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Background & Motivation

Muon Magnetic Anomaly: Theory vs. Experiment
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Bottom Line

Successful commissioning
and beamline optimizations

Muon Capture vs. Injection (ax, Bx) (%)
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Integrated POT

Successful Run 1: ~2X BNL statistics
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Outline

* Experiment overview

» Optimization of the muon g-2 beamline
* Discovery of a problem

» Conclusion & path forward
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Outline

* Experiment overview
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Obtaining a polarized muon beam at Fermilab Muon Campus[1

[1] NuFact18, D. Stratakis, “Commissioning and

first results of the Fermilab Muon Campus” C =505m
- After a few turns all
Pion Decay Protons separate . . 4/ " convert to p*
and are removed ‘
—> <= Spin N\ AP10
Momentum Delivery Ring :
Vﬂ IJ;* Abort Line "1' ' MAal '

6

Snr.l&ng Wall

“Forward” Decay Muons
are highly polarized

‘.~MI-8 Line. |
13 > 27
3.1 GeV
8.89 GeV p secondaries (1T,
beam impacts u, p) travel u* are extracted
the target along M2 & M3 from the ring and u* enter the g-2

transferred into the
storage ring via M4,
M5

storage ring
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Muon g-2
storage ring
R=7.112m
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Focus on tuning beam into

the muon g-2 storage ring

* M4/M5 beamline: Transport beam
from Delivery Ring to Muon g-2

7

Vertical extraction from Delivery Ring
occurs Iin two stages:

- +4-ft into M4 beamline (Mu2e + g-2)
- +6.2-ft into M5 beamline (g-2 only)
27.1° horizontal triple-bend achromat
90° FODO transport

M5 Final Focus into moun g-2 storage
ring, zero dispersion (ring: Dx = 8.1m)
Injection properties dominated by narrow
“Inflector” aperture, discussed below
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Muons inside the storage ring

— Momentum
— Spin

JC i
3¢ Fermilab
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Muons inside the storage ring

* [n a uniform B-field, the momentum
rotates as angular frequency

eB
W= ——
;/m
* The spin rotates at
geB e
w,=————(1—y)—
ym ym
 The difference rotates at Want
' eB
W, =0, — W, =
a S C
I Measure
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— Momentum
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Muon injection and storage proceeds as follows

Lt
TO counter et -

* Thin scintillator detector installed at
entrance of magnet :

* Provides longitudinal beam profile :

Sample TO traces

Po =3.094 GeV/c
Ro=7.112m
Bo=1.4513T
T¢c=149.2ns

— PMT-A
— PMT-B

w01 Pulse width
~ 120 ns

500 -
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tion and storage proceeds as follows

injec

Muon

— — —
— —

2= Fermilab

Po =3.094 GeV/c
Ro=7.112m
Bo=1.4513T
T¢c=149.2ns
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ting

injec
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for injected beam 4
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Muon injection and storage proceeds as follows
L+

Fast pulsed kicker magnets

* Deflect momentum of injected beam
radial outward by 10.8 mrad at 90°

 On/Off withint < Tc =149 ns Po =3.094 GeV/c
Ro=7.112m

Bo=1.4513T
TC — 1492 ns
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Muon injection and storage proceeds as follows
“+

Pulsed electric quadrupoles

* Provide vertical focusing in order to
prevent beam from diverging out of
storage ring Po = 3.094 GeV/c

e Ro=7.112m

il el

Bo=1.4513T
TC — 1492 ns

B
-
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Muon injection and storage proceeds as follows

L+
Pulsed electric quadrupoles
* Provide vertical focusing in order to
prevent beam from diverging out of “Magic Momentum”
storage ring [Po = 3.094 GeV/(c
Measure y =29.3 -' Ro=7.112m
B B q ’ ,BXE- Bo=1.4513T
Woe = Ws — W, = . @' — ﬁ)/ - - Tc.=149.2ns

Obtain

JC :
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Observe decay positrons

Decay positron —.

R
orage P
Mud\ ’ Decay positron
\ = —‘_ S —-—!_—:——;—
A
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Calorimeter active volume
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(B) (C)
Nid(:al(t) p— N() exp (_t/')"r;t) [1 - ACOS_ ¢())]
High-energy decay positrons ] /\NVVVVVVVVVVV\/\/\/\,
Parity Parallel to muon spin in rest frame dl
Violation In vﬂ:@é_, . 8"
- e -
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Collect
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Of Events
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Nige(H) = Nyexp (—I/)/TM> [1 + A cos

/ -

ns
®

Extract a,

count/ 14
3,
T |||| T TTTTI
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* Three pieces needed
1. Muon beam

N P
¥ W ’\”f % .,/’ \' 'o‘\ o,

- - V\wﬁ
2. Magnetic field TE N oty
g . 10;_ ' @ V PRELIMINARY
3. Anomalous precession, wa

Muon beam

()]

Vertical Position (mm)

JC :
3¢ Fermilab
17  2018-08-17 N. S. Froemming | NuFact18 | The Muon g-2 Beamline



Outline

» Optimization of the muon g-2 beamline

L,.: :
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Beam delivered to g-2 for Run1 (17 Nov 2017)

A Fri2017-11-17 20:28:33 First Evidence Of Beam To MC-1
Nathan Froemming (nfroemm) Gerald Annala (annala) Dean Still (still)

Small signal, but non-trivial beam at PWC025 just upstream of the muon g-2 storage ring.

PWCO025

. 1HH‘|| | .mlUl'

PUC304 PWCOES

s~

Yean- 13.54 mm Sie 5.911 ™ Mhe-Nean ~10. 4 ¢ i 7. 336
-
"
EL- | |
. o|'||||.|‘| |||| ' e 0ot .||| ||’|'

PWCO04 ) PWCO25

32 Fermilab
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New beam-tuning parameters for injection optimization

Fermilab Accelerator Controls Network (ACNET)

Muon g-2 Experiment (MC-1) — . —r|

A1 POOB Bean Toroi«
M2 804 10N CHAMBER

M 740 1ON CHAMBER

DR 209 10N CHAMBER

DR 105 ION CHAMBER
ABORT LINE ION CHAMBER
M4 902 ION CHAMBER

NS 029 10N CHAMBER

020 MEASURED

MEASURED
022 MEASURED
023 MEASURED
024 MEASURED
SURED

2o M

1~2 RUN 1D
1~2 EVENT 10D
1~2 10 PHRT A INTEGRAI
-2 10O PHT B INTEGRA
-2 ALL CLUSTERS
-2 LAUNCH

e* FROM MUON DECAY

— Muon g-2 Experiment (MC-1)
— Fermilab Accelerator Division

2= Fermilab
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Two types of studies: (1) beam focusing, (2) beam steering

Quad studies: Beam focusing

|J~+ Q025 Inflector Beam Channel RING

TRIM studies: Beam steering

U+ —fHTO20 | HT024 infleotor &
eam Channel RING

2= Fermilab
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Beam-focusing studies

22

Quad studies: Beam focusing

>

Lt Q025 Inflector Beam Channel

RING
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>

Q025 Current (A)

Use new tuning variables in ACNET

Muon Storage vs. (Q024, Q025) Current,

Inflector = 277 7A (Readback)
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Bea m Stee ri n g Stu d ies TRIM studies: Beam steering

Inflector = 2779A Inflector = 2750A U+ —HT020 | HTO24

Muon Storage vs. (HT020, HT024) Current, Muon Storage vs. (HT020, HT024) Current,

Inflector Beam Channe| RING
Inflector = 2779A (Readback) Inflector = 2750A (Readback)
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Major problem at this point:

Only ~20% of design value
observed for decay e+/fill! &

L,.: :
3¢ Fermilab
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Design more sophisticated studies

Muon Capture vs. Injection Beam Width/Focusing Parameters @M5end

Capture Efficiency vs. (ax, Bx) (%) ) 5
[ [ | ' r — } — /
B y::5 54 metdlr e '
25 1.6
................... 14
oo RN  Amy X Ut Q025 Inflector Beam Channel RING
. | 12 2
% ,,,,,,,, %
= - 1.0 O
c 15 Sanks &=
S . A | L
i O
S e 4 | 0.8 5
. .4 *%
Ve 06 S
Inflector Beam Channel
' 04
5 A B
0.2
0 =5 ' ' ' | 0.0
20 40 60 80 100
Bx (m)
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Direct measurement of the beam Courant-Snyder parameters

Muon Capture vs. Injection Beam Width/Focusing Parameters @M5end

Capture Efficiency vs. (ax, Bx)

ay:iA'.35 (unitlgess)

v
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Develop multi-parameter tuning knobs (MULTSs)

Muon Capture vs. Injection Beam Width/Focusing Parameters @M5end

20 Capture Efficiency vs. (ax, Bx) (%)
ay=4.39 (unitiess) ' e . A 18 Muon Storage vs. MULT Current
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Outline

* Discovery of a problem

L,.: :
3¢ Fermilab
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The required kick Ax’ is provided by the kicker field strength

T cos(v/1 — nb) \/%sin(\/l —nb) £-(1 —cos(v/1—nb)) T

Ll I V ;;” sin(v/1 —n#)  cos(v/1 —nb) \/ll—_n sin(v/1 — n#) r’

0 0 0 1 0
S—— S——
Kickers Transport beam ~90° downstream from inflector exit to kickers Inil}c;gl:ttor

Stored muons at large radil

A'Tidck ~ xpu(;f AIQQ'Tgnf @
O+@+®)

o0 = Ap/p,

60  -40  -20 20 40 80
Radial Position [mm]
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Strong indications from simulation the kickers are weak

Effects of kicker strength

(A) (B) (C)
Muon Storage vs. Kicker ByO Xeq vs. Kicker ByO CBO, Amplitude vs. Kicker ByO
. Inflector (T) LJJ 15 4 Inflector (T) Jj /f = 20 - '_ . Cj
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o P S g & 15 ;
I -#--1.460 / N = - & -1.460 it 3 ——— ¥
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n ;/ \ \q: ) 7 - =-1. \\ s
!/ -8 N\ x 1‘ < -0 - A\ /'5"5 T
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- 3 L e % O - & -1.445 _
00 ¥ . - , , - 0- : . -
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FTiming set for maximum muon capture, kTpeak = +40ns ‘_g
S 20
-20

The only way my simulations could reproduce the observed
beam profile is if the kick was very, very weak (125G vs. 2500) &0

60  -40  -20 20 40 80
Radial Position [mm]
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The kick was increased, stored beam was DOUBLED

31

225e+/fill => 580 e+/fill

Muon Storage vs. Kicker High Voltage

1.2 1 e
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Conclusion

Successful commissioning
and beamline optimizations

Muon Capture vs. Injection (ax, Bx) (%)

30 a, =4.35 (unitless). - = - 1 1.8
By =15.54 meter
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Integrated POT

Successful Run 1: ~2X BNL statistics
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Conclusion

* The g-2 experiment is now well on its way

* First publication expected within one year

* Kicker improvements this summer

* Quad reliability this summer

* lonization cooling in upstream beamline => higher muon flux in g-2 ring
« 10X BNL next year } Ox BN

* 10X BNL following year

» Stay tuned
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BACKUP

2t Fermilab
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Measured g-2 ring kicker pulses

Kicker B-field vs. Time

1.0 - 7R == K1 Measured (2017-09)
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