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Outline

First a few disclaimers —

| am not a Mu2E expert
| am not a Schottky expert

« This is mostly a conceptual talk — to discuss the merits of our

proposed Mu2E Schottky system

Outline of my talk —

Mu2E experiment and beam characteristics
MuZ2E tune requirement

Preliminary Mu2E tune measurement
Proposed Mu2E Schottky system(s)

Thanks for many slides from Mu2E collaborators

ARIES Workshop, CERN

May 15, 2018
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Charged Lepton Flavor Violation

The Mu2e experiment will attempt to
detect Charged Lepton Flavor
Violation (CLFV)

CLFV is a process involving charged
leptons (e*, ut, t¥) that violates the
conservation of the number of leptons
of each flavor

Ordinary muon decay is not CLFV
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Both L, and L, are not conserved in this
process

H —> e e 1{,
L 1 O O 1
L,: 0 1 -1 0

If this is observed, it is
evidence physics beyond the
Standard Model

ARIES Workshop, CERN
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Experimental Signatureof 41" N —>¢e N

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

e This reaction recoils against the entire
nucleus, producing a mono-energetic
electron carrying most of the muon rest
energy

~105 MeV e’

2= Fermilab
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MuZ2e Apparatus

The Mu2e apparatus consists of three superconducting solenoids
joined together to make a continuous whole

Production Solenoid  Transport Detector Solenoid
. E/Iontair? prc.)ton targilt t Solenond . ?on’;(ains itopping target
agne |c.m|rror reflects Collimation rac .er (straws)
secondaries back toward . Momentum and charee * Calorimeter (BaF, crystals)
transport solenoid <election g

* Transport to stopping etel
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@ Al Stopping Target

*~0.0019 stopped u/POT
* 1019 Hz of stopped muons
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Stopping Muons

——
—

Aluminum

Nucleus
Captured 4~ Mu2e muon stopping target
— 2
M, =105 MeV/c « 17 Al foil disks (200 um thick)
« A muon that is stopped in the Mu2e target is captured into an * Disk radii decrease from 83
atomic orbital state of an aluminum nucleus mm to 65 mm in downstream
direction

« The muon quickly (S psec) transitions to the 1S state where its
wave-function overlaps the nucleus *

*A stopping target monitor measures detects the photons emitted during these
atomic transitions — measuring the denominator of R

& Fermilab
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A Brief History of Fermilab

Main Injector/
Recycler

/,_'& i\‘:\
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Trivia: original Main Ring was the first
“separated function” synchrotron

- Jdb JE
- A

dipole

quadrupole

Fermilab

ARIES Workshop, CERN

1968: construction begins
1972: first beams from Main Ring

= 200=>»400 GeV proton beams to fixed
targets

= Highest energy lab for next 36 years!
~1985:

» “Tevatron”: first superconducting
synchrotron shares tunnel with Main

Ring
= 900GeV x 900 GeV p-pBar collisions
» Highest energy collider for 23 years.
1997: Major upgrade

= Main Injector replaces Main Ring
-> more intensity

= 980 GeV x 980 GeV p-pBar collisions
* |ntense neutrino program

2011: Tevatron permanently turned off after
the LHC came full online.

So what is the lab doing now?

2% Fermilab
May 15, 2018



Fermilab Complex Today

Main Injector
60-120 GeV

Recycler Ring

Fixed 8 GeV ring.
Manipulates
Booster beam

Low-Energy ‘:"\"‘H\"‘-‘-x:"‘":‘
Neutrino

Experiments | 8 GeV

High-Energy
Neutrino
Muon Experiments
Booster EEIL;“ I’F w 60- 120 GeV
’ ormerly for
Fixed-Target 8 GeV .
E:peﬂm:.?:s ' antiprotons
Test Beam
Facllity Linac
120 GeV + 400 MeV Muon NS
secondary lon Source Experiments ‘
beams . 5:‘ 750 keV 3.1 GeV/c muons for g-2
Ky e
’?‘%‘?@ 8 GeV protons for Mu2e
€ :
af Fermilab
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Muze Proton Delivery Two Booster “batches” are

injected-into-the-Recycler (8-GeV
storage ring). Each is:

4x10%2 protons
1.7 usec long

These are divided into 8 bunches
of 1012 each

The bunches are extracted one at
a time to the Delivery Ring

Period = 1.7 usec

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

Bunches of ~3x107 protons
each

Separated by 1.7 usec

1695 nsec

1
250 nsec ‘ ] 10710 Extinctior
H

i :
A—E‘/ 31 Mpipulse + 50% &_‘_‘_“L-
T H
f H
H H

Booster

Exactly what we need

Froton Pulse Proton Pulse Time

£ Fermilab
ARIES Workshop, CERN May 15, 2018



Rebunching in the Recycler*

“batch” 2.5 MHz bunches for g-2
|< 1.6 usec Booster “batc >| 2nd Mu2e

- FE

- f e

-CL IS

-2

Time [arbitrary units]

-022

53 MHz bunches from
Booster

Time fns]f

*Data, presented by I. Kourbanis

& Fermilab
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Delivery Ring 2.5 MHz Bunch Over Spill

T T T T T T T T T T T T Delivery Ring
RF maintains a
AN stationary 10
N
B A t=45ms KV bucket for
e i the duration
N t=40ms ;
RO A of the spill
-
=
© — t=30ms
GE-" &
[l
» — ~
=2 2
&F - t=20 ms
e =3
— — t=10ms
e 250 nsec s E— -
~30 0 0 20 30
ESME2004 6 [ng ['89] erkema  5—May—2

Delivery Ring longitudinal distribution vs. & for 45 msec of spill time.
Trace separation: 664 turns = 1.125 msec.
0= 2nf  At, 1°=4.71nsec
JE :
aF Fermilab
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2.5 MHz Proton Bunches in Mu2E Delivery Ring

Comparison of simulated
longitudinal bunch

structure to measured 16 (10
 Simulated bunch 14+
structure (yellow) ol A\
 Measured bunch ol N
structure with WCM
(blue) 81
« Gaussian fit (red) 6
|/
2.5 MHz bunch has 53 5L y K\ |
MHz remnants from p -
recycler rebunching ’
-?1.5 1 0.5 (I) 0.5 1 15
%107
2= Fermilab
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Understanding Resonant Extraction

« Extracting all the beam at once is easy, but we

want to extract it slowly over ~35-55 ms x¢ T,

« Use nonlinear (sextupole) magnets to drive a
harmonic instability

« Extract unstable beam as it propagates
outward

— Standard technique in accelerator physics

Septum Plane -

Unstable beam motion : /
in N(order) turns TEXtraCtion Field I ; Extracted beam
. :-é‘
: Lost beam
Septum
3£ Fermilab
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Resonant Extraction in Mu2e*

« Two families of sextupoles control S20-30

quad circuit

the amplitude and phase of the Wit 5 — M3 —protons from R
- = = ‘."‘“—"h{.ﬂﬂ&mﬂll (R H-H-hy—’—'.'.'.E
resonance driving terms. A A L% R
MiZ'i't'or {f S'“:f::i; Electro-Static RFKO
« Ramped quads control the ol L —
distance of the tune from the H

Q,=29/3 resonance.

« Trim dipoles control the position
of the beam relative to the
electrostatic septum.

*V. Nagaslaev

£& Fermilab
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Mu2e Spill Structure

1.33 sec Maininjectorcycle

R

Main Injector Ramp

RR Inject

] Mu2e Batch |l NOvA Batch

RR Intensity (x10'2 protons)

DR Intensity (x10'? protons)

ARIES Workshop, CERN

Detail:

3x107 p/bunch

1.7 usec bunch spacing
~30% duty factor
~1.2x10%° protons year

—90 ms—><«—> 38.6 ms

4 NOvP§
SN b
0 o 12 I;Timeéw iz toks) Els \5::7,13 resetéﬂereafél spl
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Mu2e Resonant Extraction - parameters

Parameter Value Units
MI Cycle time 1.333 sec
Number of spills per Ml cycle 8
Duration of each spill 34-54 msec
Number of protons per micro-pulse (3.0-5.0)x10" | protons
Maximum DR Beam Intensity 1.0x1012 protons
Reset Time Gap between spills 5 msec
Operation point (Qx/Qy) 9.650/9.735
Extraction efficiency >08 %
Spill uniformity <50 %

$& Fermilab

ARIES Workshop, CERN

May 15, 2018
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Tune control (on MuZ2e)

Spill is controlled by ramping the
circuit of 3 quads. The ramp curve is
formed to create a uniform spill.

Slow extraction is extremely
sensitive to the machine tune errors.

Need to monitor the tune ramp /

Analyze the tune performance to
detect possible ripple effects

Want to have a diagnostics to follow

the horizontal beam size during the
spill

ARIES Workshop, CERN

Quad/tune ramp curve for a 50ms spill

Current, A
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How can we measure Mu2E tunes across the slow-spill?

Delivery Ring Beam Tune Parameters:
Parameters: * Nominal tunes
. y — v, =9.653
« Peak intensity: 1e12 protons B XX _ 9735
« Beam energy: 8 GeV «  Ring P/evolution freq: 590.018 KHz
* Bunch structure: Single 2.5 MHz )
bunch Requested” Tune Measurement

Requirements:

 Nominal bunch length: 40 ns _
 Measure tune and transverse emittance

* Bunch base W'dth:_ 200 ns | — Measure tune throughout slow-spill
» Resonant slow-spill extraction « Tune resolution:
over ~35-55 ms — 0.0001 (with averaging)
— ~3-5e7 protons extracted per turn — 0.001 @ 600 Hz

Possible Proposed Systems?

« Mu2E BPM System (not discussed here)
* Reuse Tevatron Direct Diode Detection (BBQ) System
* Reuse Tevatron 21 MHz Schottky Detector System

2L Fermilab
18 ARIES WOI‘kShOp, CERN May 15, 2018



Reuse Tevatron Direct Diode Detection (3D) Tune System?

Direct Diode Detection Idea

Diode detection acts like envelope detector
Detects superposition of all betatron lines
Can be used with any position pickup

Fairly cheap system

—
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]

lesast

;:- :: l:I | -. - | ‘- - | = N F&w&* :
— r""";"": I
A ‘ ﬂm "Lj N M. Gasior, CERN, BIW2012

low frequency

< pick-up fll' diode peak detectors {S&H)A)I«' ssion —»<—differential amplifier—<—band-pass 0.1-0.5 F_ —»= nplifier
|

high frequency

Dete'ctor box

Many 3D Systems Installed Tevatron 3D Tunes
Diode tune systems

Machine Lab r??ﬁzfr]e"

LHC CERN 11

SPS CERN 43

PS CERN 477

PSB CERN 1800

LEIR CERN 1440

RHIC BNL 78 /
Tevatron Fermilab 48

SIsS18 GSl 1400

CNAO CNAO 2800

CesrTA Cornell 390

19 ARIES Workshop, CERN



Reuse 21.4 MHz Tevatron Schottky Detector System

Reuse pickups and electronics Schottky Receiver Specs
21.4 MHz falls between 36t and 37""  « ~90 db gain at 21.4 MHz
Mu2E revolution harmonic .

low noise figure

* Revolution freq: 590.018 KHz e 15 kHz baseband bandwidth

21.4 MHz resonant pickups e Accurate frequency transition to
« Separate horz and vert pickups baseband
— One meter long copper electrodes * > 145 db shielding
— Adjustable aperture by stepper motors
Revolution
— Loaded Q of 370 N =36 Harmonics N =37
ouTLt Copper plates
E — — 1 .
15kHz  electronics
bandwidth
TESEE 1 ‘Copper plates —
LT T 21241 MHz  21.4 MHz 21.831 MHz
Frequency Spectrum

3£ Fermilab
ARIES Workshop, CERN May 15, 2018



21

Tevatron 21.4 MHz Schottky System

Vertical Pickup with Resonator

DIRECTIONAL SCHOTTKY RECEIVER

1680.00-ED-159264

ARIES Workshop, CERN

,,,,,

Beam
view

21.4 MHz

8 Resonator

2= Fermilab
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21 MHz Shottky Spectrum for Mu2E Tunes

N =36

21240.648 KHz A

Vy
21397.003 I(Hz‘l

A~ 156 KHz

A~ 48 KHz_|

15 KHz BPF — - — - —»

30 KHz BPF — - — -

21.4 MHz

Vy

21445.384 KHz

A

100 KHz BPF

N=37

21830.666 KHz
Vy

21674.311 KHz

Vx
21625.930 KHz

A~ 181 KHz

A

A~ 156 KHz
- — — —

o A48 KHz

21.2 MHz 21.3 21.4 21.5 21.6 21.7 21.8 MHz
- >
590.018 KHz |
22 ARIES Workshop, CERN May 15, 2018



Preliminary 21 MHz Schottky Vertical Tune Measurements

=
|

S

<« BPF

@

21 MHz Schottky Detector

- Agilent05:27:27 2014.03.01

Att:20. 00dB

Ref:0. 00dBm

#VBW:100.0 Hz

Spectrum analyzer

* Speed time: 0.03 sec

* Averaging: 16

23

’ Spectrum

LNA Analyzer

Peak Search

Hext Peak

Hext Left PK

Hext Right PK

Pk-Pk Search

Ref:=20. 00dBm

5.3e10 coasting protons in delivery ring
21.397130 MHz is equal to a vertical
tune of 0.7348

Pbar Schottky tune was 0.7348 (old
tune system)

4 Agilent06:18:29 2014.03.01

Harker
123456

#Att:10. 00dB

Harker Trace
Tracel

Function
Normal

Harker To >

Harker Table
On 0ff

#YBW:100.0 Hz

No revolution line

Is this a Schottky tune Iine?i_

ARIES Workshop, CERN
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Schottky Electronics Options?

1 _ Fermilab 14-bit
s e > SR — 1 & ADC FPGA card
1T > cF BPF  LNA VSA , L Tigp BPF  LNA
21 MHz Schottky Detector 21 MHz Schottky Detector
Pros: s H 14-bit 125 MHz ADC FPGA card
—  Already have VSA - Mave 14-Di e cares
. . — No down conversion
— VSA has large signal dynamic range -
_  No down conversion — Fast tune measurements
cons: Cons. |
— VSA not fast enough to update tune B Iignk;t.ts'gn?l %T‘m'c range to only ~4e3 (assumes
at 600 Hz Its out of 14).
* Is this enough?
21 MHz 4I\ BP Filter 4I\ Down‘ 4[\ Amplifier 4I\ 24-bit 4I\ DSPS?grnI;TGA
Schottky 1,/ —/| Conversion —/ —/| Abc 1/ Processing
° Pros: ° cons:
_ Large signal dynamic — Needto puy or design _and bglld ADC/processing system
range — 100 db? » 24-bits MHz ADC chips available but not sure about board

level
* DSP or FPGA board with 24-bit MHz ADC system probably

needs to be designed and built
3¢ Fermilab

— Fast tune measurements
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Summary

« The MuZ2E experiment will look for physics beyond the
standard model

« Construction of the experiment has begun and first beam
commissioning is expected to start in 2020

« Slow extraction of protons from the delivery ring request
monitoring of the tune during the spill

« We are investigating BBQ and Schottky techniques to make
these measurements

« 21 MHz resonant Schottky detectors have been installed in
the delivery ring and initial measurements are being made

& Fermilab
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Thank you for your time and suggestions
are welcomed.

2= Fermilab



Experimental Technigue and Beam Needs

* The general technigue is to use protons to make pions, which quickly
decay to muons, which are captured on an Aluminum target.

* Previous experiments were rate-limited by the need to gate off after
individual protons to eliminate prompt backgrounds, which predominantly
come from radiative pion capture.

« Mu2e will get around this by using a bunched beam of protons, and then
waiting for the pions to decay before opening the live window.

0.08

Proton%ulse% Proton%ulsefs

= [ POT puise
0.07 — n arrival/decay time ( x 1M)
0.06 E— w arrival time ( x 400 )

= | | Prompt%ackeround% ----- u” decay/capture time ( x 400 )
0.05E
0.04F
0.03E

0.02
0.01
0

Live Window

______________
_________________________

PR il S I T | I | T T A T T T S TR TR SR E TR TR T I T T M P T
0 200 400 600 800 1000 1200 1400 1600 1800
Time (ns)

« This will allow the experiment to achieve a single event sensitivity that is a
four order of magnitude improvement of the previous best measurement.

& Fermilab
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