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Fundamental Particle Spin
§ For a spin ½ point particle, 

classically the expectation is g = 1  
§ With Stern-Gerlach and atomic 

spectroscopy experiments in the 
1920s, it became apparent that    
ge = 2 . 
» i.e., an electron precesses twice as fast 

(muon as well)  

§ Solution to the g problem 
appeared in 1926 with a relativistic 
treatment by Thomas 

§ Incorporated into Dirac’s famous 
equation by 1928

"2

So, for an elementary spin ½ 
particle in Dirac's theory, g=2!

⃗μ = g
q

2mc
⃗S

gp ≈ 5.6

Then, same year, Rabi inferred gn = -3.8 
from measurements on the deuteron!

The first ‘anomalous’ magnetic moment!

Then, in 1933 (Stern and Estermann):

(proton)

anomaly: a ≡
g − 2

2

g = 2(1 + a)Set

spin

magnetic 
moment
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The Thomas BMT Equation and 
the Magic Momentum

§ For electromagnetic fields in the lab frame, the precession of the spin 
vector in the rest frame of the particle is given by the Thomas-BMT eq.*: 

§ The momentum vector of the particle will precess with 

§ Hence, relative to the motion of the particle, the precession frequency will 
be  

§ For ideal condition of pure vertical magnetic field and electric fields:
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* citations:
  — Thomas L H 1927 Philos. Mag. 3 1–22
  — Bargmann V, Michel L and Telegdi V L, 
          1959 Phys. Rev. Lett. 2 435–6
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The Thomas BMT Equation and 
the Magic Momentum

§ As we need to provide vertical focusing, if we operate at the “magic 
momentum” where the last term goes to zero, then can use electrostatic 
quadrupoles for this task 

§ Thus, a detector at one point in the ring would see frequency: 

§ So, provide a highly polarized beam of muons at the magic momentum 
into a highly uniform magnetic field, focus with electrostatic fields, and 
place detectors around circumference to detect positrons from the muon 
decays — kinematics show that the positrons with highest energies will 
emerge in the direction of the original muon’s spin 

§              The rate of decay at these higher energies will oscillate with 𝜔a
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Wiggle Plots
§ Fixed detector in the ring would observe the rate of muon decay “wiggle” 

with a frequency given by 

§ Muon g-2 Experiment uses 24 detector systems around the 
circumference, measuring positron trajectories, energies, etc. 

§                 repeat the wiggle plot thousands of times…
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Short History of the g-2 Experiment
§ Started out at CERN 

• 1959 (Lederman, et al.), using Synchrocyclotron — 2% result published in 1961, followed 
by more precise result — 0.4% error — confirming QED calculations at the time 

• 1966, using the CERN Proton Synchrotron (PS) 

» 25x more accurate, showed inconsistency between experiment and the theory of the day 

• 1969-1979, third iteration of the experiment (still with PS) gave much more accuracy 

» theory was confirmed to precision of 0.0007% 

• As time went on, theory continued to improve 

• In 1980s, new experiment formed in U.S. 

» led to BNL g-2 Experiment E821 

» on toward more precise measurement
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CERN g-2 storage ring, 1974



§ BNL Experiment E821 began running in 1997, published final result in 2004
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Short History of the g-2 Experiment
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• Since then, theory has improved further 

• Presently:  ~3.5𝝈 discrepancy, between E821 and Standard Model calculations

Errors in E821?     or     Something missing in the Standard Model?
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Fermilab E989 — Next Incarnation
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moved magnet to Fermilab in 2013…

You are Here!
Fermilab data taking  
started in 2017…
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Fermilab Implementation — E989
§ Fermilab re-purposed its antiproton rings to create the The Muon Campus 
§ Bunch formation in the Recycler 

§ System delivers 8 pulses / 1.4 s 
§    1012 protons on target / pulse 
§ Roughly 106 muons / pulse to ring 

•  ~104 magic muons stored / pulse 

§ Goal:  20x the statistics compared to BNL
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Muon	g-2

Mu2e

	Target	Station
Main	Injector/Recycler

Delivery	
Ring

Booster

V

time

100 ms storage ring 
circumference

§ Heavy reliance on modeling of beam production, transport, ring 
injection and beam storage to reduce systematic errors in the 
determination of anomalous magnetic moment

see D. Tarazona, next talk…



M. Syphers          ICAP2018 Key West      Oct 2018

Beam/Ring Modeling Efforts
§ Bunch Formation 

• ESME 

§ Targeting 
• MARS, GEANT, g4beamline 

§ Pion, Muon Capture 
• bmad, g4beamline 

§ Beam Line Transport 
• MAD, bmad, g4beamline, COSY 

§ Injection 
• bmad, gm2ringsim 

§ Storage Ring Properties 
• MAD, bmad, COSY, … 

§ Storage Ring Dynamics, Tracking 
• gm2ringsim, COSY, bmad, 

g4beamline
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§ Major beam dynamics modeling 
contributors: 
§ Cornell U. 
§ Brookhaven 
§ Fermilab 
§ U. Kentucky 
§ U. Lancaster (UK) 
§ U. Liverpool (UK) 
§ Michigan State U. 
§ Northern Illinois U. 

§ plus, analysts of the detector data, 
from all collaborating institutions!

plus individual codes, analyses, ..
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Muon Beam Production
§ Simulations of targeting of 8GeV 

proton beams onto the Fermilab A0 
target 

• Inconel target, followed by Lithium lens 
and pulsed momentum-selection 
magnet 

§ Followed by simulation of the 
transport from target through 300 m 
of beam line, 4 turns about the 500 m 
circumference Delivery Ring, and 
through another 200 m of beam line 
to the g-2 storage ring 

§ From pion decay at high energies, the 
polarization of the muon beam will be 
>95%, necessary for measuring the 
spin precession to high precision
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Target station

24

• Muons are produced indirectly: p→𝜋+ (26 ns)→𝜇+ (2 μs)

• Target station consists of five devices: production target, lithium 
lens, collimator, pulsed selection magnet & dump
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Muon Beam Production
§ In this application the beam arriving at the storage ring is very large and 

the ring acceptance is comparatively small; thus, only the core of the 
muon beam is admitted and stored
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Measurements:

measured beam properties agree very 
well with the predictions from derived 
targeting and transport simulations
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Table 13.2: Distortion of the closed orbits for E821 (FNAL) tune values and BrN/B0 and
ByN/B0 = 10 ppm.

N yCO (mm) xCO (mm)
0 0.53 (0.40) 0.08 (0.09)
1 0.08 (0.09) 0.53 (0.40)
2 0.02 (0.02) 0.02 (0.02)
3 0.01 (0.01) 0.01 (0.01)

where N is multipole component, R0 = 7112 mm is equilibrium radius, B0 = 1.45 T is central
value of the dipole magnetic field, ⌫x and ⌫y are horizontal and vertical tunes, respectively.

For E821, the average radial magnetic field Br0 drifted by typically 40 ppm per month,
which was correlated with temperature changes. About once a month Br0 was adjusted with
the current shims to maximize the number of stored muons, i.e., centering the beam vertically
in the collimators. From equ. (13.1) Br0/B0 = 40 ppm changes the vertical closed orbit by
2 mm. At FNAL we plan much better temperature control compared to E821. By1/B0 was
shimmed to < 20 ppm, which distorted the horizontal closed orbit by < 1 mm. For the
FNAL experiment, we want both of these components < 10 ppm. Other components are
less important since ⌫2

y ⇡ 0.18 and ⌫2
x ⇡ 0.82 are closest to the integers 0 and 1, respectively

(see Table 13.2). For E821 we used ⌫2
y ⇡ 0.13 and ⌫2

x ⇡ 0.87.
The E821 collimators were circular with radius 45 mm. The E821 beta functions vs. ring

azimuth are shown in Fig. 13.19. The FNAL experiment collimators will be oval with the
x and y axes modulated by the square root of the beta functions, i.e., ±0.8 mm in x and
±0.7 mm in y.
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Figure 13.19: E821 horizontal and vertical beta functions.

Fig. 13.8 shows the E821 collimator ring placement. Since the E821 kick extended over
many turns, we needed “half” collimators just after the kicker and at ⇡ radial betatron

quad centers
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The Muon g-2 Storage Ring
§ Implementation of weak focusing (discrete electrostatic quads)
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middle of quads, and byðsÞ; inversely, minimal
and maximal at these azimuths. Using the follow-
ing formulas we show in Tables 3 and 4 the
actual values of the betatron parameters for a
range of n-values relevant to our muon ðg # 2Þ
experiment.

cosðpnx=2Þ ¼ cosðli=RÞ cosð
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 # n0
p

lq=RÞ

#
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 # n0
p

þ
1
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 # n0
p

 !

& sinðli=RÞ sinð
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 # n0
p

lq=RÞ ð5Þ

Fig. 2. The muon ðg # 2Þ ring lattice with a radius of R0 ¼ 7112 mm: The muon storage region is a torus of radius R0 ¼ 7112 mm and
a cross section diameter of 90 mm: The quadrupole regions are denoted as Q1; Q2; Q3; and Q4: The 24 sets of detector rails are shown
as dashed lines.

Y.K. Semertzidis et al. / Nuclear Instruments and Methods in Physics Research A 503 (2003) 458–484 461

E0 = |@Ey/@y| ⇡ 2V/a2
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It is therefore not surprising that when we
looked for an extra magnetic field with the quads
turned on at710 kV and off every otherE50 s we
did not observe any signal. The NMR probe was
located on top of the vacuum chamber, and its
relative signal sensitivity was 10!8 : In the almost
DC mode (more than 50" 103 times longer
compared to E1 ms during data taking) the
accumulated charge is far larger than in the pulsed
mode. This is so even though the high voltage
value of 10 kV is smaller by about a factor of 2.5
compared to that applied in the pulsed mode.

6. Multipoles of the electrostatic potential in the
quadrupole region

6.1. Multipoles at normal operating voltage

The potential inside the electrostatic quadrupole
region can be, to a good accuracy,2 expressed as

the sum of multipoles:

U ¼
X

N

n¼0

rn½an sinðnWÞ þ bn cosðnWÞ( ð19Þ

where x ¼ r cos W and y ¼ r sin W are the horizon-
tal (radial) and vertical coordinates respectively.
The multipole analysis is done with OPERA [17]
and Fig. 17 shows the equipotential regions for
724 kV on the quad plates. The width of the
electrode can be adjusted to make b6 equal to zero.
When this is done, b10=b2 ¼ 1:9% at the edge of the
circular aperture. The potential inside the storage
region minus the quadrupole field3 is shown in
Fig. 18 .

In Table 5 we show the potential multipoles
when the quad plates are charged with724 kV for
negative muon storage polarity. The placement of
the plates is assumed ideal. In Table 6 we show the
potential multipoles when the quad plates are
charged with 724 kV for negative muon storage
polarity and the placement of the plates is assumed
the worst possible, i.e. 70:75 mm on the side
plates, and 70:5 mm on the top/bottom ones. To

OPERA-

UNITS
Length          : cm    
Flux density    : C m
Field strength  : V m  Potential       : V       
Conductivity    : S m  Source density  : C cm
Power           : W      
Force           : N       
Energy          : J        
Mass            : kg      

PROBLEM DATA
quad_no_offset.st
Linear elements
XY symmetry
Scalar potential
Electric fields
Static solution
Scale factor = 1.0
  6084  elements
  3155  nodes
    52  regions
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Fig. 17. The quadrupole plates and the equipotential regions for 724 kV on the plates. The dotted circle has a diameter of 9 cm and
denotes the cross section of the muon storage region. The placement of the quadrupole plates was assumed to be ideal.

2Under the assumption that the quadrupole plates are
straight and not curved, this expression is exact. The curvature
effects were investigated, but are not discussed here. 3 In order to make more visible the dominant multipoles.
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x

y

where
x00 +Kx(s)x = 0

y00 +Ky(s)y = 0
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Ky(s) = +
E0(s)

vB0R0
<latexit sha1_base64="3qUdanzRzpQxe2SHxSd4tcGDuIA="></latexit><latexit sha1_base64="3qUdanzRzpQxe2SHxSd4tcGDuIA="></latexit><latexit sha1_base64="3qUdanzRzpQxe2SHxSd4tcGDuIA="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="tqv18s8IEBmGeNhX1onxRfF1a04="></latexit><latexit sha1_base64="tqv18s8IEBmGeNhX1onxRfF1a04="></latexit><latexit sha1_base64="57geZ3LJ/B50Z1hFo2/4IQxJu08="></latexit><latexit sha1_base64="3qUdanzRzpQxe2SHxSd4tcGDuIA="></latexit><latexit sha1_base64="3qUdanzRzpQxe2SHxSd4tcGDuIA="></latexit><latexit sha1_base64="3qUdanzRzpQxe2SHxSd4tcGDuIA="></latexit><latexit sha1_base64="3qUdanzRzpQxe2SHxSd4tcGDuIA="></latexit><latexit sha1_base64="3qUdanzRzpQxe2SHxSd4tcGDuIA="></latexit><latexit sha1_base64="3qUdanzRzpQxe2SHxSd4tcGDuIA="></latexit>



M. Syphers          ICAP2018 Key West      Oct 2018

The Storage Ring and Field Precision
§ Collection of NMR probes on a railed system 

map out the field quality periodically over time 
§ Hall probe system, as well as vertical orbit 

distortion detection, provides information on local 
radial field distortions

"14



typical incoming 
beam pulse from Recycler:

§ Incoming particle distribution, momentum distribution 

§ Injection Kicker strength and pulse shape: 
§ Time distribution 

§ Putting it all together…
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Modeling the Injection Process

"15

momentum 
distribution is 
very uniform

From >400,000 simulated 
particles off of the target, 
54,000 arrive at ring 
  (here, bmad simulation)

D. Stratakis, FNAL, 
D. Rubin, Cornell

Update on Ringing Kicker and Momentum Distributions
M J Syphers

5/7/2018

Using the code from gm2-doc-xyz, . . .

Np = 100000 # number of particles to track
D = 8100 # dispersion function [mm]
nu = 0.9395809298329874 # choose tune to use
xi = 0.06269060876876 # choose chromaticity

1

prior to injection kick:

x

βx′� βy′�

y
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The Momentum Distribution

"16

7

     a𝛽 < rap - D𝛿

look at 
momentum 
distribution of the 
particles that can 
survive long-term:
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The Momentum Distribution

"16

7

     a𝛽 < rap - D𝛿

look at 
momentum 
distribution of the 
particles that can 
survive long-term:

May 3 Kim Siang I BAM Meeting

Reasonable agreement - truth and “FR analysis”

�22

Obviously 
more MC data required! 

Renee is generating 
more events! 

An excellent playground 
for fast rotation analyzers!

a typical distribution,  
deduced from data analysis
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Modeling with gm2ringsim
• Geant4-based (C++) tracking simulation
• Used to model muon injection, capture, 

storage, EM fields, beam dynamics,  
spin/edm tracking, muon decay, materials 
effects, detector response, systematics, 
etc.  Very detailed physics.

"17

Beam Monitors

(A)

(B) (C)

Winding the new superconducting inflector magnet

New Inflector

N. Froemming, NIU
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Gm2ringsim: Beam, Injection Tuning
• Plays a critical role in understanding injection, optimization, beam tuning

"18

“Walk Along Ridge”

DATA
SIMULATION + DATA

gm2ringsim

Data

N. Froemming, NIU
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Systematic:  E-Field Contribution
§ Important to tabulate and tackle the various systematic errors present in 

the data analysis in the determination of a 
§ Example:  Not all (any?) muons are at the magic momentum, so a 

momentum offset or an asymmetry in the momentum distribution can 
generate a systematic error: 

§ Hence, precise determination of the momentum distribution for each store 
is important

"19

xe = D · �p

p
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here, n = “field index” of the weak-focusing system
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Systematic:  Pitch Correction
§ Betatron oscillations lead to terms in the spin precession in which  

• in particular, the vertical oscillations can contribute to the spin precession in 
the horizontal plane 

§ Due to vertical betatron oscillations we would have

"20

~B · ~� 6= 0
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or,

precise particle 
tracking required
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§ Residual magnetic field errors and alignment errors of the electrostatic 
focusing quadrupole plates 

• Tune shifts 
• Orbit distortions 
• Beta function beating 
• Frequency shifts  
» time-varying fields (on-going kicker fields, etc.) 

• … 

§ ALL can contribute to the precision of the final determined value of the 
anomalous magnetic moment
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And All the Usual Suspects…
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For each azimuthal position we compute the vertical closed orbit distortion due to all the errors at the other
azimuthal locations:
DY = c(1:N)*0
i = 0
while(i<N){

i = i+1
j = 0
while(j<N){

j = j+1
DY[i] = DY[i] +

2*pi*(BrData$Br[j]*1e-3)*(dPhi[j]/360)*
betay/2/sin(pi*nuy)*
cos(abs(2*pi*nuy*(BrData$phi[j]-BrData$phi[i])/360)-pi*nuy)

}
}

We see that the radial field measurement predicts a vertical displacement of the orbit of between 3.5 and 4
mm. The average value of the distortion is 3.8 mm, which is totally consistent with the original observations
during running prior to the radial field correction.

4

Δy(s) = ∑
i

(Br)iΔsi

B0R0
⋅

βiβ(s)
2 sin πνy

cos [ |ψ (s) − ψi | − πν]



Effect of EQS (Electro Static Quadrupoles) Scraping on 
Lost Muons

• The EQS scraping reduces lost muons

during the measurement period

• The storage ring horizontal and vertical

tunes are determined by the EQS

operating voltages

• Storage ring betatron resonances

increase the number of lost muons

Without scraping

With Scraping

v D.Tarazona showed that 18.8 kV; 3!y
= 1 resonance is dominated by
magnetic skew sextupole with N=1

v Resonance b/w 16.5kV and 17kV
seems to be driven by a skew
sextupole with different N

v Lost muon rate is lower with scraping
on compared to no scraping away
from resonance, but it is higher on
resonance

Lost muon doubles vs. quad HVPS set-points for t > 30μs

after injection, with scraping and without scraping.

Sudeshna Ganguly, UIUC 17

0.0 0.2 0.4 0.6 0.8 1.0

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

hor tune

v
e
r 

tu
n
e

ν2
x + ν2

y = 1

m �x ± n �y = k

M. Syphers          ICAP2018 Key West      Oct 2018

Muon Losses Prior to Decay
§ So-called “lost muons” are identified as particular “hits” in the detector 

system that occur simultaneously on 2 or 3 consecutive detectors, 
assumed to be a single muon as opposed to 2 or 3 coincidental positrons 

• beam-gas scattering, field fluctuations, resonance conditions, … 
• Muon loss rate not due to decays must be taken into account in the analysis 

— will run at high and low vertical tunes, away from resonances 

§ Scan the quadrupole high voltage: 
• note:  weak focusing — tunes are coupled:  
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ν2
x + ν2

y = 1
νy = 1/32νx − 6νy = 0
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Polarization Simulations
§ It’s all about the spin 
§ For each decay, determine the 

initial spin angle of the muon 
from the measured trajectory of 
the emitted positron

"23

M. Korostelev 

§ Understand spin correlations to improve 
the systematic error on the initial spin 
angle 

• spin direction vs. momentum 
• spin direction vs. time in the bunch 
• spin direction vs. betatron amplitudes 
• etc.

Stratakis, et al.

tions are regions of low dispersion while the arcs are 
dispersive regions. A typical cell in the arcs is comprised 
of an F-quadrupole with similarly oriented sextupoles on 
either side followed by a dipole or drift region, then a D-
quadrupole also surrounded by sextupoles of the same 
convention and another dipole or drift region. 

 
Figure 2: Overall performance versus turn number as the 
beam loops the DR. Protons are two orders of magnitude 
more than muons. 

 
Figure 3: Simulated polarization of the g-2 muon beam as 

it enters the DR (a) and after it completes the second   
turn (b). 

     A detailed simulation model using the tracking code 
G4Beamline [5] has been developed in order to evaluate 

the performance and track the beam polarization. Figure 2 
illustrates the number of pions, muons and protons after 
each turn in the DR. Note that after the second turn the 
beam consists of muons and protons, with the proton 
intensity being greater by a factor of 100. Current studies 
[1,3] suggest that at least four turns are required so that 
protons can be safely removed, via an extraction kicker, 
without any muon losses. 

 
Figure 4: Simulated polarization of the g-2 muon beam as 

it completes the third turn in the DR (a) and the fourth 
turn in the DR (b). 

   Figure 3 shows the muon polarization when the beam 
enters the DR [Fig. 3(a)] and after the second turn [Fig. 
3(b)]. When the beam enters the ring the beam is 96% 
polarized in the longitudinal direction. This is a direct 
result of the lattice acceptance, which accepts only for-
ward decayed pions. While in the DR, the spin precesses 
in the horizontal plane due to the vertical magnetic field. 
As a result, the polarization will be split in the horizontal 
and longitudinal direction. When the beam exits the DR 
[Fig. 4(b)], the net polarization remains 96% and is al-
most equally split between x and z directions (i.e. Px=-
0.71 and Pz=-0.65).   
     Systematic effects on the measurement of ܽఓ occur 
when the beam has a correlation between the muon spin 
direction and its momentum [1,3]. Due to this anomaly, 
the muon spin precesses relative to muon momentum, in 
the DR, by an angle:  
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polarized in the longitudinal direction. This is a direct 
result of the lattice acceptance, which accepts only for-
ward decayed pions. While in the DR, the spin precesses 
in the horizontal plane due to the vertical magnetic field. 
As a result, the polarization will be split in the horizontal 
and longitudinal direction. When the beam exits the DR 
[Fig. 4(b)], the net polarization remains 96% and is al-
most equally split between x and z directions (i.e. Px=-
0.71 and Pz=-0.65).   
     Systematic effects on the measurement of ܽఓ occur 
when the beam has a correlation between the muon spin 
direction and its momentum [1,3]. Due to this anomaly, 
the muon spin precesses relative to muon momentum, in 
the DR, by an angle:  

THPOA26 Proceedings of NA-PAC2016, Chicago, IL, USA - Pre-Release Snapshot 14-Oct-2016 10:30

ISBN 978-3-95450-180-9
2C

op
yr

ig
ht

©
20

16
C

C
-B

Y-
3.

0
an

d
by

th
e

re
sp

ec
tiv

e
au

th
or

s
Pr

e-
R

el
ea

se
Sn

ap
sh

ot
14

-O
ct

-2
01

6
10

:3
0

5: Beam Dynamics and EM Fields
D02 - Nonlinear Dynamics - Resonances, Tracking, Higher Order

0 turns

2 turns

3 turns

4 turns

Polarization:                               ߮௔ ൌ                                    ,ఓܽߛܰߨ2
(1) 

where ܰ is the turn number and ߛ is the relativistic factor. 
The slope of the spin-momentum correlation is then:  

                           ݀߮௔ ⁄݌݀ ൌ ఓܽܰߨ2 ݉ఓܿߚ⁄ ,                       
(2) 

where ݉ఓ is the muon rest mass, ܿ is the speed of light 
and ߚ is the speed in units of ܿ. The correlation between 
spin precession angle and muon momentum versus the 
turn number is illustrated in Fig. 5 and Fig 6. The red 
curve is a linear fit of the data. Clearly, as the turn num-
ber increases the slope becomes steeper, a result that 
would have been anticipated directly from Eq. (2).  

 
Figure 5: Spin-momentum correlations after the second 
turn (a) and third turn (b). Red curve is a fit to the      
simulation results. 
     Quantitatively, we estimate the degree of correlation 
from the slope of the linear fit and compare it to values 
predicted by the theory in Eq. (2). Our results are dis-
played in Table 1. Simulated and theoretical values are in 
a reasonable agreement.  
 
 
 
 

Table 1: Comparison between Theoretical and Numerical 
Results for Different Turns (T) along the DR 

Parameter T2  T3 T4 
߮ఈ [rad] 0.43  0.64  0.86  
݀߮ఈ ⁄݌݀  [mrad/MeV/c] 0.14  0.21  0.28 
߮ఈ(sim)  0.41  0.62 0.83 
݀߮ఈ ⁄݌݀  (sim) 0.18 0.20  0.30 

 
 

 
Figure 6: Spin-momentum correlation after the fourth turn 
(a) and fifth turn (b). Red line is a linear fit to the simula-
tion data. Note that in the current g-2 commissioning 
scenario the beam exits the DR after four turns.    

FUTURE WORK 
A fast kicker system (rise time <180 ns) could allow 

proton removal at fewer turns and thus substantially im-
prove the systematics. The fast system will also play a 
key role in improving the transport of the Mu2e Experi-
ment since it will reduce machine activation risks associ-
ated with magnet or steering errors as it will allow early 
detection and beam removal.  

ACKNOWLEDGMENT 
Thanks to B. Drendel, M. Korostelev, and V.          

Tishchenko for many fruitful discussions.  
 
 
 

Proceedings of NA-PAC2016, Chicago, IL, USA - Pre-Release Snapshot 14-Oct-2016 10:30 THPOA26

5: Beam Dynamics and EM Fields
D02 - Nonlinear Dynamics - Resonances, Tracking, Higher Order

ISBN 978-3-95450-180-9
3 C

op
yr

ig
ht

©
20

16
C

C
-B

Y-
3.

0
an

d
by

th
e

re
sp

ec
tiv

e
au

th
or

s
Pr

e-
R

el
ea

se
Sn

ap
sh

ot
14

-O
ct

-2
01

6
10

:3
0

After 4 turns in 
Delivery Ring:



M. Syphers          ICAP2018 Key West      Oct 2018

Outlook
§ This important HEP measurement not only relies upon high flux to the 

apparatus, but also heavily on particle beam dynamics, including spin 
dynamics 

• important contribution to high-profile experiment 

§ Have generated ~2x BNL data set 
• looking for factor of 20 or more 
• Approx. 1-2 years more to run 

§ How to improve the muon flux? 
• Momentum Cooling using wedges 

• System in place for upcoming run 

• Continue running!
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Quadrupoles Quadrupoles

Dipole
Dipole Dipole

Wedge Wedge

Fermilab LDRD Funding 
  D. Stratakis (PI) 
  M. Syphers (co-PI)   
  J. Morgan (coordinator)
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Back-Up Slides
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Variations with High Voltage
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red=V; black=H
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Losing Muons Prematurely
§ When discussing Lost Muons, consider what the mechanism(s) might be: 

• Simply the time for a particle to eventually "find the aperture”? 

» the "scraping" process (if the mountain won't come ...) 

§ Is it muons scattering off of the residual gas molecules in the vacuum 
chamber? 

§ We know that the rates go up when near “resonances” in the tune space; 
how do we interpret this in terms of phase space dynamics?

"27



§ Some small fraction of particles will live “on the edge”; will eventually 
encounter the collimator aperture
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Scraping
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𝛽x’

x

aperture

Use quad plates to create a dipole 
electric field, distorting the closed 
orbit (hor + ver) to move equilibrium 
orbits toward the aperture, then 
“back off”

r0

a
b

D!

x

y



§ As muons Coulomb scatter off of residual gas molecules, their betatron 
amplitudes will grow (on average) and particles can eventually reach the 
aperture and be lost.

M. Syphers          ICAP2018 Key West      Oct 2018

Beam-Gas Scattering
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𝛽x’

x

x = 45 mm

Lost Muons Estimate from Beam-Gas Scattering
M J Syphers

2017 November 15

Below we make an estimate of the rate at which muons are lost due to multiple Coulomb interactions with
the residual gas in the Storage Ring under various circumstances.

The Zero-Emittance Growth Rate

Multiple Coulomb scattering of muons with the residual gas in the vacuum chamber will cause the betatron
oscillation amplitudes of the muons to grow on average until the aperture (or, admittance) is reached and
the particles are lost. If the single-particle amplitude of the betatron motion in one degree of freedom is a,
where a2 = x2 + (—xÕ + –x)2 as measured at a location with Courant-Snyder parameters – and —, then the
single-particle emittance can be defined by W = fia2/— and the rms beam emittance (i.e., averaged over
the distribution) will be ‘ = ÈW/2Í = fiÈx2Í/—, where we are assuming a distribution that is cylindrically
symmetric in (x, —xÕ + –x) phase space. We can also define the admittance as A = fia2

0/—, where a0 is the
e�ective aperture at the location corresponding to —.

For a beam with small emittance – i.e., much smaller that the admittance – then the emittance growth is
unconstrained and so the rate of increase of the average W is given by

R © d

dt
ÈW Í = d

dt
Èfia2/—Í = fi—

d

dt
ÈxÕ2Í = fi— · È◊̇2Í

assuming scattering events only alter xÕ and not x, and where

È◊̇2Í ¥
3

13.6 MeV
pv

42 v

Lrad

is the rate of increase of the variance of the scattering angle, ◊, due to multiple Coulomb interactions. For
the Muon g-2 Storage Ring and using “air” as our scattering material, we find that

È◊̇2Í ¥
3

13.6
3094

42 3 · 108 m/s
36.6 g/cm2

1.205 g/¸
103cm3

¸

· 100 cm
m · Pµtorr · 10≠6

760

= (0.16 mr)2/s · Pµtorr

where Pµtorr is the residual gas pressure in units of microtorr.

Since the rate of amplitude growth depends upon —, in the examples that follow we will use the average value
for the vertical plane, — ¥ 19.4 m, which is about twice that in the horizontal plane, whereas the scattering
angle growth rate is equal between x and y. Hence we arrive at

R ¥ fi—È◊̇2Í = fi(19.4 m)(0.16 mr)2/s · Pµtorr ¥ (0.5 fi mm · mr/s) · Pµtorr.

1

If entire distribution were well within the 
aperture, then would observe an emittance 
growth of rate R:



§ As muons Coulomb scatter off of residual gas molecules, their betatron 
amplitudes will grow (on average) and particles can eventually reach the 
aperture and be lost
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Beam-Gas Scattering

"30

Fraction of Lost Muons (Doubles) vs ∆V Scraping
Voltages for Different Time windows

0-7 µs
7-30 µs
30-60 µs
60-90 µs
90-120 µs
120-700 µs

6/29/18 4

1%

very preliminary
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Momentum - 𝚫t0 Correlation
§      Square Pulse                                      Ringing Pulse
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𝚫t0

𝚫p/p

𝚫t0

𝚫p/p
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Gm2ringsim:  Design Guidance
• Used to make several important design decisions (Q1outer + standoffs, 

kickers, collimators, new superconducting inflector magnet, trackers, etc.)
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μ+

gm2ringsim

Old Design
(bad)

New Concept
(@gm2ringsim)

New Reality
(~40% more μ+)

Remove material


