
WIR SCHAFFEN WISSEN – HEUTE FÜR MORGEN

Overview and status of neutron EDM experiments
P. Schmidt-Wellenburg, Solvay workshop 29.11-01.12.12, Brussels



A brief history of nEDM searches
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Year of Publication

Supersymmetry predictions

RAL-Sussex-ILL 

dn < 3 x 10–26 e cm (90% C.L.)
C.Baker et al. PRL(2006) 131801

J.M. Pendlebury et al., PRD 92 (2015) 092003

Smith, Purcell, Ramsey

dn < 5 x 10–20 e cm
PR 108 (1957) 120

First
Last

~ 50 years

“n-EDM has killed 

more theories than 

any other single 

experiment”

J.M. Pendlebury
1936-2015



Outline

Ultracold neutrons and Ramsey’s technique

Worldwide competition

Searches for static and oscillating nEDM at PSI



Modified Larmor Frequency

𝑉mag = −𝜇n Ԧ𝜎. 𝐵 Δ𝐸𝑚𝑎𝑔 = ℏ𝜔𝐿 = 2𝜇𝑛𝐵 with: 𝜇𝑛 =
1
2
ℏ𝛾𝑛

𝑉edm = −𝑑n Ԧ𝜎. 𝐸 Δ𝐸𝑒𝑑𝑚 = ℏ𝜔𝑒𝑑𝑚 = 2𝑑𝑛𝐸

For parallel electric and magnetic fields the precession frequencies add up and for anti-parallel
fields the frequencies have to be subtracted. The precession frequency difference of the two cases
can be measured:

HOW ???

ℏ𝜔⇈ = ℏ 𝜔𝐿 +𝜔𝑒𝑑𝑚 = 2 𝜇𝑛𝐵 + 𝑑𝑛𝐸
ℏ𝜔↿⇂ = ℏ 𝜔𝐿 − 𝜔𝑒𝑑𝑚 = 2 𝜇𝑛𝐵 − 𝑑𝑛𝐸

ℏ 𝜔⇈ − 𝜔↿⇂ = 4 𝑑𝑛𝐸



The Ramsey technique

Sensitivity:

 Visibility of resonance
T Time of free precession
N Number of neutrons
E Electric field strength

𝜎 𝑑n =
ℏ

2𝛼𝑇𝐸 𝑁



The beam searches

+ + + + + + + + + + + + + +
E

n
B

- - - - - - - - - - - - -

l = 2m

𝛿 𝑑n =
ℏ

2𝛼𝑇𝐸 ሶ𝑁

1

𝑡

=8.7 × 10−22
𝑒cm

Hz

1

𝑡

𝑇 =
𝑙

𝑣
≈ 0.015s; 𝛼 > 0.9; 𝐸 =

100kV

cm
; ሶ𝑁 = 1 × 106s−1

Dominant systematic effect:

𝐵𝑣 = −
𝒗 × 𝑬

𝑐2

final result: 𝜎 𝑑𝐧 = 1.5 × 10−24𝑒cm
due to misalignment of 0.1 mradDres et al., PRD 15(1977) 9 

1 day 𝜎 = 1×10−24𝑒cm

𝜋/2 𝜋/2



𝜎 𝑑n =
ℏ

2𝛼𝐸 𝑁𝑇3/2Ultracold neutrons (UCN)

 σ d
NT


2n 3/

1 Storable neutrons

(UCN)

E. Fermi & W.H. Zinn (1946) unpublished,
Y. B. Zeldovich, Sov. Phys. JETP (1959) 389 

Storage properties are

material dependent

350 neV ↔ 8 m/s ↔ 500 Å ↔ 3 mK Magnetic

∼60 neV/T

Gravity

102 neV/m

Strong

VF

V

neV 350 NbVF



Superthermal UCN production

4He

F. Atchison et al., PRL99(2007)262502

D2

R. Golub & J.M. Pendlebury, PLA62(1977)338

C.A. Baker et al., PLA308(2003)67

PSW, J. Bossy et al.,PRC92(2015)024002

macro cross section

differential flux
UCN lifetime in medium

𝜌 = 𝜏න
dΦ

d𝜆
Σ 𝜆 d𝜆

𝜏D2 ≈ 25ms

𝜏 4He ≈ 200s

8

𝜎 𝑑n =
ℏ

2𝛼𝐸 𝑁𝑇3/2



Depolarization

Gravitational depolarizationIntrinsic depolarization

𝛼 𝑇 = e−Γ2𝑇 −
𝛾𝑛
2𝑔𝑧

2𝑇2

2
⋅ 𝑑ℎ2 eff

A
fach et al.,P

R
D

92(2015)052008
A

fach et al.,P
R

L115(2015)162502
𝜎 𝑑n =

ℏ

2𝛼𝐸 𝑁𝑇3/2

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.052008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.162502


The measurement technique
Measure the difference of precession frequencies in 

parallel/anti-parallel fields:

   


 BBμEEdΔ
nn

22

Statistical accuracy of a magnetometer correcting for a change in B should 
be better than the neutron sensitivity per cycle:

Bδf δB
παT N


   0 1μT

n

1
11μHz        100fT

2



Magnetic fields

𝛿𝐵 < 100fT

optical pumped 
magnetometers 

(CsM/HgM/XeM…)
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Ultracold neutrons and Ramsey’s technique

Worldwide competition

Searches for static and oscillating nEDM at PSI



Measured simultaneously (n2EDM) Measured as sequence
(nEDM)

Co-magnetometer
(mercury, xenon,3He)

Corrections for differences of mean magnetic-
field gradient

Corrections for changes of the mean 
magnetic field

Magnetic shield 
(active, passive)

Minimal residual fields +
Stability: higher order gradients

Small residual fields +
Stability paramount !!

Efforts
TUM TRIUMF(2)
PNPI PSI(2)
SNS LANL(2)

LANL 
PSI(1) finished
TRIUMF(1)

Non-UCN searches Crystal EDM (ILL&PNPI), beam EDM (F. Piegsa, ESS)

Principal approaches

𝑑n =
ℏΔ𝜔 − 2𝜇n 𝐵↿↾− 𝐵↿⇂

2(𝐸↿↾− 𝐸↿⇂)
≈

ℏΔ𝜔

4|𝐸|

+++++++ +++++++



nEDM Experiment at LANL UCN Source

Location of the nEDM
experiment

UCNA
UCNτ

• Room temperature Ramsey experiment
• Initial goal is to demonstrate a stored 

UCN density sufficient for 
a several x 10-27 e-cm nEDM 
experiment

• UCN upgrade concluded
• First measurements with Ramsey cell

SD2 UCN source

courtesy: Ito Takeyasu

LANL collaboration:

LANL, Indiana Univ., Univ of Kentucky, 

Univ. of Michigan, Yale Univ., JINR



ILL / TUM effort

Page 15courtesy: Skyler Degenkolb

ILL/TUM effort:

Berkley, ILL, Jülich, LANL, Michigan, 

MSU, NCSU, PTB, RAL, TUM, UIUC, 

Yale



ILL SuperSun

Page 16

“3He cryostat”
delivered and tested

“converter cryostat”
to be delivered soon

“magnetic trap cryostat”
ordered (Elytt, Spain)

SuperSUN stage I (without magnet)

design in progress

SuperSUN stage II (with magnet)

feasibility study in progress

Converter volume: 12 litres
UCN production rate:       105 s-1 (E < 230 neV)
Saturated UCN number:  4×106 (stage I, Fomblin spectrum)

2×107 (stage II, polarized, E < 230 neV)

courtesy: Oliver Zimmer



nEDM @ SNS 

Redesign to reduce costs (7/17)

Smaller shield house 
Non-modular 3He system
& smaller building

courtesy: Brad Filippone



nEDM @ SNS 

Critical Component Demonstration  
(1/14-12/17) nearing completion

• > 75kV/cm achieved in mid-scale HV system

• With Cu-coated composite electrodes

• With closed measurement cell 

• 3He transport (phonon heat-flush) demonstrated in large-scale

• Non-magnetic dilution fridge nearly complete

• B-field uniformity (3 ppm/cm in full-scale) achieved in 1/3-scale 
cryogenic prototype & dressed spin design advanced 

• Noise levels sufficient in SQUID system prototype

• 1800s UCN storage time measured in cryogenic cell

• > 18 photo-electrons equivalent observed  in cryogenic light collection 
system with LHe & TBP (need 6 PE at least) Full-scale operation in 2022

courtesy: Brad Filippone



nEDM @ PNPI (&ILL)

Current: 𝒅𝐧 < 𝟓. 𝟓 × 𝟏𝟎−𝟐𝟔𝒆𝐜𝐦

Improvement by factor 3
at new position and with new 
precession cell

ILL 2020 : 𝒅𝐧< 𝟐 × 𝟏𝟎−𝟐𝟔𝒆𝐜𝐦

courtesy: Anatolii Serebrov
new scheme



PNPI UCN source at WWR-M reactor 

Page 20

• UCN density >1 × 105 cm−3

• All hardware exists

• Necessary cooling power test 

succesful

• Unclear whether and when 

WWR-M will get permission to 

operate

WWR-M reactor



ESS pulsed beam experiment

Use neutron source’s intrinsic pulses
Fixed installation
Lenght: 50m

Τd𝑁 d𝑡 > 100 MHz

courtesy: F. Piegsa



UCN EDM at TRIUMF
• Overview:
 Japan-Canada collaboration

 Spallation-driven He-II

UCN source connected to 

RT nEDM experiment.

 First UCN Nov 2017! 

Congratulations

 Goal sensitivity (statistics):

δdn ~ 10-27 e-cm (2019-2022) 

• Features:
 Unique UCN source technology with world-

leading potential.

 129Xe/199Hg dual-species comagnetometer to 

cancel false EDM’s.

UCN source

courtesy: Rüdiger Picker



Status & Schedules

Project Status
Sensitivity goal
(E-27 ecm)

Schedule 
(start data-taking)

LANL 2017:UCN source upgrade finished 
UCN density sufficient for 

O(1)
2019

TUM-ILL TUM apparatus moves to ILL O(0.1) 2019

PNPI At PNPI 2020 PNPI: 0.5 PNPI later

SNS Critical component demonstration concluded 0.2 2022

TRIUMF 2017: first UCN 2-3 years for experiment 
O(1)

2019

PSI
Phase(1) data-taking concluded
Phase(2) construction

Phase 1: O(10)
Phase 2: O(1)

Phase(2): 2020

ESS Demonstration phase at ILL O(0.1) ? 2025



Worldwide comparison of UCN sources
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.045503
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Outline

Ultracold neutrons and Ramsey’s technique

Worldwide competition

Searches for static and oscillating nEDM at PSI
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• 15 Institutions

• 7 Countries

• 48 Members

• 14 PhD students

The collaboration



P
. S

chm
idt -W

ellenburg
TR

IU
M

F C
olloquium

 2017 -10-12

50
27

PSI UCN source

Protons Spallation target
En~MeV

D2O moderator
Neutrons thermalized to 25 meV

1m

Main shutter
UCN storage volume

Neutron guide to experiments

UCN convertor (solid D2 @ 5K)

590 MeV
2.2 mA

Golub, R. & Pendlebury, J. M
PLA (1975)133
Anghel, et. al
NIMA (2009) 272 
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The nEDM spectrometer
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Simultaneous spin detection

S. Afach et al., EPJA (2015)51: 143

B

o Spin dependent detection
• Adiabatic spinflipper
• Iron coated foil

o 6Li-doped scintillator GS20
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• Initial polarization 𝛼0 measured
with USSA 0.86

• Best polarization after 
180s free precession
0.80, average 0.75

Transverse polarization time

  α tT αt  0
*

2 ln / 2488s

u d
0

u d

N
α

N

N

N





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Mercury co-magnetometer

• Average magnetic field (volume 
and cycle) 

• 𝜎B ≤ 100 fT (CR-limit)

• 𝜏 > 100 s wo HV (with 90s)

• 𝑠/𝑛 > 1000
B

0 
≈

1μ
T τ = 140s

¼ wave plate
linear polarizer

Hg lamps

PM

polarization 
cell

HgO source



P
. S

chm
idt -W

ellenburg
TR

IU
M

F C
olloquium

 2017 -10-12

50
32

Hg co-magnetometer

Extract B field from Larmor frequency
and correct UCN frequency

1.6pT 100pT

3.5 days
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Naive statistical sensitivity

54362 cycles
(exclude runs with issues)

𝜎 = 0.94 × 10−26ecm
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Overview of the data

34

13,8%

83,1%

3,0%

unblinded

blinded

can't be used

2.5% Issues which do not allow to use all data 
(no HV reversal, too short runs,…) 

A total of 54333 cycles to analyze
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• Two analysis groups prepare a full separately blinded
nEDM analysis

• Each group works with a differently blinded data-set 

• Common blinding for all data

• 2nd blinding differently for each group

• Fully automatized analysis of all blinded data of both groups (+ reference 
data from August 2015) have to agree statistically 

• Relative un-blinding 

if central values and blinding offset correct,

→ Run both codes on fully un-blinded data  

→ publish.

Analysis
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Crossing point analysis

1,3 1,9 1 1,4 1 4,7

Change in %
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Searching for axions

gluonic fermionic Nick Ayres Michal Rawlik

arXiv:1504.07551v2 [hep-ph]
G

raham
 R

ajendran
P

R
D

88, 035023 (2013)
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Least square spectral analysis
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Highest peaks

Three “data sets”:
• 𝐸 = 0
• 𝐸 ⇈ 𝐵
• 𝐸 ∦ 𝐵

(parallel but pointing in 
different directions)

Requirements for signal:
• Five sigma in both 𝐸 ≠ 0

and phase shift of 𝜋
between both set

• No signal in 𝐸 = 0
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Exclusion limits

First experimental limits
on gluonic coupling

40 times better limit
on fermionic coupling

https://P
hysR

evX.7.041034

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.7.041034
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A new spectrometer 6-layer Mu

𝜎 𝑑n < 1 × 10−27

Commissioning 2020
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• Many groups world wide compete for the next most 
sensitive nEDM experiement

• The nEDM@PSI collaboration has taken sufficient data 
for a new result

• Two groups analysis a fully blinded data-set

• Possible unblinding in 2018

• The same data was used for search for an oscillating 
nEDM, setting first limits on a gluonic and improved 
limits on a fermionic coupling of the neutron to axions.

Summary
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attention.
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Comsmological limits on axion plot

We show that Big Bang Nucleosynthesis (BBN) significantly constrains axion-like 
dark matter. The axion acts like an oscillating QCD θ angle that redshifts in the early 
Universe, increasing the neutron–proton mass difference at neutron freeze-out. An 
axion-like particle that couples too strongly to QCD results in the underproduction 
of 4He during BBN and is thus excluded. The BBN bound overlaps with much of the 
parameter space that would be covered by proposed searches for a time-varying 
neutron EDM. The QCD axion does not couple strongly enough to affect BBN.

The supernova bound arises, as too strong coupling would result in lots of axions
produced in supernovae which, in turn, would cause it to cool faster than observed.

The "Galaxies" bound is dashed. If axions make up all of the dark matter, they need 
to be heavier than this so that they can reproduce observed distribution of dark 
matter (rotational curves). If they are only a part of dark matter, they can be lighter.
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Ramsey fit procedure

• Split sequence in sub-sequence: 
E-field (+ - - +) pattern

• Split data in two dataset : SF state (↑/↓) discrimination

A

fRF / fHg

Ramsey fit with the asymmetry : 

𝐴 =
𝑁↑ − 𝑁↓

𝑁↑ + 𝑁↓

෨𝑅 =
𝑓RF
𝑓Hg

𝑨↑ ෩𝑹 = ഥ𝑨↑ + ഥ𝜶 cos(𝛀(෩𝑹 − 𝑹𝟎))

𝑨↓ ෩𝑹 = ഥ𝑨↓ + ഥ𝜶 cos(𝛀(෩𝑹 − 𝑹𝟎))
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EDM and R-calculation

Earth rotation frequency correction :

B-gradient fluctuation correction :

 n n

n

Hg

n

i

i

h f f
d

E

f
R

f

 




2
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Three Periodograms

𝐸 ∦ 𝐵

𝐸 ⇈ 𝐵

𝐸 = 0
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𝑅 =
𝑓UCN

𝑓Hg
=

𝛾n
𝛾Hg

1 ∓
𝜕𝐵

𝜕𝑧

Δℎ

𝐵0
+

𝐵2⊥
𝐵0

2 ∓ 𝛿Earth + 𝛿Hg−lightshift

• Center of mass offset

• Non-adiabaticity

Frequency ratio R = fn/fHg

UCN199Hg𝛾Hg

2𝜋
≈ 8 Hz/μT

𝛾n
2𝜋
≈ 30 Hz/μT

+ further sys.

𝑣Hg ≈ 160 m/s vs. 𝑣UCN ≈ 3 m/s
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• Motional magnetic field from 𝐵m = −
𝑣×𝐸

𝑐2

• Naively no contribution as ҧ𝑣 = 0 for UCN?

• In homogenous B-field
and E-field: 

Dominant systematic

 

...

( )
x

x z

z

y

x

y z

v

yv

B B

E
c
xv yv B

E
zB c

v v
E

c

v

B

θ

θ

θ

 



  




 


4

0
2

0

2

0

2

4

2

2

Result depends on how particle 
average the magnetic field:

adiabatic (UCN)

non - adiabatic (Hg)
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• Typical B-field gradients: ~10 pT/cm

• Dominant effect from mercury transferred to neutron by 
correction

Dominant systematic

nEDM strategy Measure nEDM as function of B-Field gradient

A
fa

c
h

 e
t a

l., E
P

J
D

(2
0

1
5

)6
9
:2

2
5

https://link.springer.com/article/10.1140/epjd/e2015-60207-4
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LANL nEDM project

Pag
courtesy: Ito Takeyasu

Parameters Values

E(kV/cm) 12.0

N(per cell) 39 100

Tfree (s) 180

Tduty (s) 300

α 0.8

σ/day/cell (10-26 e-cm) 5.7

σ/day (10-26 e-cm)

(for double cell)

4.0

σ/year* (10-27 ecm)

(for double cell)

2.1

90% C.L./year* (10-27 ecm)

(for double cell)

3.4

Based on the following:

50 cm diameter cell

The estimate for E, Tfree, Tduty, and α is

based on what has been achieved by 

other experiments.

The estimate for N is based on the 

actual detected number of UCN from 

our fill and dump measurement at a 

holding time of 180 s. Further

improvements are expected (new 

switcher and new detector).

* “year” = 365 live days. In practice, it will take 5 calendar years to achieve this with

50% data taking efficiency and nominal LANSCE accelerator operation schedule
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• Shift the central value by adding an unknown offset EDM of 
-1.5 to 1.5E-25 ecm to the data

• Keep un-blinded data
in a safe place 
(encrypted)

Blinding

How?

with
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Cesium gradiometer

Monitoring of vertical magnetic gradients
• Seven HV CsM
• Ten ground CsM
• Stabilized laser
• PID phase locked DAQ

1 2 … 7

8 … 15 16

±132kV

Current accuracy:

𝜎 𝑔𝑧 ≈ 10pT/cm
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The value of the nEDM

𝑑n = 10−16𝑒cm ⋅ 𝜃 + 𝛿n
BSM + 𝑑n

CKM < 3 × 10−26𝑒cm*

Naive dimensional analysis

• 𝑚φ~𝑚Ψ~Λ

• 𝑑n~𝑒
𝑚𝑞

Λ2
𝛼

4𝜋
sin𝜙CP ෨𝐹

• 𝑑n ≈
𝑒

𝑣

𝛼

4𝜋

𝑣

Λ

2
sin𝜙CPyqF

g

q q
Ψ

φ

loop

dim-6 operator

𝑓(𝑚𝜑, 𝑚Ψ)

𝑚𝑞 ≡ 𝑣𝑦𝑞

http://dx.doi.org/10.1103/PhysRevC.91.025502
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56/23

nEDM from CKM Matrix
• No tree level contribution

• No first loop contribution

• No pure week interaction two loop 
contribution

• Only gluon two loop contribution
→ strongly suppressed

CP odd vertex

Standard Model nEDM:
10-30 e·cm > dn >10-32 e·cm

Khriplovich PLB109(1982) & PLB173 (1986)
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Worldwide comparison of UCN sources
B

is
o

n
 e

t a
l., P

R
 C

 9
5

(2
0

1
7

)0
4

5
5

0
3

?

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.045503
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• 30 UCN/cm3 at beam exit
(~550 000 UCN/25 liter)

UCN source performance

Standard operating Pulse
Norm Pulse      

U
C

N
 C

ou
nt

s 
/s

VAT

Cascade

Detector

VAT

1m glass 

tube

- NiMo coating

- Stainless 

steel flanges

- shutter DLC coated

UCN 

2016 : 4.4 million
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𝑅 =
𝑓UCN

𝑓Hg
=

𝛾n
𝛾Hg

1 ∓
𝜕𝐵

𝜕𝑧

Δℎ

𝐵0
+

𝐵2⊥
𝐵0

2 ∓ 𝛿Earth + 𝛿Hg−lightshift

• Center of mass offset

• Non-adiabaticity

Frequency ratio R = fn/fHg

UCN199Hg𝛾Hg

2𝜋
≈ 8 Hz/μT

𝛾n
2𝜋
≈ 30 Hz/μT

𝑣Hg ≈ 160 m/s vs. 𝑣UCN ≈ 3 m/s

Measure EDM as function of R & take care of systematics
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• Excellent stability 
(dynamic SFC & 4 layer magnetic shield)

• Stability (AD) @400s: ~<400fT  

B-Field stability

Afach et al., J. Appl. Phys. 116, 084510 (2014) 
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Summary

 dσ e  262016 1 10  cm
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• Optimize product 𝛼 𝑁

Filling UCN
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Storage life time

• Chamber made of dPS
insulator ring and DLC
electrodes

• Two exp fit:
ts~90s
tf ~340s

• Max number of 
UCN measured after 180s 
storage: 20 800
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Superthermal UCN production

4He

F. Atchison et al., PRL99(2007)262502

D2

R. Golub & J.M. Pendlebury, PLA62(1977)338

C.A. Baker et al., PLA308(2003)67

PSW, J. Bossy et al.,PRC92(2015)024002

macro cross section

differential flux

UCN lifetime in medium

𝜌 = 𝜏න
dΦ

d𝜆
Σ 𝜆 d𝜆

𝜏D2 ≈ 25ms

𝜏 4He ≈ 200s


