-II, ORNL PPU, ...

* Resistive and permanent magnets

« Current up to 5000 A with LCW water for cooling

Sample of magnets from the past month:

2= Fermilab
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Vertical Magnet Test Facility - VMTF

* For testing cold masses
* Min temperature of 1.9 K LHe
* Current up to 30 kA

e Max Cold mass dimensions —3.7m length and 62
cm diameter

e Supporting HF SC Magnet R&D and test for
MDP program

44 11/17/2023 K. Badgley | FRIB/MSU
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Stand 4

* Testing fully cryostated magnets
* Min 1.9k LHe

* Max current 18 kA

* Length of the cryostats ~ 11 m

* Dedicated to CERN HiLumi AUP

2= Fermilab
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HFVMTF High Field VMTF — Under construction

Helium gas outlets,
atmospheric and sub-
atmospheric lines

Background dipole field P

2 rupture disks to
protect the upper and

- 15 T lower helium baths
- DOW“ tO 19 K Anticryostat
— 20 KA power supply BNL check valve that

works both ways

LN2 copper
thermal shield

Cold masses up to 1.3 m diameter and 3 m long

LBNL15T
dipole magnet

Test sample

DATE Joule Thomson
heat exchanger

— temperature between 4.5-50 K

— 100 kA

2 K saturated
helium vessel

M 2K heat exchanger
made of 30 copper
U-tubes

Collaboration between High Energy Physics and Fusion
Energy Sciences

Shipping support

2% Fermilab
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Concluding Remarks

» Accelerators need magnets and magnets need you
— Scientists (high energy, material, accelerator)
— engineers (mechanical, electrical, cryogenic, ...)
— technicians (mechanical, electrical, vacuum)
« Exciting time to be part of Mu2e!
— Project is currently under construction
— Magnets shipping to the experimental hall soon

— Interested in learning more? Mu2e.fnal.gov

47 11/17/2023 K. Badgley | FRIB/MSU
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Improving on the previous experiment
* Current world’s best limit on uN — eN

— R[,Le(.UNAu — eNy,,) < 7x1013at 90% CL
— Sindrum-Il Collaboration, 2006

* The previous measurement was limited by

SINDRUM I

49 2/7/120 K. Badgley | UTSA
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