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Beam Dynamics Correction

𝑅!" ≈
𝑓#$%#&𝜔'( 1 + 𝐶) + 𝐶* + 𝐶($ + 𝐶*' + 𝐶++

𝑓#'$,- < 𝜔*" 𝑥, 𝑦, 𝜙 ×𝑀 𝑥, 𝑦, 𝜙 > 1 + 𝐵& + 𝐵.

• The formula shows the 𝑅!" calculation to extract 𝑎!.

• The corrections applied to the measured anomalous precession frequency 𝜔#$

are necessary to get an unbiased 𝑎! result.

• The total correction applied to 𝜔#$ in Run-456 is: 515 ppb with a systematic of 42 ppb 

Beam dynamics corrections
Saskia Plenary Talk - 136 

Estifa’a Parallel Talk - 723 
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Beam Dynamics Correction

• We must distinguish these corrections into two different categories:

Spin Dynamics Time varying phase
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Beam Dynamics Correction

• We must distinguish these corrections into two different categories:

Spin Dynamics Time varying phase



Spin Dynamics
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𝜔! =
𝑒
𝑚

𝑎"𝐵 − 𝑎" −
1

𝛾# − 1
𝛽×𝐸 − 𝑎"

𝛾
𝛾 + 1

𝛽 ⋅ 𝐵 𝛽

• Considering the extended version of the anomalous precession 

frequency we find two contributions that affect the measured 𝜔!:  



E-field correction
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𝜔# =
𝑒
𝑚

𝑎!𝐵 − 𝑎! −
1

𝛾% − 1
𝛽×𝐸 − 𝑎!

𝛾
𝛾 + 1

𝛽 ⋅ 𝐵 𝛽

• The formula represents the anomalous precession frequency:

This term is reduced by the choice of magic momentum, but not 

completely cancelled (due to muon momentum distribution)

• The residual effect of the electric field is computed as follow:

𝐶& ≈ 2
𝛽'
𝐵

𝐸(
𝛥𝑝
𝑝'

Momentum spread (w/ mono-energetic muon 𝐶!=0) Radial Electric field
(w/o quads 𝐶!=0)

• Both 𝐸( and 𝛥𝑝/𝑝' relate to the radial offset 𝑥*:

𝐸( ≈
+!,
-!
𝑛 𝑥*

./
/!
≈ 012

-!
𝑥*

• The 𝑪𝒆 can be written as function of equilibrium radii or 

momentum: 𝑪𝑬 ≈ 𝟐𝒏 𝟏 − 𝒏
𝜷𝟎𝟐

𝑹𝟎
𝒙𝒆𝟐 =

𝟐𝒏𝜷𝟎𝟐

𝟏 − 𝒏
𝜹𝟐



𝑪𝒆 correction – Calculation methods
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• Three different methods have been developed to compute the 𝑪𝒆 correction: 

Calo method Tracker method MiniSciFi method
scan 

More information in the back-up slides.

CERNext Method

Fourier Method
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Higher momentum muons:
• stored at larger radii
• take longer to go around 

Lower momentum muons:
• stored at smaller radii
• take shorter to go 

around

Dephasing and radial 
position used to extract the 
stored momentum 
spectrum



Calo Method – Fast Rotation Signal
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Randomization with a triangular kernel
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Fast rotation signal
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Fast rotation signal



• In E821 and Run-1 we used the CERN method to extract the electric field 

correction, building the 𝜒! from the Fast rotation signal:

𝑪𝒆 correction – Cernext Method
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𝜒% =:
4

𝑆4 − 𝛽564𝑅5𝑇6
𝜎4

• This method doesn’t account for correlation between 𝑅" and 𝑇#, so an extra term 

needs to be added at the 𝜒!:  

Equilibrium radius

Injection timePropagator function

𝜒% =:
4

𝑆4 − 𝛽564Σ$𝑅5𝑇6𝜖56$
𝜎4

Time Momentum
Correlation

• 12 parameters are needed to describe the time momentum correlation

Fast rotation signal



• In E821 and Run-1 we used the CERN method to extract the electric field 

correction, building the 𝜒! from the Fast rotation signal:

𝑪𝒆 correction – Cernext Method
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𝜒% =:
4

𝑆4 − 𝛽564𝑅5𝑇6
𝜎4

• This method doesn’t account for correlation between 𝑅" and 𝑇#, so an extra term 

needs to be added at the 𝜒!:  

Equilibrium radius

Injection timePropagator function

𝜒% =:
4

𝑆4 − 𝛽564Σ$𝑅5𝑇6𝜖56$
𝜎4

Time Momentum
Correlation

• 12 parameters are needed to describe the time momentum correlation

Fast rotation signal

𝑝 − 𝑝(magic)
𝑝(magic)

Vertical projection
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2 straw-tracker stations 
each 8 modules, 4 layers of 32 
straws, 50:50 Ar:Ethane

Reconstruct Muon 
Distribution

𝝁"𝒆"

Tracker module



Tracker method
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• The ring is used a momentum spectrometer

• Take the radial coordinates of muon under harmonic motion, separated in time by ½ a 
CBO period:

1
2
𝑇#$%

<latexit sha1_base64="Xw3g3FU0tmCxosVHTbUE6srf6Os="></latexit>

x0 = D� +A cos (!CBOt0 + �)

• Square 𝑥' and 𝑥;, 

• average over the muon beam detected 
by a tracker station within one 
cyclotron period, and

• solve for 𝛿% :
<latexit sha1_base64="ESSlDzeTuA6+wV+64Jcf1qEYN8s="></latexit>

h�2i = 1

2D2
x

⇥
hx2

0
i+ hx2

f i � hA2 cos (2!CBOt0 + 2�)i � hA2i
⇤

from NNLS minimizer

<latexit sha1_base64="WkAQbtFj/VTsz3ceQAO0D//4vKw="></latexit>

xf = Dω →A cos (εCBOt0 + ϑ),
𝑥& 𝑥'

<latexit sha1_base64="ePnk7/sDnzr1Qis09sc8+T5Q+2Y="></latexit>

Ce =

∑
i Ce,i exp (→ti/ω0εµ)∑

i exp (→ti/ω0εµ)

<latexit sha1_base64="mtSZZ6dAD9R2ad2XaBG3q4uVzlE="></latexit>

Ce,i =
2niω2

0

1→ ni

〈
ε2
〉
i



MiniSciFi method
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• During Run-6 data taking a Minimal Intrusive Scintillator 
Detector (MiniSciFi) has been installed to measure the 
time-momentum correlation 

1
2𝑇#$%

Each kicker delay measures stored 
momentum at an injection time slice

RF on (summed fibers)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

kicker delay time = - injection time
1 c.t. = 2 ns delay

scan 

Scanned over kicker delays to map 
momentum vs. injection time

Fibers measure circulating 
beam fast rotation intensity

Horizontal MiniSciFi

Extract the fundamental 
𝑡-𝑝 distribution

T0 bunch 𝜏-𝑝 efficiency

𝜌 𝑝, 𝑡( = B𝜌&,*+,-. 𝜏 + 𝑡( 𝜖 𝑝, 𝜏 𝑑𝜏
kicker 
delay

Convolution of short 
bunch with 𝜏-𝑝 efficiency

𝜌 𝑝, 𝜏 = 𝜌& 𝜏 𝜖 𝑝, 𝜏
Nominal stored distribution

Distribution measured in scan



MiniSciFi method
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1
2𝑇#$%

Efficiency 𝜖 𝑝, 𝜏

×

𝜌 𝑝, 𝜏 = 𝜌& 𝜏 𝜖 𝑝, 𝜏

Momentum 
projection

Reconstruct stored 𝑡-𝑝 distribution 

𝐶& =
2𝑛𝛽'%

(1 − 𝑛)
𝛿𝑝 % + 𝜎G/

%

Calculate 𝐶$ as usual 
from momentum 
distribution Bunch time 

distribution
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𝑪𝒆 correction results
• In Run-456 the main results have been provided by CERNext and tracker method, 

while MiniSciFi methos provided a solid cross check.

𝐶% = 347(27)	𝑝𝑝𝑏
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Pitch correction

𝜔! =
𝑒
𝑚

𝑎"𝐵 − 𝑎" −
1

𝛾# − 1
𝛽×𝐸 − 𝑎"

𝛾
𝛾 + 1

𝛽 ⋅ 𝐵 𝛽

Each muon undergoes simple harmonic motion in the vertical direction:

𝑦 𝑡 = 𝐴𝑠𝑖𝑛 𝜔H𝑡 + 𝜙 + J𝑦

The pitch of each muon would be:

𝐶/ =
1
2
𝜓%
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Pitch correction
We don’t measure 𝜓 directly, but we approximate -> 𝜓 ∼ tan𝜓 = %&

%'
Calculating 𝜓! , the correction can be revised as:

𝜓! =
𝑛
2𝑅(!

𝐴! → 𝐶) =
𝑛
4𝑅(!

𝐴!

Trackers can only measure the decay positions:

𝑦 − 2𝑦 ! =
1
2
𝐴! → 𝐶) =

𝑛
2𝑅(!

𝜎&!

𝐶5 = 175(9)	𝑝𝑝𝑏
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Beam Dynamics Correction

• We must distinguish these corrections into two different categories:

Spin Dynamics Time varying phase
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Time varying phase
Many systematics come from effects that change the phase of the detected positrons over 
time and introduce a bias on 𝜔#:

In general, anything that changes from early-to-late within each muon fill can 
be a cause of systematic error, as:

• Beam distortion
• Muon losses
• Varying lifetime
• Rate dependent reconstruction

cos(!at+ �(t)) = cos(!at+ �0 + �0t+ ...) = cos((!a + �0)t+ �0 + ...)
<latexit sha1_base64="qTJAtY3Brar5VD7fFaDX5apL6sY=">AAACWHicbZFdS8MwGIXT+jE3v+q89CY4xA2htCLojSB64+UEp8JaSpplW1jalOStMMb+pOCF/hVvTLeKzu2FwMM55yXtSZwJrsHzPix7bX1js7JVrW3v7O7tOwf1Jy1zRVmHSiHVS0w0EzxlHeAg2EumGEliwZ7j0V3hP78ypblMH2GcsTAhg5T3OSVgpMiRVOpmIBM2IBHBgM9wkA15E1otfI1XepFXwmmhuK77k8S/2TLQWlwqspHT8FxvNngZ/BIaqJx25LwFPUnzhKVABdG663sZhBOigFPBprUg1ywjdEQGrGswJQnT4WRWzBSfGKWH+1KZkwKeqX83JiTRepzEJpkQGOr/XiGu8ro59K/CCU+zHFhK5xf1c4FB4qJl3OOKURBjA4Qqbr4V0yFRhIJ5i5opwf//y8vwdO76hh8uGje3ZR1b6Agdoyby0SW6QfeojTqIonf0Za1bG9anjeyKXZ1HbavcOUQLY9e/AeMWqxY=</latexit><latexit sha1_base64="qTJAtY3Brar5VD7fFaDX5apL6sY=">AAACWHicbZFdS8MwGIXT+jE3v+q89CY4xA2htCLojSB64+UEp8JaSpplW1jalOStMMb+pOCF/hVvTLeKzu2FwMM55yXtSZwJrsHzPix7bX1js7JVrW3v7O7tOwf1Jy1zRVmHSiHVS0w0EzxlHeAg2EumGEliwZ7j0V3hP78ypblMH2GcsTAhg5T3OSVgpMiRVOpmIBM2IBHBgM9wkA15E1otfI1XepFXwmmhuK77k8S/2TLQWlwqspHT8FxvNngZ/BIaqJx25LwFPUnzhKVABdG663sZhBOigFPBprUg1ywjdEQGrGswJQnT4WRWzBSfGKWH+1KZkwKeqX83JiTRepzEJpkQGOr/XiGu8ro59K/CCU+zHFhK5xf1c4FB4qJl3OOKURBjA4Qqbr4V0yFRhIJ5i5opwf//y8vwdO76hh8uGje3ZR1b6Agdoyby0SW6QfeojTqIonf0Za1bG9anjeyKXZ1HbavcOUQLY9e/AeMWqxY=</latexit><latexit sha1_base64="qTJAtY3Brar5VD7fFaDX5apL6sY=">AAACWHicbZFdS8MwGIXT+jE3v+q89CY4xA2htCLojSB64+UEp8JaSpplW1jalOStMMb+pOCF/hVvTLeKzu2FwMM55yXtSZwJrsHzPix7bX1js7JVrW3v7O7tOwf1Jy1zRVmHSiHVS0w0EzxlHeAg2EumGEliwZ7j0V3hP78ypblMH2GcsTAhg5T3OSVgpMiRVOpmIBM2IBHBgM9wkA15E1otfI1XepFXwmmhuK77k8S/2TLQWlwqspHT8FxvNngZ/BIaqJx25LwFPUnzhKVABdG663sZhBOigFPBprUg1ywjdEQGrGswJQnT4WRWzBSfGKWH+1KZkwKeqX83JiTRepzEJpkQGOr/XiGu8ro59K/CCU+zHFhK5xf1c4FB4qJl3OOKURBjA4Qqbr4V0yFRhIJ5i5opwf//y8vwdO76hh8uGje3ZR1b6Agdoyby0SW6QfeojTqIonf0Za1bG9anjeyKXZ1HbavcOUQLY9e/AeMWqxY=</latexit><latexit sha1_base64="qTJAtY3Brar5VD7fFaDX5apL6sY=">AAACWHicbZFdS8MwGIXT+jE3v+q89CY4xA2htCLojSB64+UEp8JaSpplW1jalOStMMb+pOCF/hVvTLeKzu2FwMM55yXtSZwJrsHzPix7bX1js7JVrW3v7O7tOwf1Jy1zRVmHSiHVS0w0EzxlHeAg2EumGEliwZ7j0V3hP78ypblMH2GcsTAhg5T3OSVgpMiRVOpmIBM2IBHBgM9wkA15E1otfI1XepFXwmmhuK77k8S/2TLQWlwqspHT8FxvNngZ/BIaqJx25LwFPUnzhKVABdG663sZhBOigFPBprUg1ywjdEQGrGswJQnT4WRWzBSfGKWH+1KZkwKeqX83JiTRepzEJpkQGOr/XiGu8ro59K/CCU+zHFhK5xf1c4FB4qJl3OOKURBjA4Qqbr4V0yFRhIJ5i5opwf//y8vwdO76hh8uGje3ZR1b6Agdoyby0SW6QfeojTqIonf0Za1bG9anjeyKXZ1HbavcOUQLY9e/AeMWqxY=</latexit>

cos(!at+ �(t)) = cos(!at+ �0 + �0t+ ...) = cos((!a + �0)t+ �0 + ...)
<latexit sha1_base64="qTJAtY3Brar5VD7fFaDX5apL6sY=">AAACWHicbZFdS8MwGIXT+jE3v+q89CY4xA2htCLojSB64+UEp8JaSpplW1jalOStMMb+pOCF/hVvTLeKzu2FwMM55yXtSZwJrsHzPix7bX1js7JVrW3v7O7tOwf1Jy1zRVmHSiHVS0w0EzxlHeAg2EumGEliwZ7j0V3hP78ypblMH2GcsTAhg5T3OSVgpMiRVOpmIBM2IBHBgM9wkA15E1otfI1XepFXwmmhuK77k8S/2TLQWlwqspHT8FxvNngZ/BIaqJx25LwFPUnzhKVABdG663sZhBOigFPBprUg1ywjdEQGrGswJQnT4WRWzBSfGKWH+1KZkwKeqX83JiTRepzEJpkQGOr/XiGu8ro59K/CCU+zHFhK5xf1c4FB4qJl3OOKURBjA4Qqbr4V0yFRhIJ5i5opwf//y8vwdO76hh8uGje3ZR1b6Agdoyby0SW6QfeojTqIonf0Za1bG9anjeyKXZ1HbavcOUQLY9e/AeMWqxY=</latexit><latexit sha1_base64="qTJAtY3Brar5VD7fFaDX5apL6sY=">AAACWHicbZFdS8MwGIXT+jE3v+q89CY4xA2htCLojSB64+UEp8JaSpplW1jalOStMMb+pOCF/hVvTLeKzu2FwMM55yXtSZwJrsHzPix7bX1js7JVrW3v7O7tOwf1Jy1zRVmHSiHVS0w0EzxlHeAg2EumGEliwZ7j0V3hP78ypblMH2GcsTAhg5T3OSVgpMiRVOpmIBM2IBHBgM9wkA15E1otfI1XepFXwmmhuK77k8S/2TLQWlwqspHT8FxvNngZ/BIaqJx25LwFPUnzhKVABdG663sZhBOigFPBprUg1ywjdEQGrGswJQnT4WRWzBSfGKWH+1KZkwKeqX83JiTRepzEJpkQGOr/XiGu8ro59K/CCU+zHFhK5xf1c4FB4qJl3OOKURBjA4Qqbr4V0yFRhIJ5i5opwf//y8vwdO76hh8uGje3ZR1b6Agdoyby0SW6QfeojTqIonf0Za1bG9anjeyKXZ1HbavcOUQLY9e/AeMWqxY=</latexit><latexit sha1_base64="qTJAtY3Brar5VD7fFaDX5apL6sY=">AAACWHicbZFdS8MwGIXT+jE3v+q89CY4xA2htCLojSB64+UEp8JaSpplW1jalOStMMb+pOCF/hVvTLeKzu2FwMM55yXtSZwJrsHzPix7bX1js7JVrW3v7O7tOwf1Jy1zRVmHSiHVS0w0EzxlHeAg2EumGEliwZ7j0V3hP78ypblMH2GcsTAhg5T3OSVgpMiRVOpmIBM2IBHBgM9wkA15E1otfI1XepFXwmmhuK77k8S/2TLQWlwqspHT8FxvNngZ/BIaqJx25LwFPUnzhKVABdG663sZhBOigFPBprUg1ywjdEQGrGswJQnT4WRWzBSfGKWH+1KZkwKeqX83JiTRepzEJpkQGOr/XiGu8ro59K/CCU+zHFhK5xf1c4FB4qJl3OOKURBjA4Qqbr4V0yFRhIJ5i5opwf//y8vwdO76hh8uGje3ZR1b6Agdoyby0SW6QfeojTqIonf0Za1bG9anjeyKXZ1HbavcOUQLY9e/AeMWqxY=</latexit><latexit sha1_base64="qTJAtY3Brar5VD7fFaDX5apL6sY=">AAACWHicbZFdS8MwGIXT+jE3v+q89CY4xA2htCLojSB64+UEp8JaSpplW1jalOStMMb+pOCF/hVvTLeKzu2FwMM55yXtSZwJrsHzPix7bX1js7JVrW3v7O7tOwf1Jy1zRVmHSiHVS0w0EzxlHeAg2EumGEliwZ7j0V3hP78ypblMH2GcsTAhg5T3OSVgpMiRVOpmIBM2IBHBgM9wkA15E1otfI1XepFXwmmhuK77k8S/2TLQWlwqspHT8FxvNngZ/BIaqJx25LwFPUnzhKVABdG663sZhBOigFPBprUg1ywjdEQGrGswJQnT4WRWzBSfGKWH+1KZkwKeqX83JiTRepzEJpkQGOr/XiGu8ro59K/CCU+zHFhK5xf1c4FB4qJl3OOKURBjA4Qqbr4V0yFRhIJ5i5opwf//y8vwdO76hh8uGje3ZR1b6Agdoyby0SW6QfeojTqIonf0Za1bG9anjeyKXZ1HbavcOUQLY9e/AeMWqxY=</latexit>

More information in the back-up slides.
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Phase acceptance
• The measured g-2 phase of the muon is decay vertex position dependent.

• It is obtained as weighted average of the phases measured by each (x,y) pair 

position.
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Phase acceptance

This is the average 
phase as a function 
of the time.

Simulation

𝐶56 = −33(15)	𝑝𝑝𝑏



Data-driven
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Differential Decay

Injection simulation

𝐶++ = 26(27)	𝑝𝑝𝑏

∼ 20𝑝𝑝𝑏 ∼ 4/8𝑝𝑝𝑏
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Conclusion
• The beam dynamics study in g-2 is a crucial component in comprehending the 

behavior of the beam and determining an unbiased value of 𝜔*.
• The 𝜔* needs to be corrected for two main effects: 
• 1) spin dynamics and 2) phase-varying effects

• In Run-456 analysis, new methodologies have been implemented to improve the 
beam dynamics calculation, resulting in a more robust understanding of these effects.
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Thank you!!!
• For any question or just to have a chat – elia.bottalico@liverpool.ac.uk

“The closer you look the more there is to see”
F. Jegerlehner

mailto:elia.bottalico@phd.unipi.it


BACK-UP
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Calo Method – Fourier Method
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1) 2) 3) 4) 5)

1)
2)

3) 4)
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Muon loss

Δ𝜔! =
𝑑𝜑
𝑑𝑡

=
𝑑𝜑
𝑑𝑝

⋅
𝑑𝑝
𝑑𝑡

1) 2)

𝑑𝜑
𝑑𝑝

𝑑𝜑
𝑑𝑡

𝑪𝒍𝒎: describes the induced effect on the 
phase of 𝜔! due to muon losses during the fill. 
This is caused by:

1. Muons with different momenta having 
different phases;

2. The number of lost muons varying as a 
function of momentum.

𝐶:; = 0(2)	𝑝𝑝𝑏



• The tracker method is based on the muon propagation within the ring.

• The ring is used as a momentum spectrometer.

• To describe the motion between 2 points the following transformation is used:

𝑪𝒆 correction – Tracking Method
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𝑥
𝑥!
𝛿 "

=

cos 1 − 𝑛𝜙
R#
1 − 𝑛

sin 1 − 𝑛𝜙
R#
1 − 𝑛

[1 − cos 1 − 𝑛𝜙 ]

−
1 − 𝑛
𝑅#

sin 1 − 𝑛𝜙 cos 1 − 𝑛𝜙
1
1 − 𝑛

sin 1 − 𝑛𝜙

0 0 1

𝑥
𝑥!
𝛿 #

𝑥
𝑥%
𝛿 &

=
−1 0 2

𝑅'
1 − 𝑛

0 −1 0
0 0 1

𝑥
𝑥%
𝛿 '

For a phase advance 
of 𝜙 = 𝜋/ 1 − 𝑛

Computing the product we obtain: 𝛿 = 012
%-!

𝑥' + 𝑥;

Transfer matrix



• The tracker method is based on the muon propagation within the ring.

• To describe the motion from between 2 points the following transformation is 

used:

𝑪𝒆 correction – Tracking Method
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𝑥
𝑥!
𝛿 "

=

cos 1 − 𝑛𝜙
R#
1 − 𝑛

sin 1 − 𝑛𝜙
R#
1 − 𝑛

[1 − cos 1 − 𝑛𝜙 ]

−
1 − 𝑛
𝑅#

sin 1 − 𝑛𝜙 cos 1 − 𝑛𝜙
1
1 − 𝑛

sin 1 − 𝑛𝜙

0 0 1

𝑥
𝑥!
𝛿 #

𝑥
𝑥%
𝛿 &

=
−1 0 2

𝑅'
1 − 𝑛

0 −1 0
0 0 1

𝑥
𝑥%
𝛿 '

For a phase advance 
of 𝜙 = 𝜋/ 1 − 𝑛

We can extract: 𝛿 = /01
23!

𝑥& + 𝑥'

𝛿 =
1 − 𝑛
2𝑅9

𝑥9 + 𝑥:



Kickers and Inflector
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• The inflector cancels the storage ring field such that the 

muons are not deflected by the main 1.45 T field.

• Superconducting, operational current ∼2.6 kA.

• 3 Kickers are necessary to inject magic momentum muons 

along the magic radius (7.11 m) with a  required kick at 

order of 10 mrad. 

• 4 kA current in 200 ns pulse.

• Design kick strength has been reached in Run-3 (∼160 kV).



Quadrupoles
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Time [µs]

• The Electrostatic Quadrupoles (ESQ) system allows 

to strongly focus the beam vertically, four ESQ 

stations are symmetrically placed around the ring.

• The plates are raised from ground to operating 

voltage prior to each fill with RC charging time 

constants of ∼5 𝝁s.

• This procedure, known as scraping, initially 

displaces the beam vertically and horizontally with 

respect to the central closed orbit.



𝒈 > 𝟐
𝝎𝒂 = 𝝎𝒔 − 𝝎𝒄

= 𝒈𝝁0𝟐
𝟐

𝒆
𝒎𝒄
𝑩

Betatron motion
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• An ideal muon at the magic momentum, 3.09 MeV/c, in a 
1.45T magnetic field is stored with a period of 𝑇! = 149.2 ns

• We need quadruples to store the muon.
• The Electrostatic Quadrupoles (ESQ) system allows to strongly 

focus the beam vertically, four ESQ stations are symmetrically 
placed around the ring, introducing a field index -> 𝒏 ∼0.108 

• Given the restoring force by radial magnetic field, the beam 
oscillates radially (vertically too) as the betatron frequency: 
𝜔"# = 𝜔! 1 − 𝑛, where 𝒏 is the field-index. 

• 𝜔"# < 𝜔$, so calorimeters see a different phase at each turn, 
measuring an alias-oscillation called Coherent Betatron
Oscillation (CBO), given by 𝜔$"# = 𝜔$ −𝜔"#



Real world beam dynamics
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• In Run456 a RF system have been 

implemented to dump down the CBO 

oscillation, reducing the CBO 

amplitude by a factor ∼10.

RF Signal RF effect

No Additional RF on ESQ Additional RF on ESQ
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Beam Dynamics Correction

𝑑𝜑
𝑑𝑌3;<

𝑅!" ≈
𝑓#$%#&𝜔'( 1 + 𝐶) + 𝐶* + 𝐶($ + 𝐶*' + 𝐶++

𝑓#'$,- < 𝜔*" 𝑥, 𝑦, 𝜙 ×𝑀 𝑥, 𝑦, 𝜙 > 1 + 𝐵& + 𝐵.

E-Field: 347(27) ppb
Pitch: 175(9) ppb

PA: -33(15) ppb

Muon Loss: 0(2) ppb

𝑑𝜑
𝑑𝑡

Differential Decay: 26(27) ppb


