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Muon	g-2	experiment	

•  Goal		
– measure	the	anomalous	magneMc	moment	of	the	muon	
(g-2)	with	0.14	ppm	uncertainty	(BNL		0.54	ppm)		

•  Method	
–  Circulate	polarized	muons	at	the	‘magic’	momentu,	in	
uniform	magneMc	field	and	measure	precession	frequency	

•  Polarized	muons		
–  	select	of	highest	energy	muons	in	 

•  Measure	muon	polarizaMon	
–  CorrelaMon	with	energy	of	decay	positrons	

⇡+ ! µ+⌫µ
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Status	
•  Commissioning	run	summer	2017	
•  ProducMon	run	is	just	beginning	
•  StaMsMcs	in	excess	of	BNL	by	summer	2018	

•  Upgrades	of	several	systems	planned	for	summer	2018	
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Muon	storage	ring	

M5	line	

inflector	

ES	quad	

kickers	

24	calorimeters	

Requirement	of	uniform	B-field		
					=>	electrostaMc	focusing	

Circumference	=	44.69	m		

(ideal	field	and	trajectory)	

aµ =
g � 2

2
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Muon	storage	ring	

•  Circumference	=	44.69	m	
•  RevoluMon	period	=	149.1	ns	
•  By	=	1.45	T	
•  Pµ = 3.09 GeV/c	
•  γ = 29.3 =

•  Aperture	=	9	cm	
•  τµ =64.4 µs	(at	3.09	GeV/c)	=	432	turns

(
1

aµ
� 1)1/2
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ElectrostaMc	quadrupoles	

d

inflector	

quadrupoles	

kickers	711.2	cm	

412 THE ELECTROSTATIC QUADRUPOLES (ESQ) AND BEAM COLLIMATORS

with the plate geometry (width, shape, etc.). The requirement of increasing the voltage by
a factor of about two we believe we can achieve in the positive muon polarity and we will
test it with the test setup at BNL, and with a magnetic field later on at Fermilab.

Figure 13.15: An OPERA model of the (normal: Q2, Q3, and Q4) electrostatic quadrupole
plates. The top/bottom plates are at a positive voltage and the side electrodes are at (the
same) negative voltage. The yellow curves represent the equipotential lines. The 90-mm-
diameter muon storage region is indicated by the blue dashed circle.

Since a very high voltage (up to 70 kV) is needed to maintain acceptable quality of
the quadrupole field, we are planning to operate the Q1 outer plate at a DC voltage. The
horizontal scraping will be accomplished by quadrupoles Q2 and Q3.

13.9 Coherent Betatron Oscillations Systematic Error

The average position and width of the stored beam can vary as a function of time as the
beam alternately focuses and defocuses in the ring. This is the result of a mismatched
injection from the beam-line into the (g � 2) ring via a narrow line, the so-called inflector
magnet. This imposes an additional time structure on the decay time spectrum because the
acceptance of the detectors and the (g � 2) oscillation phase depends on the position and
width of the stored muon ensemble.

The CBO frequency in E821 was close to the second harmonic of !a, so the di↵erence
frequency !CBO�!a was quite close to !a, causing interference with the data fitting procedure
and thereby causing a significant systematic error (see Chapter 4). This was recognized
in analyzing the E821 data set from 2000. In the 2001 running period the electrostatic
focusing field index, n, was adjusted to minimize this problem. This greatly reduced the
CBO systematic uncertainty. We will follow this strategy again but this time we will increase
the quad voltage by another 30% to decrease the CBO systematic error by more than a factor
of three, see Fig. 13.18.

In addition, the anticipated new kicker pulse shape will better center the beam on orbit.
On the detector side, we plan to increase the vertical size of the detectors compared to E821

400 THE ELECTROSTATIC QUADRUPOLES (ESQ) AND BEAM COLLIMATORS

Figure 13.4: A photograph of the downstream end of a vacuum chamber with the cage and
quads showing.

9	cm	

10.8	mrad	

Quads	span	156o	of	arc	
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412 THE ELECTROSTATIC QUADRUPOLES (ESQ) AND BEAM COLLIMATORS

with the plate geometry (width, shape, etc.). The requirement of increasing the voltage by
a factor of about two we believe we can achieve in the positive muon polarity and we will
test it with the test setup at BNL, and with a magnetic field later on at Fermilab.

Figure 13.15: An OPERA model of the (normal: Q2, Q3, and Q4) electrostatic quadrupole
plates. The top/bottom plates are at a positive voltage and the side electrodes are at (the
same) negative voltage. The yellow curves represent the equipotential lines. The 90-mm-
diameter muon storage region is indicated by the blue dashed circle.

Since a very high voltage (up to 70 kV) is needed to maintain acceptable quality of
the quadrupole field, we are planning to operate the Q1 outer plate at a DC voltage. The
horizontal scraping will be accomplished by quadrupoles Q2 and Q3.

13.9 Coherent Betatron Oscillations Systematic Error

The average position and width of the stored beam can vary as a function of time as the
beam alternately focuses and defocuses in the ring. This is the result of a mismatched
injection from the beam-line into the (g � 2) ring via a narrow line, the so-called inflector
magnet. This imposes an additional time structure on the decay time spectrum because the
acceptance of the detectors and the (g � 2) oscillation phase depends on the position and
width of the stored muon ensemble.

The CBO frequency in E821 was close to the second harmonic of !a, so the di↵erence
frequency !CBO�!a was quite close to !a, causing interference with the data fitting procedure
and thereby causing a significant systematic error (see Chapter 4). This was recognized
in analyzing the E821 data set from 2000. In the 2001 running period the electrostatic
focusing field index, n, was adjusted to minimize this problem. This greatly reduced the
CBO systematic uncertainty. We will follow this strategy again but this time we will increase
the quad voltage by another 30% to decrease the CBO systematic error by more than a factor
of three, see Fig. 13.18.

In addition, the anticipated new kicker pulse shape will better center the beam on orbit.
On the detector side, we plan to increase the vertical size of the detectors compared to E821
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µ+

µ+ ! e+⌫e⌫̄µ
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=>	Highest	energy	positron	
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Calorimeters	

d

inflector	

quadrupoles	

kickers	

e+	

µ+

24	calorimeters	measure	
positron	energy	and	Mme	

calorimeters	
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Calorimeters	

d

inflector	

quadrupoles	

kickers	

e+	

µ+

Apr 19 Kim Siang and Mark I BAM Meeting

Muon Precession Analysis in a nutshell

�2

plot time distribution 
of high energy positrons

“raw histogram”

reconstruct  
single positron events

Histogram	of	high	energy	positrons	
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InjecMon	

d

inflector	

quadrupoles	

kickers	711.2	cm	

BR=1.45	T	

ΔB/B	<	70	ppb	

9	cm	

BI=	-1.45	T	

Inflector		
aperture	

5.8	cm	

=77mm	

1.8cm	

InjecMon	mismatch	

1.7m	
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InjecMon	

B 

39cm	

Role of the Inflector 

6 

B. Lee Roberts, Muon g-2 Independent Design Review, June 5-7 2013 

The requirement of a uniform magnetic field means no 
gaps for injecting the beam. Everything has to fit 
between the pole pieces. 

The	magneMc	field	is	near	zero	at	
the	inner	surface	of	the	yoke,	and	
rises	to	1.45T	between	the	magnet	
poles,	over	a	distance	of	~39cm		

Muons	come	to	the	end	of	the	M5	
line	and	then	propagate	through:	
•  Hole	in	magnet	yoke	
•  Dipole	fringe	field	
•  Inflector	
And	exit	the	inflector	77	mm	from	
the	center	of	the	dipole	aperture	
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Inflector	

Apertures		
•  Inflector	half-width	=	9mm	
•  Inflector	half-height	=	28mm	
•  Storage	volume	radius	=	45mm	

to penetrate conductor layers, resulting in multiple
scattering, but provides much better mechanical
and cryogenic stability, and occupies less physical
space. Later studies also showed that the closed-
type option gives much less fringe field. A third
option, with the upstream end open and the
downstream end closed, was also discussed. In
that case, the muon storage efficiency would not
increase significantly, while the engineering diffi-

culties would remain 2. The second option, with
both ends closed, was chosen.

The outer coil has many more turns (52 turns)
than the inner coil (36 turns). A difficulty in
stacking the end layers for the outer coil was
solved by using a double-layer winding scheme.
For the first layer, only every other turn was

Fig. 7. Inflector cross-section.

Fig. 8. End options.

2E821 Design Report, BNL

A. Yamamoto et al. / Nuclear Instruments and Methods in Physics Research A 491 (2002) 23–40 29Inflector		
aperture	

1.8	cm	

5.8	cm	
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InjecMon	phase	space	

•  Beam	is	focused	to	a	waist	to	
clear	inflector	aperture	

•  (Muons	are	scaGered	in	coil	
overlapping	inflector	aperture)	

•  Dispersion	is	zero	in	inflector	

=>	Dispersion	and	phase	space	mismatch	

inflector	

Injected	beam	
			ε	=	40	mm-mrad	(95%)	
			Δp/p	=	2%	

Ring		
   βx	=	7.8	m	
   	η		=	8.2	m	

ring	

Hole	in	backleg	iron	
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InjecMon	channel	
o

pointchamber
Beam vacuum

Tangential reference line
1.25

Muon orbit

Beam line

Injection

7.112	m	
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inflector	

Trajectory	of	magic	
momentum	muon	

Inflector	rotated	clockwise	

Amplitude	and	envelope	of	betatron	oscillaMon	of	stored	beam	depends	on		
•  injecMon	angle		θ  and		
•  Kicker	angle	
•  Momentum	

θ	

kicker	

InjecMon	Dependencies	
Injected	parMcles	oscillate	about	the	closed	orbit	with	amplitude	that	depends	on;	
momentum,	injecMon	angle,	offset,	and	kick	angle	

offset	

Δp/p	

Δφ = π/2
InjecMon	point	to	kicker	
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Muon	capture	
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θinj= 3 mrad
θinj= 0
θinf= 6 mrad

Envelope	of	betatron	moMon	of	stored	muon	
	(10.8	mrad	kick	angle	puts	on	momentum	muon	on	axis)	
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Muon	capture	
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Envelope	of	betatron	moMon	of	stored	muon	
(10.8	mrad	kick	angle	puts	on	momentum	muon	on	axis)	
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Muon	capture	
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θinj= 3 mrad
θinj= 0
θinf= 6 mrad

Envelope	of	betatron	moMon	of	stored	muon	
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Muon	capture	
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θinj= 3 mrad
θinj= 0
θinf= 6 mrad

Envelope	of	betatron	moMon	of	stored	muon	
	(8	mrad	kick	=	75%	nominal	–	under	kicking)	
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Muon	capture	
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In	the	event	of	under	kicking	
•  	Acceptance	is	skewed	to	higher	momenta	
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Measurement	
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In	general	
•  Finite	momentum	distribuMon	
•  Transverse	moMon	
•  Non	zero	E-field		

SystemaMcs	
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Pitch	correcMon	
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Pitch	correcMon:	
•  ContribuMon	depends	on	verMcal	phase	space	distribuMon	
	
	
	
•  	CorrecMon	requires	measurement	of					
																																													
																																						ver@cal	phase	space	

�y = py/(�mc)
<latexit sha1_base64="3o6d7Q2CUU213KLxGWsMzK7rcpg=">AAACBHicbVBNS8NAEN34WetX1GMvi0Wol5qIoBeh4MVjBfsBTQiT7aZdupuE3Y0QSg9e/CtePCji1R/hzX/jts1BWx8MPN6bYWZemHKmtON8Wyura+sbm6Wt8vbO7t6+fXDYVkkmCW2RhCeyG4KinMW0pZnmtJtKCiLktBOObqZ+54FKxZL4Xucp9QUMYhYxAtpIgV3xQqohyPE1ToP8rOYNQAjAAmNyGthVp+7MgJeJW5AqKtAM7C+vn5BM0FgTDkr1XCfV/hikZoTTSdnLFE2BjGBAe4bGIKjyx7MnJvjEKH0cJdJUrPFM/T0xBqFULkLTKUAP1aI3Ff/zepmOrvwxi9NM05jMF0UZxzrB00Rwn0lKNM8NASKZuRWTIUgg2uRWNiG4iy8vk/Z53XXq7t1FtdEo4iihCjpGNeSiS9RAt6iJWoigR/SMXtGb9WS9WO/Wx7x1xSpmjtAfWJ8//CuWWw==</latexit><latexit sha1_base64="3o6d7Q2CUU213KLxGWsMzK7rcpg=">AAACBHicbVBNS8NAEN34WetX1GMvi0Wol5qIoBeh4MVjBfsBTQiT7aZdupuE3Y0QSg9e/CtePCji1R/hzX/jts1BWx8MPN6bYWZemHKmtON8Wyura+sbm6Wt8vbO7t6+fXDYVkkmCW2RhCeyG4KinMW0pZnmtJtKCiLktBOObqZ+54FKxZL4Xucp9QUMYhYxAtpIgV3xQqohyPE1ToP8rOYNQAjAAmNyGthVp+7MgJeJW5AqKtAM7C+vn5BM0FgTDkr1XCfV/hikZoTTSdnLFE2BjGBAe4bGIKjyx7MnJvjEKH0cJdJUrPFM/T0xBqFULkLTKUAP1aI3Ff/zepmOrvwxi9NM05jMF0UZxzrB00Rwn0lKNM8NASKZuRWTIUgg2uRWNiG4iy8vk/Z53XXq7t1FtdEo4iihCjpGNeSiS9RAt6iJWoigR/SMXtGb9WS9WO/Wx7x1xSpmjtAfWJ8//CuWWw==</latexit><latexit sha1_base64="3o6d7Q2CUU213KLxGWsMzK7rcpg=">AAACBHicbVBNS8NAEN34WetX1GMvi0Wol5qIoBeh4MVjBfsBTQiT7aZdupuE3Y0QSg9e/CtePCji1R/hzX/jts1BWx8MPN6bYWZemHKmtON8Wyura+sbm6Wt8vbO7t6+fXDYVkkmCW2RhCeyG4KinMW0pZnmtJtKCiLktBOObqZ+54FKxZL4Xucp9QUMYhYxAtpIgV3xQqohyPE1ToP8rOYNQAjAAmNyGthVp+7MgJeJW5AqKtAM7C+vn5BM0FgTDkr1XCfV/hikZoTTSdnLFE2BjGBAe4bGIKjyx7MnJvjEKH0cJdJUrPFM/T0xBqFULkLTKUAP1aI3Ff/zepmOrvwxi9NM05jMF0UZxzrB00Rwn0lKNM8NASKZuRWTIUgg2uRWNiG4iy8vk/Z53XXq7t1FtdEo4iihCjpGNeSiS9RAt6iJWoigR/SMXtGb9WS9WO/Wx7x1xSpmjtAfWJ8//CuWWw==</latexit><latexit sha1_base64="3o6d7Q2CUU213KLxGWsMzK7rcpg=">AAACBHicbVBNS8NAEN34WetX1GMvi0Wol5qIoBeh4MVjBfsBTQiT7aZdupuE3Y0QSg9e/CtePCji1R/hzX/jts1BWx8MPN6bYWZemHKmtON8Wyura+sbm6Wt8vbO7t6+fXDYVkkmCW2RhCeyG4KinMW0pZnmtJtKCiLktBOObqZ+54FKxZL4Xucp9QUMYhYxAtpIgV3xQqohyPE1ToP8rOYNQAjAAmNyGthVp+7MgJeJW5AqKtAM7C+vn5BM0FgTDkr1XCfV/hikZoTTSdnLFE2BjGBAe4bGIKjyx7MnJvjEKH0cJdJUrPFM/T0xBqFULkLTKUAP1aI3Ff/zepmOrvwxi9NM05jMF0UZxzrB00Rwn0lKNM8NASKZuRWTIUgg2uRWNiG4iy8vk/Z53XXq7t1FtdEo4iihCjpGNeSiS9RAt6iJWoigR/SMXtGb9WS9WO/Wx7x1xSpmjtAfWJ8//CuWWw==</latexit>

May	4,	2018	 23	D. L. Rubin    IPAC' 18    Muon g-2	



E-field	correcMon	

~!a = � q
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E-field	correcMon:	
•  Choose	momentum.	
							
								At	 ~pmagic = 29.3 GeV/c ! aµ =

1

�2 � 1
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CorrecMng	for	contribuMon	from	non-magic	momentum	muons	requires	
•  Measurement	of	momentum	distribu@on	
•  Measurement	of	radial	distribu@on		
	

~

E = k(xî� yĵ)
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Acceptance	correcMon	
The	acceptance	of	the	calorimeters	depends	on	the	radial	offset	of	the	decay	muon	
•  Radial	offset	varies	with	modulaMon	of	beam	width	
•  	And	with	oscillaMon	of	the	centroid	phase-offset hit times divided by 5-param fit

4/26/18 5

N(t) oscillation at CBO frequency:
acceptance modulation 

CorrecMon	requires	measurement	of		
																								evolu@on	of	radial	distribu@on	

d
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quadrupoles	

kickers	
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Detectors	

Fiber	Harps	
Traceback	trackers	
Calorimeters	
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Fiber	Harps	

d

inflector	

quadrupoles	

kickers	

µ+

180o	

270o	
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Ideal geometry

sketch of the cross-section of the 
X-pro�le �ber harp

7 scintillating )bers per harp

90  mm long
0.5 mm diameter
13  mm spacing

sketch of the cross-section 
of the Y-pro�le �ber harp
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Horizontal	and	verMcal	
fiber	harps	at	180	and	270	
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Traceback	trackers	

e+	

µ+

•  Measure	trajectory	of	decay	positron	
•  Traceback	to	posiMon	of	parent	muon	
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Beam	centroid	
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Ideal geometry

sketch of the cross-section of the 
X-pro�le �ber harp

7 scintillating )bers per harp

90  mm long
0.5 mm diameter
13  mm spacing

sketch of the cross-section 
of the Y-pro�le �ber harp

s
to

ra
g
e
 r

e
g
io

n

<       90 mm       >

<
                   9

0
 m

m
                   >

Test!beam!overview!
!   120!GeV!protons!
!   Straw!tracker!single!

module!
!   Silicon!telescope!
! Flobber!electronics!

box!outside!vacuum!

27/03/2015! Collabora9on!Mee9ng! 2!

180	deg	harp	
270	deg	harp	

Measurement	of	evoluMon	of	centroid	

Decohere		

Fiber	harp	

tracker	
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Fiber	harp	
Radial	width	/	150	ns	
		-	Phase	space	and	dispersion	mismatch	at	injecMon	
		-	Width	modulated	at	Qx		and		2Qx	=>	dispersive	and	betatron	components	
		-		

180	deg	harp	
270	deg	harp	horizontal	
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Fiber	Harp	
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VerMcal	height	/	150	ns	
•  ModulaMon	at	2Qy	=>	phase	space	mismatch	at	injecMon	
•  Informs	pitch	correcMon	

180	deg	harp	
270	deg	harp	
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Tune	

Antoine’s	plots	

Soutenance de thèseAntoine Chapelain 20 juin 2014               3On improving tune extractionAntoine Chapelain April 24, 2018        3

Frequency extraction (principle)

Fit with a Breit-Wigner (Bill’s suggestion), 
plus an amplitude and pedestal 

parameters

Fit with a Gaussian

– previously – – now – 

FFT	of	fiber	harp	centroid	
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Tune	scan	
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Tune	along	quad	
voltage	contour	
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Momentum	distribuMon	

Muon	g-2	Collaboration	Meeting,	March	2018Wanwei	Wu 7

Example	(bunch	#0):	decay	positron	signal

Example:	decay	positron	signal	from
each	bunch	at	early	time

FRA—SuperBowlFY18																																									Minimized	!" Method

Positron	intensity	in	calorimeters	

Muon	g-2	Collaboration	Meeting,	March	2018Wanwei	Wu 9

Example	(bunch	#	0):	weighted	signal	(removing	)*+ &	g-2	frequency)

Beam	debunching

FFT	of	the	weighted	
decay	positron	signal

FRA—SuperBowlFY18																																									Minimized	!" Method

Remove	decay	and	precession	
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Momentum	DistribuMon	

Frequency [Hz]
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DistribuMon	of	revoluMon	frequencies	is	the	
distribuMon	of	momenta.	Fourier	transform	
of	the	fast	rotaMon	signal	=>	frequency	
distribuMon	
	

Fourier	analysis	of	fast	rota@on	signal		 Frequency	
distribuMon	

Fit	momentum	distribu@on	to	
debunching	signal	

Magic	momentum	
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Radial	distribuMon	

Average	radial	distribuMon	measured	with	traceback	tracker	
				(Radial	distribuMon	convoluted	with	detector	acceptance)		
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Momentum	distribuMon	

Momentum	distribuMon	is	‘high’	
⇒  InjecMon	kicker	is	under-kicking	and/or	tails	of	the	muon	pulse				

are	in	the	rising	and	falling	tails	of	the	kick	
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Nonlinearity	
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412 THE ELECTROSTATIC QUADRUPOLES (ESQ) AND BEAM COLLIMATORS

with the plate geometry (width, shape, etc.). The requirement of increasing the voltage by
a factor of about two we believe we can achieve in the positive muon polarity and we will
test it with the test setup at BNL, and with a magnetic field later on at Fermilab.

Figure 13.15: An OPERA model of the (normal: Q2, Q3, and Q4) electrostatic quadrupole
plates. The top/bottom plates are at a positive voltage and the side electrodes are at (the
same) negative voltage. The yellow curves represent the equipotential lines. The 90-mm-
diameter muon storage region is indicated by the blue dashed circle.

Since a very high voltage (up to 70 kV) is needed to maintain acceptable quality of
the quadrupole field, we are planning to operate the Q1 outer plate at a DC voltage. The
horizontal scraping will be accomplished by quadrupoles Q2 and Q3.

13.9 Coherent Betatron Oscillations Systematic Error

The average position and width of the stored beam can vary as a function of time as the
beam alternately focuses and defocuses in the ring. This is the result of a mismatched
injection from the beam-line into the (g � 2) ring via a narrow line, the so-called inflector
magnet. This imposes an additional time structure on the decay time spectrum because the
acceptance of the detectors and the (g � 2) oscillation phase depends on the position and
width of the stored muon ensemble.

The CBO frequency in E821 was close to the second harmonic of !a, so the di↵erence
frequency !CBO�!a was quite close to !a, causing interference with the data fitting procedure
and thereby causing a significant systematic error (see Chapter 4). This was recognized
in analyzing the E821 data set from 2000. In the 2001 running period the electrostatic
focusing field index, n, was adjusted to minimize this problem. This greatly reduced the
CBO systematic uncertainty. We will follow this strategy again but this time we will increase
the quad voltage by another 30% to decrease the CBO systematic error by more than a factor
of three, see Fig. 13.18.

In addition, the anticipated new kicker pulse shape will better center the beam on orbit.
On the detector side, we plan to increase the vertical size of the detectors compared to E821
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Resonances	
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Summary	

•  A	quanMtaMve	understanding	of	the	evoluMon	of	the	muon	distribuMon	over	the	course	
of	the	fill	is	essenMal	to	limiMng	the	systemaMc	uncertainty	in	the	measurement	of	the	
anomalous	magneMc	moment	to	the	70	ppb	(systemaMc)	target.	

•  	The	Muon	g-2	experiment	is	equipped	with	detectors	that	can	measure	phase	space	
and	momentum	distribuMon	in	some	detail.		

•  Beam	dynamics	simulaMons	informed	by	the	measurements	complete	the	descripMon.		

•  The	preliminary	data	presented	was	collected	during	the	commissioning	phase	of	the	
experiment.		

•  Based	on	that	data	it	is	clear	that	the	fiber	harp	and	tracker	systems	are	an	effecMve	
window	on	the	behavior	of	the	circulaMng	distribuMon.	
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CHAPTER 19 589

Figure 19.6: Placement of the straw tracking modules in the scallop region of the vacuum
chamber. The top figure shows the tracker placement in the upstream section of one of the
12 vacuum chambers and its location with respect to the two calorimeter stations and sleds
(red) in the same vacuum chamber. The trolly rail system (purple) is displayed inside the
vacuum chamber.

slot into the ’staircase’ walls of the modified vacuum chambers. This design maximises radial
coverage whilst avoiding the need to manufacture modules with several di↵erent lengths. The
tracker modules have four layers of straws arranged as two close-packed doublet planes in a
UV configuration oriented ±7.5� from the vertical direction.
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