
• What is possible to achieve: 10-29e cm and with  
a lot of work 10-30e cm (stochastic cooling,…)

• Possible place: FNAL,…?  

• How?

Proton EDM in Storage Ring, PAC Presentation
FNAL, 15 October 2012

The storage ring proton EDM 
Experiment EOI

Yannis Semertzidis     
BNL
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Upgrade?



Nima Arkani-Hamed, Intensity Frontier
Rockville, 2011
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The proton EDM uses an ALL-ELECTRIC ring: 
spin is aligned with the momentum vector
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At the magic momentum

the spin and momentum
vectors precess at same 
rate in an E-field. Similar 
to muon g-2 method.
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The proton EDM proposal to DOE NP: November 2011

Weak vertical focusing to optimize 
SCT and BPM operation B: quadrupoles



Experiment Parameters
1. Proton magic momentum: 0.7 GeV/c

(233 MeV kinetic)

2. E = 10.5 MV/m for 3 cm plate separation

3. R = 40 m; straight sections

4. Weak vertical focusing: vertical tune 0.3 0.1

5. Stored particles: ~1010 per 103s, 104 injections



Proton Statistical Error (230MeV):

p : 103s Polarization Lifetime (Spin Coherence Time)
A   : 0.6  Left/right asymmetry observed by the polarimeter
P   : 0.8  Beam polarization
Nc : 41010p/cycle Total number of stored particles per cycle
TTot: 107s  Total running time per year
f : 0.5%    Useful event rate fraction (efficiency for EDM)
ER : 10.5 MV/m Radial electric field strength (95% azim. cov.)
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 d 1.6 1029e  cm/year for uniform counting rate and
 d 1.11029e  cm/year for variable counting rate



Booster

AGS

A proposed proton EDM ring location
at BNL. It would be the largest diameter 
all-electric ring in the world.

40 m



What makes the pEDM experiment
1. Magic momentum (MM): high intensity 

charged beam in an all-electric storage ring
2. High analyzing power: A>50% at the MM
3. Weak vertical focusing in an all-electric ring: 

SCT allows for 103s beneficial storage; 
prospects for much longer SCT with mixing 
(cooling and heating)

4. The beam vertical position tells the average 
radial B-field; the main systematic error source

5. Geometrical-phase specs: 0.1mm



Clock-wise (CW) & Counter-Clock-wise Storage

Equivalent to p-bar p colliders in
Magnetic rings

Any radial magnetic field sensed by the 
stored particles will also cause their
vertical splitting. 



What is critical
The beam vertical position tells the average 
radial B-field; the main systematic error source

First funding from US-Japan for testing at RHIC

D. Kawall



1. Beam Position Monitors      
(Need support to proceed)

• Technology of choice: Low Tc SQUIDS, signal 
at ~104Hz (10% vertical tune modulation)

• R&D sequence: (First funding from US-Japan)
1. Operate SQUIDS in a magnetically shielded 

area-reproduce current state of art
2. Operate in RHIC at an IP (evaluate noise in an 

accelerator environment)



2. Polarimeter Development

• Polarimeter tests with runs at COSY 
(Jülich/Germany) demonstrated < 1ppm level 
systematic errors: N. Brantjes et al., NIM A 
664, 49, (2012)

• Technologies under investigation:
1. Micro-Megas/Greece: high rate, pointing 

capabilities, part of R&D for ATLAS upgrade 
2. MRPC/Italy: high energy resolution, high rate 

capability, part of ALICE development



3. Spin Coherence Time: need >102 s
• Not all particles have same deviation from 

magic momentum, or same horizontal and 
vertical divergence (all second order effects)

• They cause a spread in the g-2 frequencies:

• Present design parameters allow for 103 s. 
Cooling/mixing during storage could prolong 
SCT (upgrade option?).
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Spin Coherence Time

• Several simulation efforts underway…

• Runge-Kutta based:



Vert. tune = .1 Vertical
oscillations

Horizontal
oscillations

Horizontal
Oscill. dp/p



What now?

• BNL proposal: We expect to know NP DOE 
plans for the proton EDM by early 2013

• FNAL: DOE, HEP effort.  The tunnel is 
already here!



Fermi: need polarized proton source



Chris Polly, PXPS12, June 16, 201219

And don’t forget proton EDM possibilities

See Y. Semertzidis talk this workshop
 Frozen spin technique could produce 

proton EDM sensitivity just as good or 
better than electron or neutron EDMs

 Looking at some Booster-based 
options

 Directly inject 233 MeV protons into 
ring in current location of Accumulator

 Important to have CW and CCW 
injection…tunnels already exist 

 Only uses a tiny fraction or beam 
power 



Technically driven pEDM timeline

• Two years R&D
• One year final ring design
• Two years ring/beam-line construction
• Two years installation
• One year “string test”

12 13 14 15 16 17 18 19 20 21

DOE HEP project



Question: Demonstration Ring?
• Maybe, e.g., similar size to muon g-2 ring.

PRSTAB 15,083502, 2012

R&D work at JLAB
Large grain Nb plates



Question: Demonstration Ring?

PRSTAB 15,083502, 2012

16 MV/m at 30 mm
69 MV/m at   3 mm



Demonstration-Ring Parameters
• Ring circumference: 50 m

• Bending radius: ~7 m

• Plate distance: 3 mm

• Radial E-field: ~60 MV/m

• High Voltage: ±90 kV 



Demonstration-Ring Parameters

• Proton Intensity (CW & CCW): ~107 / storage

• Spin Coherence Time: ~105 s

• Projected (statistical) sensitivity: better than 
10-26ecm

• Running time: ~1 month



What do we learn?

• All E-field ring issues: SCT, fringe field 
effects, ring admittance,…

• BPM SQUID-magnetometers

• B-field shielding, near DC, AC

• Target for cost: ~10% of large ring



Summary
• The collaboration is excited about the FNAL 

case (tunnel already there).
• Polarized source plus some conventional 

construction required.

• R&D support ($1.5M/y for two years) plus HEP 
strong endorsement needed

• Demonstration ring with reasonable cost 
became a possibility (through R&D work) 



Extra slides



PRSTAB 15,083502, 2012



E-field plate module: Similar to the 
(26) FNAL Tevatron ES-separators

0.4 m

3 m

Beam position
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Large Scale Electrodes, New: 
pEDM electrodes with HPWR

Parameter Tevatron pbar-p 
Separators

BNL K-pi 
Separators

pEDM

Length 2.6m 4.5m 3m

Gap 5cm 10cm 3cm

Height 0.2m 0.4m 0.2m

Number 24 2 102

Max. HV 180KV 200KV 150KV



Is there an optimum m?

m=0

m=0.01

m=0.04

R=40 m
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m = 0.006, tune:~0.08

Preliminary: Horizontal oscillations do not decohere the spins



SCT preliminary results for 
~0.1 tune

• More work needed

• Vertical oscillations do not contribute to spin de-
coherence (work by Yuri Orlov in agreement)

• Horizontal betatron oscillations and dp/p<10-4

are good enough for 103s storage time

• An “optimum” m = 0.006?



E-field model

n=1+m, m=0: cylindrical plates. 
m=0.010.1 vertical tune; RF ON, 500KV



Software development
• 4th order R.K. integrator

E-field radial dep. Horizontal tune

1/R 1.275

Constant 1.625

R0.2 1.680

Radial motion [m] vs. time [s]

Consistent with analytical
estimations:

Three different E-field 
dependences:
1/R
Constant
R0.2
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Strong CP-problem and neutron EDM

    163.6 10  e cmn pd d       102 10   

Order of magnitude estimation of the neutron EDM:
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M. Pospelov,
A. Ritz, Ann. Phys.
318 (2005) 119.
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EDMs of hadronic systems are 
mainly sensitive to

• Theta-QCD (part of the SM)

• CP-violating sources beyond the SM

Alternative simple systems are needed to be 
able to differentiate the CP-violating source 
(e.g. neutron, proton, deuteron,…).     



EDMs of different systems
Theta_QCD:

Super-Symmetry (SUSY) model predictions:

Measure all three: proton, 
deuteron and neutron EDMs to 
determine CPV source 

It is possible to find the value of 
theta…



Yannis Semertzidis, BNL

• Muon g-2: Precision physics 
in a Storage Ring

•Statistics limited… to improve 
sensitivity by a factor of 4 at 
Fermilab



Yannis Semertzidis, BNL

Muon g-2: 4 Billion e+ with E>2GeV
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Sub-ppm accuracy,
statistics limited



Breakthrough concept: Freezing the 
horizontal spin precession due to E-field

Muon g-2 focusing is electric:  The spin precession due 
to E-field is zero at “magic” momentum (3.1GeV/c for 
muons, 0.7 GeV/c for protons,…)

2, with 
2
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The “magic” momentum concept was used in the muon 
g-2 experiments at CERN, BNL, and …next at FNAL.



Storage Ring EDM Collaboration
• Aristotle University of Thessaloniki, Thessaloniki/Greece
• Research Inst. for Nuclear Problems, Belarusian State University, Minsk/Belarus
• Brookhaven National Laboratory, Upton, NY/USA
• Budker Institute for Nuclear Physics, Novosibirsk/Russia
• Royal Holloway, University of London, Egham, Surrey, UK
• Cornell University, Ithaca, NY/USA
• Institut für Kernphysik and Jülich Centre for Hadron Physics Forschungszentrum

Jülich, Jülich/Germany
• Institute of Nuclear Physics Demokritos, Athens/Greece
• University and INFN Ferrara, Ferrara/Italy
• Laboratori Nazionali di Frascati dell'INFN, Frascati/Italy
• Joint Institute for Nuclear Research, Dubna/Russia
• Indiana University, Indiana/USA
• Istanbul Technical University, Istanbul/Turkey
• University of Massachusetts, Amherst, Massachusetts/USA
• Michigan State University, East Lansing, Minnesota/USA
• Dipartimento do Fisica, Universita’ “Tor Vergata” and Sezione INFN, Rome/Italy
• University of Patras, Patras/Greece
• CEA, Saclay, Paris/France
• KEK, High Energy Accel. Res. Organization, Tsukuba, Ibaraki 305-0801, Japan
• University of Virginia, Virginia/USA

>20 Institutions
>80 Collaborators

http://www.bnl.gov/edm



Physics reach of magic pEDM (Marciano)

The proton EDM at 10-29e·cm has a reach of  
>300TeV or, if new physics exists at the LHC scale, 
<10-7-10-6 rad CP-violating phase; an 
unprecedented sensitivity level. 
The deuteron EDM sensitivity is similar.

• Sensitivity to SUSY-type new Physics:

• Sensitivity to new contact interaction: 3000 TeV

10 13   Currently: 10 ,  Sensitivity with pEDM: 0.3 10     
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Total cost: exp + ring + beamline for 
two different ring locations @ BNL

System Experiment w/ 
indirects

Conventional plus 
beamline w/ indirects

Total

pEDM at ATR $25.6M $20M $45.6M
pEDM at SEB $25.6M $14M $39.6M

System Experiment w/ 
55% contingency

Conv. & Beamline w/ 
contingency

Total

pEDM at ATR $39.5M $29.2M $68.7M
pEDM at SEB $39.5M $22.6M $62.1M

EDM ring
EDM ring+tunnel
and beam line





E-field strength

The field emission without and with high pressure water rinsing (HPR) 
for 0.5cm plate separation.

Recent developments in achieving high E-field strengths 
with HPR treatment (from Cornell ILC R&D)



Beam parameters
C.R. proton 
beams

0.7 GeV/c 80% polariz.; ~4×1010 

protons/store

~102 m base 
length

Repetition 
period:    
20 minutes

Beam energy: 
~1J 

Average 
beam power: 
~1mW

Beam 
emittance:
95%, norm.

Horizontal: 
2 mm-
mrad

Vertical:         
6 mm-mrad

(dp/p)rms~ 
2×10-4

• CW & CCW injections: Average emittance 
parameters: same to ~10% at injection.

Fermi would need to get into polarized beams physics



Why does the world need a 
Storage Ring EDM experiment at 

the 10-29 e-cm level ?

1. The proton, deuteron and neutron combined 
can pin-down the CP-violating source should 
a non-zero EDM value is discovered.   
Critical: they can differentiate between a 
theta-QCD source and beyond the SM.

2. The proton and deuteron provide a path to 
the next order of sensitivity.

Yannis Semertzidis, BNL



High intensity charged particle 
beams can be stored for a long time
Statistics:
• High intensity (41010), highly polarized beams (>80%) 
• Keep spin along the momentum, radial E-field (10MV/m) acts on proton EDM
• Long (~103s) spin coherence time (SCT) is shown
• High efficiency (0.5%), with large analyzing power (50%)

Systematics:
• Magnetic field shielding + feedback to keep vertical spin <0.3mrad/storage
• Store counter-rotating beams + BPMs to probe <Br>
• Longitudinal impedance: <10KΩ
• Forward/backward bunch polarizations (polarimeter)

Software development:
• Benchmarking at COSY with stored beams
• At least two different approaches, speed, accuracy

E

E E

E

ds d E
dt

 
  



Extraction: lowering the 
vertical focusing

“defining aperture”
polarimeter target

RL
RL
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UD
UD

V 




carries EDM signal
increases slowly with time

carries in-plane (g-2) 
precession signal

pEDM polarimeter principle (placed in a straight 
section in the ring): probing the proton spin 
components as a function of storage time

Micro-Megas TPC detector
and/or MRPC



The EDM signal: early to late change
• Comparing the (left-right)/(left+right) counts vs. 

time we monitor the vertical component of spin 

(L-R)/(L+R) vs. Time [s]

M.C. data



Optimizing the counting rate
• We can take most counts at the beginning and 

the end of the storage time and some in 
between for spin direction monitoring.

Variable counting rate
as a function of time [s]

Maximum rate: 4 × the
average rate.

(L-R)/(L+R) vs. Time [s]



Is the polarimeter analyzing 
power good at Pmagic? YES!

Analyzing power can be further optimized


