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Searches for the electric dipole 

moment of the neutron 

K.Kirch, ETH Zurich ï PSI Villigen, Switzerland 

nEDM installations at PSI                é and at ILL 
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Mike Pendlebury  
December 1, 1936 ï September 1, 2015 

 

He was an admired scientist, a great teacher, and a wonderful person  
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Joined the BVR committee when PSI 

decided to go for UCN source and nEDM 

experiment and he served for 13 years. 

In 2014 Sussex University joined our nEDM. 

The neutron EDM limits are amongst the 

most cited results of low energy particle 

physics. Mike has in his career improved the 

limit by more than 3 orders of magnitude! 

2014 

Mike Pendlebury  
December 1, 1936 ï September 1, 2015 

http://www.psi.ch/ltp/UserCommEN/igp_1024x640>_committee_2014.jpg
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Mike Pendlebury  
December 1, 1936 ï September 1, 2015 

PRD 92 (2015) 092003 
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Neutron, Proton, .. 

T 

Expect from SM: 
  

dn < 10-30 eÅcm 

 

Experimentally so far: 
  

< 3.0 x 10-26 eÅcm 

Electric Dipole Moments are small in 

the Standard Model 
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The history 

of neutron 

EDM limits  
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Smith, Purcell, Ramsey  

PR108(1957)120 
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. 

Electro-weak standard model 

expectation: ~10-32 eÅcm 

 

RAL-Sussex-ILL  

 dn < 3.0 x 10ï26 ecm 
PRL 97 (2006) 131801 

PRD 92 (2015) 092003 
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Caveat: 

 

The strong CP problem 

. 

dn å 10-16 e cm Å qQCD 

qQCD < 10-10 

~ 

LQCD å LQCD + g2/(32p2) qQCDGG 
~ 

Why is qQCD so small ? 

Q
C

D
 

RAL-Sussex-ILL  

 dn < 3.0 x 10ï26 ecm 
PRL 97 (2006) 131801 

PRD 92 (2015) 092003 

Smith, Purcell, Ramsey  

PR108(1957)120 

qQCD=0 

Ą accidentally small !? 
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The SUSY CP problem 

. 
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Why is fSUSY so small ? 

Pospelov, Ritz, Ann. Phys. 318(2005)119  

for MSUSY = 500GeV, tan b = 3  

(for neutron and electron!) 

(this is testing M already to 10TeV and  you  

may also ask: why are the masses so huge?) 

 

A. Ritz,  

update 2016 
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PSI (Switzerland) 

D2 source operating  
nEDM Experiment data taking 

TUM (Germany) 

D2 source under construction  

nEDM experiment under construction 

PNPI (Russia) 

He source under construction  

nEDM experiment planned  

ILL (France) 

Turbine source running 
nEDM experiment (PNPI) setup 

and 

He source prototype running 

RCNP (Japan) 

He source tested Ҧ TRIUMF 
nEDM experiment  R&D Ҧ TRIUMF 

J-PARC (Japan) 

D2 source planned 
nEDM experiment planned LANL (USA) 

D2 source running 
nEDM experiment R&D 

SNS (USA) 

nEDM experiment in He under construction  

NC-State (USA) 

D2 source under construction  

TRIUMF (Canada) 

He source under construction 

nEDM experiment under construction 

Mainz (Germany) 

D2 source operating 

I would like to acknowledge input from : 

Brad Fillipone, Maurits van der Grinten, Takeyasu Ito,  

Jeff Martin, Yasuhiro Masuda, Florian Piegsa, Anatoli Serebrov 

and my collaborators from nEDM@PSI 

Courtesy: Dieter Ries 
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Neutron EDM projects 

Operational: 

PNPI, ILL, PTI @ILL  
(result 2013/14, upgrading) 

nEDM@PSI 
(2018 upgrade to n2EDM) 

 

R&D and construction 

@RCNP/TRIUMF 

@FRM-2 

@SNS 

@PNPI 

@LANL 

@WWR-M 

Possible future projects 

@PIK 

@J-PARC 

@ESS 
N

e
w

 

p
h

y
s

ic
s
 

(Essentially all of them aiming at 1-2 orders of magnitude improvement) 
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EDM project talks today&Friday 

é and very important: many talks on UCN 

sources and overview by Albert Young on Thu  

PSI 

LANL 

ILL/PNPI 

 

SNS 

 

PSI 

PSI 

RCNP/TRIUMF 
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All nEDM competitive today (or soon) 

use ultracold neutrons ï UCN 

 move with velocities of few m/s 

have kinetic energies of order 100 neV 

strong  magnetic gravitation 

  60 neV T-1 300 neV 

Fermi potential VF Vm = -mB Vg = mngh 

 100 neV  m-1 

  5 T field -> 300 neV    3 m up -> 300 neV  

V 

En < 300 neV 

UCN: similar to ideal gas with temperatures of milli-Kelvin 
(very dilute and not in thermal equilibrium with walls) 
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How to measure the neutron 

(or other) electric dipole moment ? 

B E 

hn  = 2 (ɛB+dnE) 

hn  = 2 (ɛB- dnE) 

hDn = 4 dn E 
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Ramseyôs method with UCN 

frf 

frf 

Alternative: direct detection of precession with He-3 as planned for SNS-EDM 
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Tour through the projects 

@TRIUMF 

@LANL 

@SNS 

TUM/RAL @ILL 

@ESS 

PNPI@ILL, @PNPI 

@PSI 
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RCNP/TRIUMF 
 



10K D2O 
SCM 

UCN detector 

Spin 
analyzer 

Spin 
flipper 

Rotary 
valve 

Door 
valve 

17 

He-II 

Target 

Graphite Steel Concrete 

H.V. 

EDM 
cell 

3He cryostat 

1. He-II UCN source 

in spallation source 

2. Polarized UCN 
extraction  
from He-II 

3. 129Xe  
co-magnetometer 

nEDM, KEK-Osaka-RCNP 



P =      4 UCN/cm 3Ās at Ec = 210 neV, Ep×Ip = 0.4 kW (2012) 

Ÿ    200 UCN/cm 3Ās                                          20 kW 

Űs =   81 s (2012)  

Ÿ    100 s            

Statistical error: 10-27~10-28 e cm 

1. He-II UCN production in spallation source  

2. Polarized UCN extraction from He -II by SCM 

Systematic error: 10-27 e cm 

3. 129Xe co-magnetometer  

PUCN = 90% at the EDM cell  

visibility Ŭ = 83 % 

Parameters of nEDM 

ɟ = 800 UCN/cm3 in the EDM cell  



ÅOverview: 

ï Spallation-driven superfluid-

helium UCN source connected 

to room-temperature nEDM 

experiment. 

ï Goal sensitivity: 

ŭdn ~ 10-27 e-cm (Phase 2) 

Å Recent/upcoming progress: 

ïOngoing nEDM R&D: magnetic 

fields, comagnetometry with 129Xe- 
199Hg, UCN guides, EDM cell/HV. 

ï UCN source installation at TRIUMF 

to be completed this year. 

ï CFI IF proposal for source upgrade 

and nEDM expt. in prep. 

UCN/nEDM at TRIUMF 

UCN source 

Shielding base layer 

installed 

Kicker magnet installed 

Comagnetometer laser 

reached 300 mW 

UCN guide tests @ 

J-PARC & PSI planned 

(this summer) 

Facility as expected 

later this year. 



Ultra-Cold Neutrons and the Electric Dipole Moment 
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Status 
UCN source 

ÅBeamline finished by May 2016 

ÅInstallation of UCN source 

components by end of 2016 

EDM experiment 

ÅPhase 1 coming from Japan in 2017 

ÅPhase 2 developed in Canada (CFI 

proposal this year) for 2019 
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LANL 
 



nEDM Experiment at LANL UCN Source 

22 

Location of the envisioned 
nEDM experiment  
(the outer magnetic shield 
house not shown) 

UCNA 

¦/bˍ 

Å Room temperature Ramsey experiment 
Å Initial goal is to demonstrate a stored UCN density sufficient for a several x 10-27 e-cm 

nEDM experiment 
Å The current UCN source performance allows an nEDM measurement with a statistical 

sensitivity of ̀ /day = 6.5x10-26 e-cm with a double cell geometry. 
Å UCN source upgrade is underway to further improve the UCN source:  
Á Improvements include optimized geometry and moderator design 
Á The new UCN source to be installed summer of 2016 

SD2 UCN source 
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SNS 
 





nEDM @ SNS  

25 

MAGNETIC  
SHIELD 
HOUSE 

MAGNET 
PACKAGE 

POLARIZED 3He SOURCE 

3He INTERCONNECT 

MEASUREMENT 
CELLS 

INJECTION 
MODULE 

NOTE:  Neutron beam goes into page 
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Yale University  
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Status of nEDM@SNS 
Å2014-2017: Critical Component Demonstration (CCD) 

phase is underway 
ÅBuild working, full-scale, prototypes of technically-

challenging subsystems (can use these in the full 
experiment) 

Å4yr National  Science Foundation funds 5.5M$ for CCD 

ÅDepartment of Energy commitment of  1.8M$/yr for CCD  

 

Å2018-2020: Large Sale Integration (LSI) and 
Conventional Component Procurement (CCP) 
ÅLSI ς Integrate Central Detector, Magnets and 3He systems 

ÅCCP ς Includes Neutron Guide, Magnetic Shield, He 
Liquefier, etc 

 

Å2021: Begin Commissioning and Data-taking 

 

27 
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TUM/RAL/ILL@ILL 
 



Cryogenic nEDM ILL/TUM/RAL  

Super-thermal source (SuperSUN) coupled to room 

temperature experiment at ILL  

 

Å Magnetic environment will be established prior to 

new 9A beam construction 

Å New source will be constructed in parallel 

Å Room temperature experiment will be coupled to 

super-thermal source 

Super-thermal UCN (SuperSUN) coupled to a 

cryogenic experiment 

Å Cryogenic environment of experiment designed 

in parallel to room temperature data-taking 

Å UCN technologies (guides) being advanced at 

RAL for transport optimisation 

Å Fully cryogenic experiment running after room 

temperature data taking completed 

Possible move to different beam 

Å Letter of Intent for new super-thermal UCN source operating at ESS 
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ESS 
 



Neutron Beam EDM 

2 Neutron beams 

E  >  50 kV/cm  

B0  =  200 ɛT 

L  =  5 m  (proof-of-prin.) 

L =  50 m  (full-scale) 

Ʒ Unique, complementary and novel approach ï ideal for ESS 

Ʒ Ramsey neutron beam-type experiment ï sensitivity ~ 10-27 ecm 

Ʒ Directly measures main systematic false effect (vĬE) 

Ʒ Proof-of-principle planned for PSI and ILL  

Piegsa, Phys. Rev. C 88, 045502 (2013) 



Ʒ Successful Beam Time with a Prototype Ramsey Apparatus 

 

 

 

 

 

 

 

 

Ʒ High-Voltage Electrode Mock-up 
 

ü1:1 scaled test system 

üReached target field of 50 kV/cm  

 

 Electrode distance:  10 mm 

Electrode length:  400 mm 

Dec. 2014 at PSI 

Neutron Beam EDM 
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PNPI ï PTI - ILL 
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The double chamber spectrometer 

The prototype of all double-/multi-chamber EDM experiments 
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Limit dn < 5.5 ×10-26 ecm at 90%CL 

Best sensitivity obtained: 1.7 ×10-25 ecm / day           Improvement path:  

x 3-4 by move to PF-2/EDM, modifications of apparatus  

later move to SuperSUN and/or WWR-M, PIK 
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@PSI 
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UCN-Source 
- 1st test: 12/2010 
- Safety approval: 06/2011 
- UCN start 08/2011 
- Reliable performance 2012 
- UCN to nEDM since 2012 
  -> intensity 90x over 2010 
- Increased duty factor 2015: 
  20 Ą 40 mA average 
- 2016: towards 60mA 
 

nEDM 

590 MeV Proton Cyclotron 
2.2 .. 2.4 mA Beam Current 

Excellent performance of HIPA 
and regular beam delivery to UCN  

Ultracold  Neutron Source & Facility at PSI 
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Experimental  setup 

Polarized  UCN 
Spin Analyzers    

& Detectors 

Precession Chamber 

(UCN & Hg)  

Passive Magnetic  

Shielding (4 layers) 

HV Electrode 

UCN 

Switch 

Vacuum Tank 

5 T Magnet 

Cs magnetometers 

Mercury lamp  

Mercury  

lamp Mercury  

polarizing cell 
Magnetic field  

coils 

The prototype for all co-magnetometry nEDM experiments 
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1.7×10-26 ecm 

Towards new limits 
Neutron EDM search 

 The slope determines  

 the path forward 

 

Best sensitivity obtained: 1.1 ×10-25 ecm/day   Improvement path: 

ctd. improvement of UCN source and nEDM experiment  

n2EDM in 2018: gain in statistics ãN, E Ą x 5-8 sensitivity/time  
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The field has obtained a number of recent R&D 

highlights and understanding of important systematic 

effects in many areas 

ÅUCN sources 

ÅMagnetometry 

ÅMagnetic shields and degaussing 

ÅUCN coatings, guides, materials 

ÅUCN detection 

ÅGeometric phases 

ÅGravitational and spectral effects 

 

Some of these will be covered in the forthcoming talks at this 

workshop, partially listed below (incomplete é) 

 

R&D and Systematics 
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Some recent studies of systematics 
Observation of Gravitationally Induced Vertical Striation of Polarized Ultracold Neutrons by Spin-Echo Spectroscopy  

By: Afach, S.; Ayres, N. J.; Ban, G.; et al. 

PHYSICAL REVIEW LETTERS  Volume: 115   Issue: 16     Article Number: 162502   Published: OCT 16 2015   

Measurement of a false electric dipole moment signal from Hg-199 atoms exposed to an inhomogeneous magnetic field  

By: Afach, S.; Baker, C. A.; Ban, G.; et al. 

EUROPEAN PHYSICAL JOURNAL D  Volume: 69   Issue: 10     Article Number: 225   Published: OCT 6 2015   

Gravitational depolarization of ultracold neutrons: Comparison with data  

By: Afach, S.; Ayres, N. J.; Baker, C. A.; et al. 

PHYSICAL REVIEW D  Volume: 92   Issue: 5     Article Number: 052008   Published: SEP 22 2015   

Gravitationally enhanced depolarization of ultracold neutrons in magnetic-field gradients  

By: Harris, P. G.; Pendlebury, J. M.; Devenish, N. E. 

PHYSICAL REVIEW D  Volume: 89   Issue: 1     Article Number: 016011   Published: JAN 9 2014   

Geometric phases in electric dipole searches with trapped spin-1/2 particles in general fields and measurement cells of arbitrary 

shape with smooth or rough walls  

By: Golub, R.; Kaufman, C.; Muller, G.; et al. 

PHYSICAL REVIEW A  Volume: 92   Issue: 6     Article Number: 062123   Published: DEC 15 2015  

Frequency shifts and relaxation rates for spin-1/2 particles moving in electromagnetic fields  

By: Pignol, G.; Guigue, M.; Petukhov, A.; et al. 

PHYSICAL REVIEW A  Volume: 92   Issue: 5     Article Number: 053407   Published: NOV 5 2015   

Universality of spin relaxation for spin-1/2 particles diffusing over magnetic-field inhomogeneities in the adiabatic regime  

By: Guigue, M.; Pignol, G.; Golub, R.; et al. 

PHYSICAL REVIEW A  Volume: 90   Issue: 1     Article Number: 013407   Published: JUL 9 2014   

Calculation of geometric phases in electric dipole searches with trapped spin-1/2 particles based on direct solution of the Schrodinger 

equation  

By: Steyerl, A.; Kaufman, C.; Mueller, G.; et al. 

PHYSICAL REVIEW A  Volume: 89   Issue: 5     Article Number: 052129   Published: MAY 22 2014  

Electric-dipole-moment searches: Reexamination of frequency shifts for particles in traps  

By: Pignol, Guillaume; Roccia, Stephanie 

PHYSICAL REVIEW A  Volume: 85   Issue: 4     Article Number: 042105   Published: APR 4 2012  
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Some recent studies of magnetometry 
Highly stable atomic vector magnetometer based on free spin precession  

By: Afach, S.; Ban, G.; Bison, G.; et al. 

OPTICS EXPRESS  Volume: 23   Issue: 17   Pages: 22108-22115   Published: AUG 24 2015   

Investigation of the intrinsic sensitivity of a He-3/Cs magnetometer  

By: Koch, Hans-Christian; Bison, Georg; Grujic, Zoran D.; et al. 
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By: Koch, Hans-Christian; Bison, Georg; Grujie, Zoran D.; et al. 
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Large magnetic shielding factor measured by nonlinear magneto-optical rotation  

By: Martin, J.W.; Mammei, R. R.; Klassen, W.; et al. 
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Development of a vector-tensor system to measure the absolute magnetic flux density and its gradient in magnetically shielded 

rooms  

By: Voigt, J.; Knappe-Grueneberg, S.; Gutkelch, D.; et al. 

REVIEW OF SCIENTIFIC INSTRUMENTS  Volume: 86   Issue: 5     Article Number: 055109   Published: MAY 2015   

Apparatus for measurement of the electric dipole moment of the neutron using a cohabiting atomic-mercury magnetometer  

By: Baker, C. A.; Chibane, Y.; Chouder, M.; et al. 
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Time-dependent spin dressing using a He-3 atomic beam  

By: Eckel, S.; Lamoreaux, S. K.; Hayden, M. E.; et al. 

PHYSICAL REVIEW A  Volume: 85   Issue: 3     Article Number: 032124   Published: MAR 28 2012   

Neutron electric dipole moment measurement with a buffer gas comagnetometer  
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