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o 4 Outline

> Introduction
» Over view of mu2e
> PIP-ll and muZ2e-ll

» mu2e-ll challenges
= Workshop on Dec. 8

= Letter of Intent 2> Proposal

» Final “Cooling” Emittance Exchange

= wedge absorbers
= g-2 and mu2e-ll
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Physics goals

» Lepton flavor violation history
= uyN > eN <7*1013
= y->ey <57*1013

> MN = eN Goal
= uUN > eN <1016

® mu2e Fermilab

= uN>eN <1018
® Stage 2 mu2e
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muZ2e Beam Scenario

» Parameters of y=>e
= Proton beam — 8GeV (~5ma)

® 8101%/ 1.33s
= 2 Booster batches/cycle

® 6-10%9/10’s
= 6years (107 s)> 3.6 -10%° p
» Form 4 bunches in Recycler
= extract one by one into Delivery Ring
= Slow extract into muZ2e line
= (0.0016 stopped p/p
® 5-10'7 u / experiment
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Figure 1.1. The Mu2e Detector. The cosmic ray veto that surrounds the Detector Solenoid is not

shown.



muZ2e scenario
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» Signal is monoenergetic ¢ E
= 105 MeV electron g o ———
= background is y decay in orbit ) 35:
® 1 capture, u, 1 decay in flight, 25:
p-bar, e, cosmic rays ... sE
* 0.4 Background Events i3
1695 ns > oF L™

1 1 1
100 120
Muon momentum {MeaV/ich

Figure 2.7 Momentum distribution of muons delivered to the stopping target as well as the
distributien of muons that stop in the target.
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o 4 PIP-Il status

> 800 MeV-2ma cw-capable H-linac

» On trajectory toward construction —-completion in 2026
= CD-O - CD-1 - (CD-1 review next week)
= the major accelerator project for Fermilab

> Purpose of PIP-lI

= upgraded intensity of injector for LBNF/DUNE
® uses ~8-15 kW to produce > 1MW at 60—120 GeV

= Platform for future high-intensity program
® upgradeable to ~1.6MW

= Provides up to 100 kW beam for mu2e-li
® starting in 2026

= with “PIP-lllI” (8 GeV RCS?) can provide >2MW at 60—120 GeV

> PIP-ll motivation relies on mu2e-l|
= only identified user of cw linac
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PIP-ll Performance Goals
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Performance Parameter PIP PIP-II
Linac Beam Energy 400 800 MeV
Linac Beam Current 25 2 mA
Linac Beam Pulse Length 0.03 0.54 msec
Linac Pulse Repetition Rate 15 20 Hz
Linac Beam Power to Booster 4 17 kw
Linac Upgrade potential N/A CW
Mu2e Upgrade Potential (800 MeV) N/A >100 | kW
Booster Protons per Pulse 4.3x1012 6.5x1012
Booster Pulse Repetition Rate 15 20 Hz
Booster Beam Power @ 8 GeV 80 166 kW
Beam Power to 8 GeV Program (max) 32 83 kW
Main Injector Protons per Pulse 4.9x1013 7.5x1013
Main Injector Cycle Time @ 60-120 GeV 1.33* 0.7-1.2 | sec
LBNF Beam Power @ 60-120 GeV 0.7* 1.0-1.2 MW
LBNF Upgrade Potential @ 60-120 GeV NA >2.0-2.4 | MW
*NOVA operations at 120 GeV
;
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PIP-Il and Next Generation MuZ2e e

» Indiais planning to provide a cryoplant with sufficient
capacity to support CW operations

» PIP-Il front end can produce arbitrary bunch structures
with:
= Peak current <10 mA
= Average current <2 mA

= This provides an opportunity for delivering 800-MeV protons
directly from the SCL to a second generation Mu2e

» MuZe-Il
= Use PIP-II (800 MeV) as beam source
= Reuse as much as possible of the baseline Mu2e experiment
® Follow similar experimental scenario
® Improve if possible
= Need strong Letter of Intent to support PIP-II

® LOI will support R&D on second generation changes and
improvements

EIE:H S. Holmes | Precision Science Retreat 9/12/16 PIP-ll




PIP-lIl and Next Generation MuZ2e

o
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> Possible beam structure:
» 162.5 MHz chopped beam

PIe-H

0.6 ms, 2ma for Booster

47 ms, 0.15ma for muz2e-1l
~2940 1.6 ps spills

A
A

3ms | 50 ms = 3125 1.6us spills

- — >

1.6 pus
(260 If buckets)

20ns

4 162.5 MHz bunches
@ 10ma

Beam pulse length: ~20 nsec (4 bunches)
Pulse repetition period: 1.6 usec
Beam power: >100 kW
Three-year run achieves

single event sensitivity of 2x10-18
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V
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RWCM signal, m
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‘Missing’ bunches
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Time, ns
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mu2e->muZ2e-ll

» mu2e >muZ2e-ll 008 S
= [ 1 POT pulse
= shorter DU|SeS Z'EZ = 1 arrival/decay time ( x 1M )
.. . = u arrival time ( x 400 )
> tlmlng comparison 0-052 u decay/capture time ( x 400)
= K. Knoepfel 004 E
0.03E

0.02

o.M
e B e e Ly T T T L
0 0 200 400 600 800 1000 1200 1400 1600 1800
Time (ns)
How the backgrounds change
016E=
Fvents 0.14 : |:| POT PU'SE‘ )

Category Source Current  PX (Al) 042 - n arrivald cCay time { x 3M )
Intrinsic  decay in orbit 0.22 2.14 e - .

Radiative u capture <001 <0.01 01 - u arrival time ( x1600 )
Late-arriving Radiative 7 capture 0.03 0.04 - w deca}’fﬂapmfe time ( x1600 )

Beam electrons <001 <001 0.0aF

4t decay in flight 0.01 0.01 '

7 decay in flight <001  <0.01 0.06
Miscellaneous Antiproton 0.10 —

Cosmic ray 0.05 0.16 0.04

Pat. Recognition Errors < 0.01 < 0.01 i i
Total Background 0.41 2.36 0.02 Slgna I wi ndﬂw

. ) {:I L Loy oy ey ey 1t 1
Naminant harkaraund hu far ic DIN far DY (A1) D EDG 4[:“:' EEH:I B[}D 1 D{}D -1 EEH:I 14[}[] -1 B[}D
Time (ns)
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New beamline to mu2e experiment

> 800 MeV beam line from linac

directly to production target

ho recycler, DR, slow extraction, no
extinction

initial beam width shorter
® 400ns FW = 20ns
0.3 mm-mrad emittance

pulse to pulse chopping

® switchyard kicker to
(Booster/mu2e/dump)

hsaFodin]
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PIP-Il

A. Vivoli
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PIP —Il delivery on target

> Linacis H

beam enters ~4T field
13° - 0.9 T along direction
H. stripping time

3.07-107% ( 44.14 ]
= ex S

3.2PB P 3.2PB

ct = ~8cm
Beam should be stripped

upstream

® orbit bump onto stripper
add to extinction (Roberts ....)

® should give much improved
extinction

P(P-ll



PIP-Il beam delivery onto target

» 800 MeV beam line from linac
= jnitial beam width shorter
® 200ns FW - 20ns
= 0.3 mm-mrad emittance
® smaller than 8 GeV beam

» But 800 MeV p will not follow 8
GeV path
= would hit HRS shielding after target

®* modify magnet/shielding ? side
= more power deposited in target,
shielding
® new target and shielding neede T Roberts
= Will we need new Production
top

solenoid?

e(e-(l



o 2 mu2e->muZ2e Il changes

» new injection beam line » mu/p estimates
= from linac * (Matsuzawa 2015)

» Production target Kinetic Energy  Stops / POT
= 8kW->100kW; 8GeV->0.8 8 GeV 1.690 x10~°

> Production solenoid 800 MeV 1.035 x10~*
= internal shielding > 3yr-100 kw =>

» Transport solenoid = 1.5 x10%° y after TS
= collimation ... = 5x1018 stopped
% pped p

Detector Solenoid ~___

> Detector solenoid A <o BT
= stopping target =

Production Target
Tracker

» LOI - Proposal R&D

Muon
Stopping Target

Figure 1.1. The Mu2e Detector. The cosmic ray veto that surrounds the Detector Solenoid is not
shown.

Stopped Muons
ele-l 14



/2. Improving stopped p acceptance ? #

» Only small fraction of u’s
[ Momentum Distribution of Muons Before/After TS | Ptot
are stopped p— S

= P,<~40 MeV/c (or E, <7 MeV) o ‘ B
1 o \ MuZ2e-Il (800 MeV)

a000— .l
» Can we reduce muon s000]— / - Muons beforeTS
momenta to < ~40MeV/c? awoo;

v Stopped Muons

2000

C TR e i | ' PR ST FTT T PR
"u 50 100 150 200 250 300 350 400 450 500
Meomentum (MeVic)

> If O n Iy the re We re a way to Momentum Distribution of Muons Beforel/After TS | Ptot

Entries 178256
Mean 4718

sort the muons by i PN s 1534
momentum and give higher " / \ Mu2e (8 GeV)
momentum muons more mooE \

energy loss ...

15ucmf Ir, 1\\ - Muons beforeTS

1ﬂ|:"|:|ﬂ:
: w;}ped Muons

Sy

50001

] 50 100 150 200 250 300 350- 400 450 500
Momentum (MeV/c)

PIP-II (Matsuzawa, Roberts, Prebys 2615)



(Z3.Wedge absorbers and emittance exchange#

» Wedge absorbers can exchange transverse and,

longitudinal emittances
= With dispersion n, can reduce energy spread

a4 -
- L

® decreases g, increases €, N, \ /
= with zero or opposite sign n, can increase OE
® increases ¢, decreases g, Elbe_am_ \\ / o
» Thick wedge exchange formalism: | b
Dispersion + wedge is product of two matrices _';]60 "—'* W

(in X — dp/p)

1 0 L 79
_ M =
M5 = |:_ S5’ 1:| n |:O 1 :|
= wedge is &' = dp/ds 2 tan[&8/2]/p
» transport through wedge is transport of [x, 8] phase space ellipse,
goX° +bgd =000, > 0x* +2ax5 +0,5% = 58,

= can get large emittance exchange

P”i-dl D. Neuffer



@)  Results of wedge transform #

mucool note-003(1996)/FN-1046(2017) A= Ao+ 2MuMizap + Mz 76
> new Sp/p width (8 —t (6 /& )) Q= —My My Bg + (My1May + MyoMyg )y — MypMyy g
L, ™ *L,0\¥1'¥0

1= m212ﬂ0 +2My1 My + m2227/o
1/2
> é;'2(5])2
01 =4/010(0¢ :50{(17705) + 52 }
0

» new transverse emittance (g, ; = € (84/0,))

~1/2
’ 5!26 2
Ex1 =+ 910090 :8x,0|:(1_7705)2+ s 20 ]

0
new n, B,,

2 -1/2
. n_sr o0 , 5’26 2
I ﬂl_ﬂo{(l—ﬂoé‘)z*‘ = }
1= = 2 0
gl (1_7705r)2 +5/2 ;02

0

By choosing ng, & (and g, o)
Can decrease g, and increase g, (or vice versa)

P”z:_’” D. Neuffer



2. Wedges for Final Cooling

2%

> TeV Collider wants small g, EOF oy .
Q WL 5 2o s
Sl 9 25 l,lm A g % 2 %0 E Initial é
i S -
> “Mice” 6-D Cooling gets £ 1022;_ i 24§ R
£ 4f S2 = ° T 1=
= g > 200 um s : 7 s
» Much further is difficult N 10-°§§‘
- EEEEN 2:
. POBE ™
Mostly emittance exchange 10.0 10° 10° 10°

Emit trans (micron)

» Can do most of this with wedge Metching cols L bsoter
absorbers mes Acceleration rf Lor:g:(al::)?\alﬂ‘)::;z:face A

cavities

= r L

Drift for developing energy- focusing

p beam .
- ~ R Y time correlations
0 colls
- - w :
Transport coils 1 8

PIP-I N




2. Numerical example

» Wedge parameters
= Diamond, w=1.75mm, 8 = 100°(4.17mm thick at center)

:
6-De vk :
Increase °'1§

0 100 97 955 127 046 1.0

0.4 964 334 963 455 164 1.24 - !

08 924 227 965 894 322 165 v L Pzoxplot |

= reduces €, by factor of 4.3, g_increases by factor of 7.0
® first half of wedge more efficient than second half ...

»> Second wedge
= if matched to same optics (P, 100 MeV/c, 0=>0.46 MeV)
®&:23227Y;¢,:97 > 23

2. Iw D. Neuffer
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o 4 Application to muZ2e

» muZ2e accepts only low-E p

L [ [ [
< 40 MeV/C (73 MeV) F?E"ﬂ I //'_‘*\ uton Cu
2100 | [
= nearly stopped p 2 E/ e Beihe
— nd Ziegler .
® non linear dE/dx M it
%ﬂ E-Em ‘-._‘\.\. P reach 1%
§  Nalens -\\101117_1111011 | f._
> Transport accepts up to A TP \l 1

>100 MeV/c (40 MeV) 0001 001 01 1 10 By 100 1000
0_|1 ; 1|a 1nlm 1I 1|0 1uc|:|o
. [MeV/c] [GeVie]
> Goal IS nOt Sma”er Muon momentum
momentum spread but more
’ stopping target
nearly Stopped Bs Production Solenoid Proton Beam
Detector Solenoid B
‘mrt Solenoid =

ee-



o A Beam momentum sorter

» Transport solenoid st B,
= bent solenoid introduces 2P0 BP
vertical dispersion ot By
pPo Bp

position proportional to P,

A
0.3By 09

At P-bar window y = ~0.21 P/100
* (s=4.5m, p,=3m, B,=2.5T)

= dispersion is used to
collimate muon beam

® Could also be used to
shape momentum spread

y(s)=P,

«7: Rotatable Collimator,
& H| P-bar window

e 21



2. Wedge at TS center #

» wedge Is designed to place
= 40 <P, <100 MeV/c
= at ~40 MeV/c

» Example: Polyethylene wedge  range(40, p,) = j .
£ (CHy) : p(p)
*= thickness ~0 at y< ~8.5cm

y(p,) =-~0.213 (p, (MeV/c)/100) m

15.5cm

" increases ~parabolically to
aperture
® w(y) =~ 0.133(y-8.5) +
0.0296(y-8.5)? cm

©
2
3

?4cm

= at y=20cm , thickness ~6cm .

» want low-Z material

= Poly, C, Be, LiH,
ele-l




2. Possible wedge parameters

» Choose Be wedge:
* (one sided rather than symmetric)
= need only ~5cm thick
matched to P,< 100 Mev/c
= poly wedge only reaches to 88 MeV/c

® could try poly in initial studies .

—a—

poly absorber

el




o 2 location at ~AP insert ?2?

Transport Solenoid
with AP Insert

AP insert is 10cm Thick

would like 5cm within that
for Be/poly blade

e

24



e 2 Effects of New Wedge

» Momentum distribution of

“nearly stopped” u’s
exiting the wedge is the

same as that stopped in Al

target
= ~25% lost in wedge

e(e-(l

Ptot
Entries 8242
03192

350

300

250

200

150

100

50

o_u

Mean 0.
RMS 0.00692

PR R R
0.01 0.02

| (Ptot*2+0.10566~2)"0.5-0.10566 |

1800
1600
1400
1200
1000
800
600
400
200

0 1 1 1

RMS 0.008275

1 | 1 1 1 1 I 1
0.005 0.01

0.015

|
0.02

1 T -
0.025



i : : L 2
e A Potential Gain -

[ Momentum Distribution of Muons Before/After TS | Ptot

* baseline mu2e stops only 140007 B A
.20 12000
3% of nTUO"S produced ok Mu2e-Il (800 MeV)
— ~ all with Pu < ~40MeV/c mué_
. Tailored wedge could mﬂ:_ - Muons beforeTS
N 0 4000 —
place ~50% of produced ok Muons stopped
at Pu<~ 40 MeV/c o

Momentum (MeV/c)

— How many of these can stop
for mu2e (Il)?

— reoptimize downstream :
fields and collimation and 5 Soppad muons
stopping target ...

L’l@;ﬂ D. Neuffer



s 2 g-2 experiment at Fermilab

» Ring accepts 3.1 GeV/c n
= op/p=0.1%

» Beam source and transport to Ring — =
accepts £1%

= [ncrease beam within 0.1 %

= with wedge absorber at
dispersion (0.5—1.0 m)
= Polyethelene absorber
® "dp/ds = 2.56 MeV/c/cm

g Ny

P(P-ll 12/7/201 2



Wedge for g-2 (w. Stratakis etal) g

» Place wedge at large ®)
dispersion, small B e J1o
‘IED_:.T ]
ﬁ _{ O'X2 j_[ 8X,BX ) hmuf | E
) optimum (7750)2 +O_x2 (7750)2 + &y Py i g
2
4 2
;pt —arctan{ Podp ( (nfO) )]
2n —- \(no .
T ds (77 O) by 0 50| 100
S (m)
== M1 Line ‘
m— AP-QTargetHdl —— ‘

=== Delivery Ring

' Delivery Ring AbortLi ne
w—= M4 Line

M5 Line

Delivery
Ring
MC-1 Experimenta Hall .
Mu2e TargetH dl

Mu2e Detector Hall

Shielding Wall

AP3p

APO M2

M3 snua;m Wall

MI-8 Line

M1

Ple-(l
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i A g-2 performance #

» For n=0.6m, 6,=0.01, P,=3.1GeVIc,
€ o= 16 mm-mrad, B,=2m :
I:gain [

_[@80)* +0,” | _[ (180)* + &4y
" 0,/2 =79 i &xPx
= 8,/ 8,=0.69 > 46% more W’s

O-X
» estimate does not include multiple
scattering, energy straggling E. 2

Aw
= 8¢ =~ 4—6mm-mrad at 3,=10m Fgeom = P 28%y%(mc?)? Lg

geom —

» exchange is limited by né/o,
* Atn=1.2m, &,/ §,= 0.43

®2.3x more s

ee- 29



Simulation/optimization results

» Simulation results w Bradley, Stratakis

I 1 | | 29E | 1 R |
<0.02 <0.01 0 0.01 0.02 - 0.02 0.01 0 0.01 0.02

Position 2 Position 2 | Position 3 Position 3 | Number in
Offset /mm | Half Angle | Offset /mm | Half Angle | P, 0.1%
N/A N/A N/A N/A

None 3889
Lithium Hydride N/A N/A 10.0 81.5 5060
(Single 21" Wedge) (+30%)
Vanadium N/A N/A 1.0 57.0 4082
(Single 21" Wedge) (+5%)
Polyethylene N/A N/A 9.0 785 4911
(Single 21" Wedge) (+26%)
Polyethylene 6.0 77.0 8.0 73.0 4967
(2 x 6" thick Wedges) (+28%)

ele-(l 30
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3. MICE experiment (RAL)

» Wedge absorber designed
and built to be put into MICE

experiment
= D. Summers, P. Snopok, T.
Mohayai, ..
» Polyethelyne 45°, radius
~20cm
= to be inserted between focus
coils of MICE expt. isis
Proton
= Scheduled to run Decemb&r™" c
MICE
17-20 (L — 9th October 201¢
‘§~o1
;?:[- Q2
E Q3 Diffuser Skcondary LiH
Dip::L/ &; ; ‘?‘\ SCIFI Tracker | j’n ary LiH | SciFi Tracker
(D1) . O | S——
Decay Solenoid ™ ui-beam 9L ' = 2 ] n
(05) | (U | ». : ==
PIP-II Dpe2 4 05 Q8 ‘ T a7 Q8 Q9 T 3]J

‘ ‘TOFO Ckov TOF1 TOF2 KL EMR

~
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Simulations (T. Mohayai)

# Longitudinal coordinates: At, AE

sigma of the distribution in 4))

@ £ 6 mm; pe 140 MeV/e; M2D: 195A; transmission: 96 %

» Longitudinal cooling

exchange settings:

@ Measured the KDE-based density and volume of the 24" percentile contour (~one

@ Density 1. volume |: unambiguous sign of longitudinal cooling and exchange in the

case of full channel simulation
' Ad: +18% Av: -17%

T': 1e13 Ad: -3% g le—11 Av: +1.7%
L MICE Preliminary — full % MICE Preliminary
% Simulation T ey (5] Simulation
© 7.07 Gabeamtine v2.16 T 4 5| Gbeamlinev2.16
& = *2T B

= = 265 g

Cooling channel setting 2017-02-7 £ 5.,
3 6.0 | 3
$ 5.5 T e — 5>
2 2
o = =4
Wedge angle [°] 45 § 2 1 o i 3 § 2 1 o i 3
Z[m] . . Z[m]
Wedgeonaislengh ] 52 -ongitudina
g, [mm] 6
@ Density |, volume 7 slight heating in transverse direction in case of full channel
Ad: -53% le-g  AVi+7%
le8 T g -
U 5.8 MICE Protio — 1.451 g‘!IC]{. I:_rcllmmar) — rul
4 minary J— imulation
u]_ [nun] Simulation o G4beamline v2.1
5.61 Gdbeamline v2.16 1.40

o
FS

v
(S

p,..[MeV/c]

5.0

Transverse Density [m“(GeV/c)“]™*

h8]

Transverse Volume [m2(GeV/c)?]

—— empty
|/\/\/\/

Transverse

32




D Transverse cooling... 4=
» Beam at 200 MeV/c
= g =0.003m, dp/p=1% ;).003 St1 [ et
" Ny, = 0; Bt - 0.75m 0.0025 ' - 0.02
2 .002 | - 0.015
ﬂ _ 50 0.0015 oot
s0 & +8"0g o T
» Wedge reduces transverse o 0 ‘1 2 to

mode by factor of ~3;

» increases longitudinal by
factor of ~3 i ) 30 DS

¥ & W W
.

 ECEcols  M2U MIU Abs.+Fc MiD M20  ECEcolls

» effect should be
measurable in MICE

P(P-l 33



e A Questions?

WHEN YOU DELETE
I HAVE SOFTWARE, WHERE I STAND
A DUMDB THERE ARE DO ALL THE ZEROES CORRECTED.
QUESTION. NO DUMB
| QUESTIONS.

AND ONES GO?

@ScoltAdamsSays

Dilbert.com
8-1-17 @ 2017 Scott Adams, Inc/Dist by Andrews McMesl

Thanks for your Attention !
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