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(public-R2 in New Jersey, 20 km from Manhattan)



• nEDM Result published in 1957 by Smith, Purcell & Ramsey:

• Oak Ridge National Laboratory’s X-10 pile went critical in 1943, and civilian research began in 1945.

How it all started.

• Wu & Ambler’s P-violation experiment in 1957 
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nEDM experimental trend

From: Electric dipole moments and the search for new physics 
(community white paper) arxiv:2203.08103
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FIG. 3. Evolution of the nEDM results along with projected future results

led by the PNPI group using the ILL turbine source [132], the panEDM experiment using the
new SuperSUN source at ILL [163], the TUCAN experiment using the superfluid helium UCN
source being developed at TRIUMF [164], and the LANL nEDM experiment [136]. Many of the
contemporary nEDM experiments also make use of large-scale magnetically shielded rooms (MSR):
multi-layers of nested shells with alloys of high magnetic susceptibilities are used to suppress the
ambient fields by a factor of 100,000 to a million [166]. The MSRs bring the stabilities of the
magnetic field to the level needed to reveal and mitigate subtle systematic e↵ects associated with
residual field gradients.

At LANSCE, the newly-completed upgrade of the UCN facility [136] provides the necessary
UCN density to meet the demand of a nEDM experiment with tenfold sensitivity improvement.
A factor of 5–6 increase in the UCN output has already been achieved (as measured both in the
UCN⌧ experiment [167] and in a nEDM test apparatus [136]). The LANL nEDM experiment
takes the same Ramsey approach by using a room-temperature apparatus coupled to the newly-
upgraded, solid deuterium-based UCN source. The apparatus operates in vacuum and uses the
Ramsey’s method of separated oscillatory fields, which is a mature technology developed in prior
nEDM experiments [121, 168]. The low-risk technology together with the high-yield UCN source
at LANL opens up a timely opportunity to substantially increase the nEDM sensitivity before the
nEDM@SNS experiment becomes fully operational.

The nEDM@SNS experiment has been under development for the past two decades as it involves
many technological innovations to enable nEDM breakthroughs. In 1994, Golub and Lamoreaux
proposed a new method [169] to improve EDM measurements. It calls for the innovative use of
superfluid helium as the UCN production target as well as a noble-liquid detector to measure the
neutron precession. Performing an experiment immersed in a bath of superfluid helium, a significant
improvement in all of E, N , and Tfp is expected, with a goal sensitivity of �dn = 3⇥10�28 e·cm. The

Ultracold neutrons take over field
ORNL experiment

+ beam EDM (see talk from F. Piegsa)

23

same volume as the stored UCN, thus providing the spatial and temporal average of the magnetic
field experienced by the stored UCN. 199Hg has been the choice for many experiments. 129Xe has
been considered for the Tucan experiment at TRIUMF. The nEDM@SNS experiment will use 3He.

Currently the largest known systematic e↵ect is the so-called geometric phase e↵ect. This
e↵ect, which gives a shift in precession frequency linear in E, arises as a result of interplay between
nonuniformity of the magnetic field and the motional magnetic field. It was first pointed out in
the context of EDM experiments using atomic beams [153, 154]. The first observation for confined
particles, which was made in an nEDM experiment [121], was reported in Pendlebury et al. [123].
The geometric phase e↵ect a↵ects both neutrons and the comagnetometer. Its size depends on the
particle’s trajectory, which is characterized by the position-velocity correlation functions. Typically,
the e↵ect is much bigger for the comagnetomter as the e↵ect is proportional to the velocity of the
particle. Since this is currently a dominant source of systematic e↵ect, intensive studies have been
performed by several collaborations [127, 155–161].

C. Experiments being developed

Experiment Location UCN source Features Ref.
n2EDM PSI Spallation, SD2 Ramsey method, double cell, 199Hg

comagnetometer
[162]

PanEDM ILL Reactor, LHe Ramsey method, double cell, 199Hg
comagnetometer

[163]

LANL nEDM LANL Spallation, SD2 Ramsey method, double cell, 199Hg
comagnetometer

[136]

Tucan TRIUMF Spallation, LHe Ramsey method, double cell, 129Xe
comagnetometer

[164]

nEDM@SNS ORNL In-situ production
in LHe

Cryogenic, double cell, 3He comagne-
tometer, 3He as the spin analyzer

[149]

TABLE III. A list of the nEDM experiments that are being developed

Several nEDM experiments are being developed around the world. Tab. III lists the ongoing
e↵orts. The PSI collaboration inherited the ILL apparatus in 2006 and subsequently made technical
improvements to nearly all elements of the system, in particular adding the capabilities of field
trimming, atomic magnetometry, and modern NMR techniques including spin echo [128, 165]. In
2020, the PSI group published a new nEDMmeasurement of (0.0±1.1stat±0.2sys)⇥10�26 e·cm [124].
This result includes a moderate statistical improvement and a factor of 5 reduction in systematic
errors. Built on the experience in the past decade, the collaboration is putting together the
n2EDM apparatus, which incorporates the design of a double chamber for spin precession—an
idea first implemented in the PNPI experiment [132]. In the double-chamber geometry, high
voltage is applied to the central electrode to create electric fields in opposite directions in the two
cells, and a common magnetic field is applied parallel/anti-parallel to the electric fields. The spin
precession frequencies for UCN in the two chambers thus di↵er only by the interaction of EDM
coupled to the applied E fields. This significantly reduces the impact of temporal drift of the
ambient magnetic fields. The double-cell configuration also increases the overall neutron counting
statistics. The majority of the current nEDM experiments use a “room temperature” apparatus,
applying the Ramsey’s separated oscillatory fields method, with external neutron polarimetry. In
addition to n2EDM at PSI, other ongoing e↵orts include the double-chamber nEDM experiment
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“Always measure frequency…” (Rabi? Ramsey? Wieman?) 

Maxim for precision experiments:

• Control and measurements of time can be done to a 
high precision

• Determined by relative change in signal amplitude over 
short times

• Drifts in signal detection amplitude on time-scales > a 
few oscillations are suppressed.

(dummy generated plots with arbitrary units to illustrate point only)
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Ramsey’s technique of separated oscillatory fields

• Ramsey Separated Oscillatory Fields technique (on neutron beam or UCNs):
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B0

neutron 
“spin up” apply !/2 pulse

free precession second !/2 pulse

Apply 1st 𝜋/2 pulse allow free precession 
for time T

Apply 2nd 𝜋/2 pulse (clock sync’d)

start with 
polarized neutrons

(1) Apply E-field parallel:

!�

• Picture used in the field: “net spin vector” ➞ the macroscopic (net) spin polarization vector obeying Bloch’s (NMR) equations.

Clock at close to Larmor frequency:

Static B-field

(AC field in 
transverse plane)
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Perform spin analysis along B0:
➞ count number neutrons spin down Ndown
➞ measures final phase of neutrons

(2) Repeat w/ E-field anti-parallel:
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If dn 6= 0 ! �! 6= 0 ! �Ndown 6= 0

(modern experiments also measure Nup for normalization)

I argue this is not a frequency measurement:
- if Ndown detection efficiency changes (typically ~ 100 s apart for 

UCNs), then directly shifts deduced average frequency

- cannot tell what frequency at a specific time during free 
precession (due to numerous reasons, it is not constant)



Ultracold neutrons (UCNs)
• Slow neutrons undergo scattering from a nuclei via strong force:
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• Coherent scattering off collection of nuclei:
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s-wave:

• Apply Born approximation, where nuclei can be treated as 𝛿-functions (nuclei size ~ 1 fm, where as slow neutron 𝜆 > 1 Å)

• Volume average gives effective neutron “optical” potential:

Vopt =
2⇡~2
m

X

i

nibi

nuclei-number density

bound coherent scattering length 

sum over nuclear species in a material

b =
mn

m
a
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6

Material Vopt

58Ni 335 neV
Be 252 neV
Fluorocarbons ~100 neV
Al 54 neV
polyethylene -9 neV
d8-polystyrene 160 neV

Idea: Fermi (1946); Published: Zeldovich (1959);
Realization: Shapiro et al., Dubna (1968) & Steyerl et al., Munich, (1969)

If energy below Vopt of a material => total external reflection at all incident angles
=> Ultracold neutrons can be stored in a material “bottle"

UCN
<latexit sha1_base64="34rcFmZAxZi5DiKUSYWznyiF5x8="></latexit>

E . 300 neV,� & 60 nm, v . 7m/s, ”temperature” . 2mK

Slow 
neutron

o Typically 10-4 loss probability per reflection ⇒
o Store UCNs with time constant (including 𝛽-decay loss) 𝜏tot ≲ 100 - 600 s

<latexit sha1_base64="IjPmGVHaGCk4yVbPxbpn0nTEPuQ="></latexit>

Rreflect ⇡ (vAwalls)/(4⇥Volume)
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“Traditional” Ramsey nEDM experiment with UCNs schematic

Ramsey cell
(~ 20 L)

B0 coil*

High voltage 
electrodes

UCN guide switcher

UCN detector

UCN spin analyzer 
(works similar to Stern-Gerlach experiment)
magnetized Fe foil or superconducting coil

Polarized UCNs from 
external source

*cos 𝜃 coils commonly used

B0 E

magnetic shielding Cell valve

UCNs

comagnetometer



The comagnetometer
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• A magnetometer species (typically a gas) that “cohabits” the same volume as the UCNs experience.

Chupp et al. RMP (2019)

1. Rb and Cs magnetometers

Alkali-metal magnetometers (usually Rb or Cs) have been
developed and implemented since the inception of optical
pumping, and their sensitivity and stability has been improved
and optimized for a variety of experiments. Recently, Cs has
been the main focus of magnetometers for EDM measure-
ments because sufficient vapor density is attainable at low
temperatures and due to the availability of optical components
including diode lasers and optical fibers (Afach et al., 2014).
Typically a Cs optical magnetometer uses glass cells with
spin-polarized or aligned vapor. The magnetic field is deter-
mined from the frequency of a resonance or free-precession
signal read-out via transmission of resonant polarized light or
optical rotation of off-resonant light.
Several magnetometer schemes are feasible, and the most

common are called Mx magnetometers (Bell and Bloom,
1961; Bloom, 1962) and NMOR sensors (Pustelny et al.,
2006). Mx sensors monitor the Larmor frequency of atomic
spins in a static field, e.g., along ẑ, using a perpendicular
oscillating field along x̂ tuned to the magnetic-resonance
frequency of the atomic species. AlthoughMx magnetometers
generally have simpler design and better stability over longer
times, the rf magnetic fields may lead to cross talk among
multiple sensors placed in close proximity to each other
(Aleksandrov et al., 1995). Metal cans are used as Faraday
shields to mitigate these cross talk effects, but introduce
magnetic-field Johnson noise. NMOR refers to nonlinear
magneto-optical rotation of linear polarization, which can
be used for magnetometry when the light is modulated in
frequency or intensity at the Larmor frequency. NMOR is a
fully optical technique, and sensors can be built without any

metallic components. Additionally, the atoms can be prepared
with an alignment, a distribution of magnetic sublevels with a
magnetic quadrupole moment but no magnetic dipole
moment, and magnetic cross talk to other sensors is signifi-
cantly reduced.
For Cs magnetometers, the frequencies for a typical

magnetic field of 1 μT are 3.5 and 7 kHz for Mx and
NMOR modes, respectively. Typical response times are on
the order of 10–100 ms. Operation modes include continuous
pumping at the resonance frequency, self-oscillation, and free-
precession decay, depending on the type of information
needed (Budker and Romalis, 2007). In particular, free-
precession decay is systematically cleaner due to smaller
interactions with the pump laser, whereas forced oscillation or
self-oscillation may be affected by light shifts, a modification
of the atomic Hamiltonian in the presence of the near-resonant
light, which takes the form of an effective magnetic field
(Cohen-Tannoudji, 1962). For example, a drift of the laser
power, frequency, or polarization would change the light shift
leading to instability of the magnetometer (Grujić et al.,
2015). A quantitative study of light shifts for Cs magnetom-
eters was undertaken by Patton et al. (2014).
The walls of the evacuated alkali-metal vapor cells are

generally coated with paraffin or other materials to improve
wall-relaxation times (Singh, Dilavore, and Alley, 1972).
Transverse spin-coherence times T!

2 of 1–2 s were observed
for paraffin (Alexandrov et al., 2002, 2004), and as long as
60 s in alkene-coated cells9 (Balabas et al., 2010). Spin
exchange between atoms is a fundamental limitation that has
been suppressed by increasing the alkali-metal density or
attaining very high polarization in SERF magnetometers
(Kominis et al., 2003). Even the longest observed T!

2’s are
much less than the duration of a typical EDM measurement,
and many independent measurements are in effect added
incoherently to obtain the magnetic-field (B) sensitivity for a
measurement time τ:

σB ≈
1

2πγ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

NAT!
2τ

s

; ð76Þ

where the gyromagnetic ratio is γ ¼ 3.5 kHz=μT for Cs and
NA is the effective number of spins observed in the time T!

2.
For observation times τ up to about 10 s, the typically
observed sensitivity of alkali-metal magnetometers is
(Dang, Maloof, and Romalis, 2010)

σB ∼ 1–10
fTffiffiffiffiffiffi
Hz

p ×
1ffiffiffi
τ

p : ð77Þ

The dependence on τ of Eq. (76) does not hold for times
greater than about 10–20 s due to many sources of instability,
i.e., drifts in Cs density, laser intensity, light polarization,
fibers, and electronics as well as, for example, temperature

FIG. 14. Sensitivity vs accuracy of sensors used for low-field
magnetometry in EDM measurements in typical state-of-the-art
configurations: flux-gate (FG), 3He, alkali-metal magnetometers
with Cs and K, spin-exchange-relaxation-free (SERF) mange-
tometers and combinations of 3He and Cs or SQUID readout. The
term “sensitivity” is used to describe the response of the sensor to
changes in the magnetic field, whereas “accuracy” is used here to
describe the absolute accuracy for measuring fields, which is a
measure of the stability, which is crucial for EDM experiments.

9In this review, we characterize longitudinal relaxation due to wall
interactions, magnetic-field gradients, collisions (e.g., dipole-dipole),
and weakly bound molecules as T1. Observed decay of spin
coherence or transverse relaxation, which may be due to longitudinal
effects as well as magnetic-field gradients and collisions, as T!

2.

Chupp et al.: Electric dipole moments of atoms, molecules, …

Rev. Mod. Phys., Vol. 91, No. 1, January–March 2019 015001-23

“sensitivity”  ➞ the response of the sensor to changes in the magnetic field
“accuracy” ➞ the absolute accuracy for measuring fields/a measure of stability

5.2.5. Effects of the bandpass amplifier
The mercury frequency fitting routine assumed no correlations

between the individual ADC readings. The measured rms noise
was used as an estimate of the uncertainty of each point. Prior to
digitization, however, the mercury signal was filtered by a band-
pass amplifier with a Q of approximately 5.9 in order to reduce the
noise; consequently, neighboring ADC measurements are actually
rather strongly correlated with one another, and the calculated
variance must be modified to allow for this.

If the points were independent, the variance s2 of the fitted
frequency would be expected to be inversely proportional to the
number of readings n¼3000 obtained in the short intervals at
either end of the signal train, as shown in Ref. [75]. When the data
are correlated, this is no longer true; for a given bandwidth,
increasing the sampling frequency beyond a certain point does
not reduce the variance. The calculations in Ref. [78] suggest that
that point is reached when nsQ ¼ 3, where ns is the number of
readings taken per period. In the case of this experiment, ns ¼ 12:5
and Q " 5:9, giving an overall factor of 74, i.e. approximately
25 times above this limit; thus the true variance on the frequency
determination is expected to be higher than the naïve estimate by
the same factor of 25.

This hypothesis was tested by adding white noise to a precise
8 Hz synthesized signal from a frequency generator, and perform-
ing a series of fits of the frequency of the resulting signal, firstly
with and then without the bandpass filter in place. With a flat
response, the spread in the measured frequencies was consistent
with a Gaussian random distribution about the mean, having
χ2=ν¼ 1:0. With the bandpass filter, the noise was reduced by a
factor of five, as was the estimated uncertainty of each fitted
frequency; but the scatter in the results increased, with χ2=ν rising
to 25, suggesting that the error bars were indeed a factor of five
too small. Furthermore, this same factor is consistent with the
scatter observed in the experimental data during periods when
the magnetic field is stable, and it also agrees with estimates based
upon numerical simulations using a digital Butterworth filter.

In the discussions that follow, all calculated uncertainties in the
mercury precession frequency incorporate a factor of 5.0 (i.e.,
a factor of 25 in the variance) to allow for this narrow-banding
effect.

This same effect also broadens the χ2=ν distribution. The
expected distribution, shown as a smooth curve in Fig. 10, is
therefore that appropriate to 3000/25¼120 degrees of freedom.
As the magnetic field during each measurement period drifts
slightly, the frequency is not perfectly constant. The true distribu-
tion is therefore expected to broaden further, particularly on the
high side. There is a reasonable match on the low side, and the
position of the peak is close to unity.

5.2.6. Performance of the magnetometer
As with the neutrons, it is desirable that the absolute precision

of the mercury frequency measurements should be better than
0.2 ppm. In Section 5.2.11 we discuss possible mechanisms that
could affect the accuracy of this system.

Fig. 11 shows a typical example of the evolution of the magnetic
field, as measured by the mercury precession frequency, through-
out a typical run. Error bars, which are of the order of a
microhertz, are smaller than the points themselves on this plot.
The drift in magnetic field during this time is approximately
5# 10$11 T. For this run an electric field of magnitude 4 kV/cm
was applied to the storage volume, with its polarity reversing
approximately every 70 min.

Fig. 12 shows the corresponding series of measurements of the
neutron resonant frequency throughout the same 26-h period. As
expected, the same drift in magnetic field is reflected in this set of
data. Error bars are again omitted for clarity, but are of order
29 μHz for this particular data set. The ratio of neutron to mercury
frequencies, normalized to the mean neutron frequency — i.e., the
measured neutron frequency corrected for the magnetic field drift
— is shown on the same plot, where it appears as a flat line. The
uncertainty on each point is approximately one part per million,
giving a χ2=ν of 0.89; this is consistent with the width of the line
being entirely dominated by neutron counting statistics. Any
change in the neutron resonant frequency due to the interaction
of the electric field with the neutron EDM would appear as a
change in this ratio of frequencies. A straight-line fit to the ratio as
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Fig. 12. Neutron resonant frequency, measured over the same 26-h period, before
and after correction of the effect of the drifting magnetic field by normalization to
the measurements of the mercury magnetometer.

Fig. 10. Distribution of χ2=ν for approximately 205,000 fits of the mercury
precession frequency, together with the expected distribution for the ideal case
of no magnetic field drift.
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Fig. 11. Magnetic field strength, as determined by the mercury resonant frequency,
measured repeatedly over a 26-h period.

C.A. Baker et al. / Nuclear Instruments and Methods in Physics Research A 736 (2014) 184–203 193

Harris et al. PRL (1999)

• However, the two species still experiences different net magnetic fields because of differences in motion:

o UCNs have such low speeds, they “sag” in gravity 
a few mm.

• nEDM experiments ultimate measure relative to comagnetometer’s EDM (usually “Schiff suppressed”)

o Relativistic               motional-field related effects are different. 
One produces a false EDM (most serious systematic error) 

<latexit sha1_base64="hrX7RWAD2JRaUmOcUePvMJ2kQsk=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5IUUZcFEVxWsA9oQplMJ+3QySTM3BRKzMJfceNCEbf+hjv/xmmbhbYeGDj3nHu5d06QCK7Bcb6tldW19Y3N0lZ5e2d3b98+OGzpOFWUNWksYtUJiGaCS9YEDoJ1EsVIFAjWDkY3U789ZkrzWD7AJGF+RAaSh5wSMFLPPvbGjGa3OfaAR0zjWTnOe3bFqToz4GXiFqSCCjR69pfXj2kaMQlUEK27rpOAnxEFnAqWl71Us4TQERmwrqGSmGV+Nrs/x2dG6eMwVuZJwDP190RGIq0nUWA6IwJDvehNxf+8bgrhtZ9xmaTAJJ0vClOBIcbTMHCfK0ZBTAwhVHFzK6ZDoggFE1nZhOAufnmZtGpV97Lq3l9U6rUijhI6QafoHLnoCtXRHWqgJqLoET2jV/RmPVkv1rv1MW9dsYqZI/QH1ucPFaaWGg==</latexit>

~E ⇥ ~v

• Need sufficient comagnetometer atoms for precision; too high can cause electric breakdowns & UCN loss (~ 10-6 mbar) 
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Polarized 3He as comagnetometer AND live and in-situ UCN spin analyzer 
Golub & Lamoreaux, Phys. Rep. (1994)

• Relies on the strongly spin-dependent capture cross-section: 

• Polarized 3He gas cells widely used as neutron beam spin analyzers (count survivors)
<latexit sha1_base64="/QLn47bqNN99r7JXYOiy5g3zYpQ="></latexit>

3�!
He +

�!
n ! p +

3
H+ 764 keV

<latexit sha1_base64="Cuqu595xMopI1xrxhUShm/myHqg=">AAACKHicbZDLSgMxFIYz3q23qks3wSK4KGVGRN0puHFZwWqhU8qZNG1DcyPJWMvQx3Hjq7gRUaRbn8T0stDWA4GP/z+Hk/MnmjPrwnAYLCwuLa+srq3nNja3tnfyu3v3VqWG0ApRXJlqApZyJmnFMcdpVRsKIuH0Ielej/yHR2osU/LO9TWtC2hL1mIEnJca+cvYsraARhY3VU+CMaqH41SPoYhjI7DrUCOAD3AMWhv1hKMoiydWNxk08oWwFI4Lz0M0hQKaVrmRf/ebSCqodISDtbUo1K6egXGMcDrIxamlGkgX2rTmUYKgtp6NDx3gI680cUsZ/6TDY/X3RAbC2r5IfKcA17Gz3kj8z6ulrnVRz5jUqaOSTBa1Uo6dwqPUcJMZShzvewBimP8rJh0wQJzPNudDiGZPnof7k1J0VopuTwtXxWkca+gAHaJjFKFzdIVuUBlVEEHP6BV9oM/gJXgLvoLhpHUhmM7soz8VfP8AQsKmlA==</latexit>

�#",thermal ⇡ 11 kbAnti-parallel spins: Parallel spins:
<latexit sha1_base64="gT0V74uMl1T0UruJa4mSiCEMqiI=">AAACKHicbZDLSgMxFIYz9VbrrerSTbAILkqZEVF3Fty4rGAv0CnlTHrahiYzQ5JRytDHceOruBFRpFufxPQiaOuBwMf/n8PJ+YNYcG1cd+xkVlbX1jeym7mt7Z3dvfz+QU1HiWJYZZGIVCMAjYKHWDXcCGzECkEGAuvB4Gbi1x9QaR6F92YYY0tCL+RdzsBYqZ2/9jXvSWinfhKDUtEj/YEi9ZWkpo9KghhRX6DWmkvqlrzUn5mDYNTOF9ySOy26DN4cCmRelXb+ze9ELJEYGiZA66bnxqaVgjKcCRzl/ERjDGwAPWxaDEGibqXTQ0f0xCod2o2UfaGhU/X3RApS66EMbKcE09eL3kT8z2smpnvVSnkYJwZDNlvUTQQ1EZ2kRjtcITNiaAGY4vavlPVBATM225wNwVs8eRlqZyXvouTdnRfKxXkcWXJEjskp8cglKZNbUiFVwsgTeSHv5MN5dl6dT2c8a80485lD8qecr2/ccKZU</latexit>

�"",thermal . 0.1 kb

• This n3 produces ∼ fT fields ➞ detectable by SQUIDs! (Superconducting Quantum Interference Device)

• Detect the 760 keV as generated ➞ in-situ and live UCN spin analyzer 

• Want 3He-n capture rate to be similar to UCN loss time in cell, i.e. 
<latexit sha1_base64="tOHT1wA7oPJ6G5WhOwrZixs+A6w=">AAACCnicbVDLSsNAFJ34rPUVdelmtAguSkl8LwtuXFawD2hCuJlO2qGTBzMTsYSs3fgrblwo4tYvcOffOG2z0NYDFw7n3Mu99/gJZ1JZ1rexsLi0vLJaWiuvb2xubZs7uy0Zp4LQJol5LDo+SMpZRJuKKU47iaAQ+py2/eH12G/fUyFZHN2pUULdEPoRCxgBpSXPPHB8EJmjIM29U+xAkoj4AZ9bllPNHBFimXtmxapZE+B5Yhekggo0PPPL6cUkDWmkCAcpu7aVKDcDoRjhNC87qaQJkCH0aVfTCEIq3WzySo6PtNLDQSx0RQpP1N8TGYRSjkJfd4agBnLWG4v/ed1UBVduxqIkVTQi00VByrGK8TgX3GOCEsVHmgARTN+KyQAEEKXTK+sQ7NmX50nrpGZf1Ozbs0q9WsRRQvvoEB0jG12iOrpBDdREBD2iZ/SK3own48V4Nz6mrQtGMbOH/sD4/AEBqpm/</latexit>

⌧̄3 ⇡ 500 s

• Want n3 ≈ 2 x 1012 cm-3 with near P3 ≈ 100% ➞ Achievable with atomic beam source!

• Capture reaction rate for polarized UCNs and 3He in same volume :
<latexit sha1_base64="gIFmo6z4vv9E/JnQuB5g5aIAMXc="></latexit>

Ṅ3 = NUCN ⌧̄�1
3 (1� PnP3 cos ✓n3)

<latexit sha1_base64="nZMF0Rv0dX+pcCyzyz7dNiR5oZw="></latexit>

⌧̄�1
3 ⇡ [n3 �#",thermal ⇥ (2200m/s)]/2

number of UCNs polarizations angle between spins

where

3He number density

PnP3
<latexit sha1_base64="OnQLFiocWQ7B2FIQj7dY9d0WCQ0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgQUqioh4LXjxWsLaQhrLZbtqlm92wOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v7Bo1GZpqxFlVC6ExHDBJeshRwF66SakSQSrB2Nbqd++4lpw5V8wHHKwoQMJI85JWiloItDhqSXy4tJr1rz6t4M7jLxC1KDAs1e9avbVzRLmEQqiDGB76UY5kQjp4JNKt3MsJTQERmwwFJJEmbCfHbyxD2xSt+NlbYl0Z2pvydykhgzTiLbmRAcmkVvKv7nBRnGN2HOZZohk3S+KM6Ei8qd/u/2uWYUxdgSQjW3t7p0SDShaFOq2BD8xZeXyeN53b+q+/eXtcZZEUcZjuAYTsGHa2jAHTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD2RdkUI=</latexit>

✓n3
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UCNs + 3He + superfluid 4He: nEDM@SNS collaboration

Arizona State University

Brown University

California Institute of Technology

Duke University

Harvard University

Indiana University

University of Illinois Urbana-Champaign

University of Kentucky

Los Alamos National Laboratory

Massachusetts Institute of Technology

MIT Bates Laboratory

Montclair State University

Universidad Nacional Autonoma de Mexico

Mississippi State University

North Carolina State University

Oak Ridge National Laboratory

Simon Fraser University

University of Tennessee

Tennessee Technological University

Triangle Universities Nuclear Lab

Valparaiso University

University of Virginia

Yale University 

Spokespeople: Brad Filippone (Caltech) & Vince Cianciolo (ORNL)



nEDM@SNS overview
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Super-thermal down-conversion of cold neutrons to UCNs
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Log contour plot of dynamic structure factor of He-II @ 1.2K 
from [Andersen et al. J. Phys. Condens. Matter (1994)]

• Scattering off phonons in superfluid 4He to convert cold neutrons to UCN energy range. 

phonon

cold neutron E = E*

UCN

E⇤

[Golub & Pendlebury, Physics Letters A (1977)]

• “Super-thermal” because UCNs are not in equilibrium with superfluid medium
• For T = 0.4K, up-scattering (or “thermalization”) time constant ≈ 20 hours. Neutron absorption by 4He is zero, but need isotopic purity.

Down-scattering from single phonon 
(~ temperature independent):

phonon k1

VCN

UCN

phonon k2

phonon k3

Most dominant UCN up-scattering process is two-phonon scattering:

<latexit sha1_base64="1dh1IlpkEfF5j7Ru9/DEq326X5E="></latexit>

⌧up,2�phonon = (100 sK7)T�7

• 3He atoms also scatter off phonons ➞ temperature has strong affect on mean-free-path ➞ important for systematics control

• Superfluid helium also scintillates at ~ 80 nm (”Vacuum” or “Extreme” ultraviolet) ➞ detect n-3He capture events 



nEDM scheme: UCNs + 3He + superfluid 4He bath
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• Goal accumulated equilibrium polarized UCN density of  ∼ 180 UCN/cm3 => ~ 500,000 UCNs per cell at start

Based on Golub & Lamoreaux, Phys. Rep. (1994)

B0 = 30mG
<latexit sha1_base64="KnjQdXd/1qu35zZ+Vx732uwokBs=">AAACDnicbVDLSsNAFJ3UV62vWJduBovgopSJCupCKLrQZQVjC00Ik+mkHTqThJmJWEI/wh9wq3/gStz6C/6A32HSZmFbD1w4nHMv53L8mDOlEfo2SkvLK6tr5fXKxubW9o65W31QUSIJtUnEI9nxsaKchdTWTHPaiSXFwue07Q+vc7/9SKViUXivRzF1Be6HLGAE60zyzOqVh+AlPEGpI4VTh+Jm7Jk11EATwEViFaQGCrQ888fpRSQRNNSEY6W6Foq1m2KpGeF0XHESRWNMhrhPuxkNsaDKTSe/j+FhpvRgEMlsQg0n6t+LFAulRsLPNgXWAzXv5eJ/XjfRwbmbsjBONA3JNChIONQRzIuAPSYp0XyUEUwky36FZIAlJjqrayYlHowUIyovxpqvYZHYx42LBro7rTXrRUNlsA8OwBGwwBloglvQAjYg4Am8gFfwZjwb78aH8TldLRnFzR6YgfH1C07xm0Q=</latexit><latexit sha1_base64="KnjQdXd/1qu35zZ+Vx732uwokBs=">AAACDnicbVDLSsNAFJ3UV62vWJduBovgopSJCupCKLrQZQVjC00Ik+mkHTqThJmJWEI/wh9wq3/gStz6C/6A32HSZmFbD1w4nHMv53L8mDOlEfo2SkvLK6tr5fXKxubW9o65W31QUSIJtUnEI9nxsaKchdTWTHPaiSXFwue07Q+vc7/9SKViUXivRzF1Be6HLGAE60zyzOqVh+AlPEGpI4VTh+Jm7Jk11EATwEViFaQGCrQ888fpRSQRNNSEY6W6Foq1m2KpGeF0XHESRWNMhrhPuxkNsaDKTSe/j+FhpvRgEMlsQg0n6t+LFAulRsLPNgXWAzXv5eJ/XjfRwbmbsjBONA3JNChIONQRzIuAPSYp0XyUEUwky36FZIAlJjqrayYlHowUIyovxpqvYZHYx42LBro7rTXrRUNlsA8OwBGwwBloglvQAjYg4Am8gFfwZjwb78aH8TldLRnFzR6YgfH1C07xm0Q=</latexit><latexit sha1_base64="KnjQdXd/1qu35zZ+Vx732uwokBs=">AAACDnicbVDLSsNAFJ3UV62vWJduBovgopSJCupCKLrQZQVjC00Ik+mkHTqThJmJWEI/wh9wq3/gStz6C/6A32HSZmFbD1w4nHMv53L8mDOlEfo2SkvLK6tr5fXKxubW9o65W31QUSIJtUnEI9nxsaKchdTWTHPaiSXFwue07Q+vc7/9SKViUXivRzF1Be6HLGAE60zyzOqVh+AlPEGpI4VTh+Jm7Jk11EATwEViFaQGCrQ888fpRSQRNNSEY6W6Foq1m2KpGeF0XHESRWNMhrhPuxkNsaDKTSe/j+FhpvRgEMlsQg0n6t+LFAulRsLPNgXWAzXv5eJ/XjfRwbmbsjBONA3JNChIONQRzIuAPSYp0XyUEUwky36FZIAlJjqrayYlHowUIyovxpqvYZHYx42LBro7rTXrRUNlsA8OwBGwwBloglvQAjYg4Am8gFfwZjwb78aH8TldLRnFzR6YgfH1C07xm0Q=</latexit>

High-voltage 
electrode

GND electrodes (2x)

Scintillation light 
collection fibers

SQUID 
magnetometers coils

3He plumbing & 
cell ”plug” valve

All inside another superfluid 4He bath

2x measurement cells: 7.5 cm (W), 10 cm (H), 40 cm (D)
Fill with ∼ 0.4 K superfluid 4He

Full-sized prototype measurement cell illuminated by 300 nm UV lamp

• Double cell set up with E-field relative to B-field opposite in each cell
• In-situ super-thermal UCN production and accumulation in superfluid 4He with polarized 1 meV cold neutron beam
• Cryogenic UCN storage => low wall loss due to suppression of up-scattering loss (design goal 𝜏walls ≈ 2,000 s ). Goal UCNs 

storage time (wall loss + neutron 𝛽-decay ) with time constant ≈ 600 s

• Latest cell tested at LANL with (cell loss + 𝛽-decay) time constant of 560 ± 20 s. Only single exp-decay observed. Some UCN 
spectrum uncertainties due to cryogenic guides. Adding UCN gravitational spectrometer for energy analysis



The nEDM@SNS experiment

Statistical “shot noise” figure of merit:

<latexit sha1_base64="vOHYaewH8x+kS8aX4kTQLhk2B4s="></latexit>

�(dn) ⇠
~

2↵ET
p
N

↵ = polarization contrast

E = electric field

T = precession time

75 kV/cm in superfluid 4He @ ~ 2 atm pressure vs ~ 10 kV/cm

(UCN & 3He polarization ∼ 98% )

(design goal to use 1000 sec vs ~ 200 s)

Number similar to other new generation experiments but 
high-density in small cell reduces systematics (see next)

<latexit sha1_base64="R7N8XhyONoE5gQbEw6N8zpjzt8Q=">AAACM3icbVDLSgMxFM34rPVZXYmbYBFclDKjom6EghtXUsHWgpZyJ71tQzPJkGQKdegvuNUf8WPEnbj1H0wfC9t6IORwzr2Xe08YC26s7394C4tLyyurmbXs+sbm1vZObrdqVKIZVpgSStdCMCi4xIrlVmAt1ghRKPAh7F4P/YceasOVvLf9GOsRtCVvcQZ2KN3SK9rYyftFfwQ6T4IJyZMJyo2ct//UVCyJUFomwJhHAbJpGMRYgNPYfboQ+DS29RS05UzgIPuUGIyBdaGNj45KiNDU09H+A3rklCZtKe2etHSk/u1IITKmH4WuMgLbMbPeUPzXCyMnh0qMh/eQWaXN9C62dVlPuYwTi5KNV2klglpFh3HRJteuS/QdAaa5u4ayDmhgFqcnpZZ3nwdZF2YwG908qZ4Ug/Oif3eWL51MYs2QA3JIjklALkiJ3JAyqRBGOuSFvJI379379L6873Hpgjfp2SNT8H5+AfY6qNQ=</latexit>

N =
<latexit sha1_base64="HnNsTZyBSn918S63j0QWmEXrm3c="></latexit>

no. detected
<latexit sha1_base64="T4xO4X56v+gbMjh4//tq467CCT8="></latexit>

neutrons

14

1meV neutron beam

Central detector system 
(with cells and electrodes)

Polarized 3He atomic 
beam source

3He services 
cryostat

Magnet Field 
Module

Magnetic shield 
enclosure

• Atomic beam source produces P3 ~ 98% 3He atoms. 

• 3He services transports  in to (and out of) cell via “heat flush”. 
Concentration in cell ~ 10-10 atom fraction

• Magnetic (mu-metal) shield enclosure & internal Pb superconducting 
shield to control spatial and temporal B-field changes

• Magnet Field Module produces B0 and AC field



False EDM systematic effect
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below. Third, the behavior at intermediate frequencies is seen
to be very interesting: The shift goes to zero for !0 /!r!1 as
it must because the effect changes sign between large and
small frequencies.
Furthermore, it can be seen immediately that the effects of

wall collision specularity are important when !0"!r, in
contradiction to the statement in #2$ that the degree of specu-
larity does not affect the frequency shift. We discuss this
point later in more detail %Sec. IV&.

IV. ANALYTIC RESULTS FOR THE LIMITING CASES
OF LARGE AND SMALL FREQUENCIES

„!0 /!rš1,!0 /!r™1…
Equation %40& represents the formal solution of the prob-

lem in all cases of interest here. Thus the frequency shift is
determined entirely by the velocity autocorrelation function
of the particles undergoing magnetic resonance. This func-
tion has been the subject of intense experimental and theo-
retical study #9–12$. In our case, involving macroscopic dis-
tances and times, it suffices to treat the motion classically.
For relatively short times, if the particles undergo collisions
which are distributed according to a Poisson distribution
with average time between collisions given by "c, the veloc-
ity correlation function is well known to be given by

#%t& = 'v2(e−t/"c. %50&

This form is known to be valid for relatively short times.
According to Eq. %37& the frequency shift depends on the
Fourier transform of the integral of the velocity correlation
function evaluated at !0. So the short-time behavior of #%t&
determines the high-frequency behavior of #%!&, and the re-
sult using this form is expected be valid in the case of large
!0—i.e., !0$!r.
For longer times the velocity correlation function is well

described by classical diffusion theory. Thus the long-time
behavior will determine the low-frequency region of the ve-
locity spectrum and the result will apply to the case !0

%!r. In this region the result will depend on the size of the
containing vessel as the dynamics of the diffusion process
are influenced by the boundary conditions.

A. Short correlation times „!r™!0…
Using Eq. %50& we have

#%!& =
1
&

'v2()
0

'

cos !te−t/"dt =
1
&

'v2(
1

"%!2 + 1/"2&
,

%51&

so that, according to Eq. %40&,

(! = − ab)
−'

' #%!&
%!0

2 − !2&
d! %52&

=ab
1
&

'v2(
"
)
−'

' 1
%!2 + 1/"2&%!2 − !0

2&
d! %53&

=− ab
'v2(
!0
2

1
%1 + 1/!0

2"2&
. %54&

This is in substantial agreement with the expression given in
the caption of Fig. 12 of #2$ when it is taken with Eq. %19& or
%3& of #2$ applicable to the case when !r%!0. It is quite
likely that the small discrepancy %!10% & in the 50% sup-
pression point is due to the process of averaging over the
velocity distribution shown in Fig. 12 of #2$.

B. Diffusion theory calculation of the long-time behavior
of the velocity correlation function: Frequency shifts

for „!rš!0…
Whereas the previous case applies to UCN this case

would apply to atoms used as a comagnetometer and is more
relevant experimentally as it results in larger shifts #2$ and in
some cases #13$ the collision rate can be simply adjusted by
changing the experimental conditions.
In the following we review the solution of the diffusion

equation in cylindrical geometry, obtain the velocity autocor-
relation function from the solution, and calculate the fre-
quency shift. In the limit of a small collision rate the result
agrees with the known results for %!r$!0& and the effect of
the collisions agrees with that found from numerical simula-
tions %Fig. 10 of #2$&.

1. Green’s function for the diffusion equation
in cylindrical geometry

In this section we attempt to understand the effects of the
vessel boundary on the velocity autocorrelation function, ob-
served in the numerical simulations %Sec. III A&, by applying
classical diffusion theory to the problem. Diffusion theory is
expected to be valid for long times so that we expect the
results to be valid for small !0—i.e., !0%!r:

D!2) −
")

"t
= 0,

FIG. 3. Results of numerically applying Eq. %37& to numerical
calculations of the correlation function, for varying * with R fixed.

S. K. LAMOREAUX AND R. GOLUB PHYSICAL REVIEW A 71, 032104 %2005&

032104-6

Numerical calculations from Golub:
Can tune temperature to make false 
EDM zero by scanning T!

• Recall: nEDM is measured relative to the comagnetometer’s EDM. Most effects cancel out with opposite E-field. 
• Comagnetometer’s EDM suppressed by Schiff screening but can experience a false EDM

• From interaction between the               motional field and magnetic field gradients (“geometry-phase induced false EDM”)
<latexit sha1_base64="/hoxxizZfNl34B6Sp6uwijbq6wQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURUZcFEVxWsA9oQplMJ+3QySTM3BRqCP6KGxeKuPU/3Pk3TtsstPXAwLnn3Mu9c4JEcA2O820tLa+srq2XNsqbW9s7u/beflPHqaKsQWMRq3ZANBNcsgZwEKydKEaiQLBWMLyZ+K0RU5rH8gHGCfMj0pc85JSAkbr2oTdiNLvNPeAR09NilHftilN1psCLxC1IBRWod+0vrxfTNGISqCBad1wnAT8jCjgVLC97qWYJoUPSZx1DJTG7/Gx6fY5PjNLDYazMk4Cn6u+JjERaj6PAdEYEBnrem4j/eZ0Uwms/4zJJgUk6WxSmAkOMJ1HgHleMghgbQqji5lZMB0QRCiawsgnBnf/yImmeV93Lqnt/UamdFXGU0BE6RqfIRVeohu5QHTUQRY/oGb2iN+vJerHerY9Z65JVzBygP7A+fwBdqZXA</latexit>

~E ⇥ ~v

Pendlebury et al. 
Phys. Rev. C (2004)

• “Discovered” in the nEDM field, false EDM for comagnetometer:

(Simplified cylindrical cell but general relationships hold. Rectangular cell work by Swank & Golub Phys. Rev. A 93, 062703 (2016))

We have used Eqs. (35) and (36) to verify that in the limit
!!0! / !!r!→0, a smoothly rotating Bxy field of constant am-
plitude reproduces the RBS shift of Eq. (9). The result is
independent of the starting phase angle between Bxy and J in
the xy plane. Next we applied the equations to the case of a
particle passing to and fro along the diameter aligned with
the x axis in parallel E and B0 fields for the case "=# /2. On
the outward path t=0 to $ /2, By"t#= + !Bv!=const, and on the
return path, t=$ /2 to $, By"t#=−!Bv!=const. Thus, Jz"t1# from
Eq. (35) is a triangle function starting at 0 rising linearly as
%!Bv!Jt1 to a peak of %!Bv!J$ /2, then falling linearly to zero
again. In Eq. (36) on the outward pass Bx"t1#=−B0R$1
−4t1 /$% and for the return pass $ /2& t1&$, Bx"t1#=B0R$3
−4t1 /$%. After completing the integrals of Eqs. (35) and (36)
we find the GP acquired is 'geo↑↑=Jy"$# /J=B0R!Bv!$2 /12. Di-
viding out one factor of $ converts the result to (!↑↑. Hence
"(!↑↑−(!↑↓#=B0R!Bv!$ /6=2B0R!Bv!R / "3vxy#. Substituting
with Eqs. (4) and (14) we find a daf that is 1 /3 of the leading
term obtained in Eq. (22) for the highly peripheral orbit. A
repeat of the calculations with J initially along the y axis
with suitably modified equations leads to the same answer.
Thus, we conclude that the initial phase of J does not affect
the result.
We have used this method to obtain (tediously) results for

three other closed orbits with "=3# /8, # /4, and # /8, re-
spectively. The results are all consistent with the necessary
multiplier for the RHS of Eq. (22) taking the form "1
+2 cos2 "# /3 for an orbit characterized by an angle ". The
solution in Sec. IV D confirms that this formula applies to all
orbits, whether or not they are closed, as do, also, the two-
dimensional (2D) computer simulations shown in Fig. 8.
If the particle distribution in the trap is uniform in space

and the velocities are isotropic, then the probability distribu-
tion function for the occupation of orbits characterized by "
is P""#= "4/##sin2 " (see Appendix B). Averaging the mul-
tiplier "1+2 cos2 "# /3 using the weight function P""# yields
1/2. Thus, we need to multiply the RHS of Eq. (22) for the
highly peripheral orbit by an additional factor of 1 /2 to con-
vert it to the form that represents this ensemble. Hence, for
the ensemble we have

daf =
J)
4 & !B0z

!z '%2R2

c2 (1 − !0
2

!r
†2)−1, "37#

where the square brackets are valid for "!0 /!r
†#2*1 and

from the appropriate weighted average we find

!r
†2 = 0.65&vxy

R '2. "38#

A comparison between Eq. (37) and computer simulations is
shown in Fig. 9. The surprising new element in Fig. 9 is that
the results for diffuse reflection show no detectable differ-
ence from those of Eq. (37), which was derived for specular
reflection. We have also used computer simulations for !!r!
+ !!0! to look for daf signals from magnetic flux which both
enters and leaves by the trap sidewalls—i.e., a B field with
no 2D divergence in the xy plane and with *!B0z /!z+V=0. We
found such flux to be at least a thousand times less effective
in generating a daf than the divergent flux associated with a
finite !B0z /!z. As yet, we have no theory, such as that in Sec.
IV B, to confirm that daf is always proportional to *!B0z /!z+V
in the regime !!r!, !!0!.

D. Full solution for cylindrical symmetry, specular reflection,
and all values of ,!r, / ,!0,

The classical motion of J can be solved more comprehen-
sively for a cylindrical trap having specular reflection of the
particles at all the walls and immersed in a nearly uniform
B0 having cylindrical symmetry and a small uniform
!B0z /!z. For this case B0xy=Br=−"!B0z /!z#r /2. Our setups
have (B0z /B0z-10−3 over the height of the trap. The axes
are chosen such that x.y is in the direction of z and the
volume averaged B0 points the direction of z. We will use
/"t# for the angle of rotation of the spin component Jxy"t#
towards the positive y axis starting on the positive x axis,
with /"t#=0 at t=0. The equation of motion for the expec-
tation value of J for a particle is dJ /dt=%$J.B%=%$J
. "Bv+B0#% and in components

dJx/dt = %$JyBz − JzBy% , "39#

dJy/dt = %$JzBx − JxBz% , "40#

dJz/dt = %$JxBy − JyBx% . "41#

Equations (39) and (40) contain the information about the
rate of change of phase /"t# of Jxy in the xy plane since they

FIG. 8. (Color online) The dependence of the false EDM on the
angle " characterising the orbit for the high velocity case !!r!
+ !!0!.

FIG. 9. (Color online) Results from computer simulations of the
false EDM effect for 199Hg atoms, in the cases of peripheral orbit,
diameter orbit, and diffuse reflection in 2D and 3D, as a function of
velocity. All results are normalized to the analytic result expected
for diffuse reflection in the high-velocity limit.

GEOMETRIC-PHASE-INDUCED FALSE ELECTRIC… PHYSICAL REVIEW A 70, 032102 (2004)

032102-9

• Can change 3He-phonon scattering mean-free-path by changes in superfluid temperature:

<latexit sha1_base64="TSQbJj6gpw0mPM5AZIDsZy2qwFw="></latexit>
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http://link.aps.org/doi/10.1103/PhysRevA.93.062703
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The two measurement modes of nEDM@SNS



Double free precession mode

B0

3He n

SnS3

apply !/2 pulse
B0

free precession
B0

B0 ~ 30mG apply 𝜋/2 pulse

17

|�n � �3|B0/(2⇡) ⇡ 10Hz
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✓3n(t) = ✓3(t)� ✓n(t) =


(�n � �3)B0 ±
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3nt+ �0 ,
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• Time evolution of angle:

• With B0 = 30 mG

• Flipping high-voltage electrode often with known sequences to suppress 1st order drifts (e.g. + - - + - + + -) and analysis 
as a ”super-asymmetry"  

• The transverse spin coherence time (wall depolarization + gradient depolarization), T2 ~ 10,000 s



Free precession signal
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Repeat generation & fit:

Ø 300 live days of running (expected to take 3 years), get 1𝜎 nEDM error =  3 x 10-28 e.cm (see JINST paper)

Accepted events in time bins:
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Figure 2. Example of a Monte Carlo simulation of the scintilla-
tion event rate vs time data during the free precession period of
a single free precession measurement cycle. The events are time
binned, with ni(ti) being the number of events that fall within a
time bin centered at time ti. The parameters used are described
in the text. The best fit curve is shown in red. The upper plot is
zoomed in on the first 1 s, with the error bars shown as the 67%
C.I. for a Poisson distribution. The lower plot is of the entire
period and without error bars on the points.

magnetometer and the key systematic e↵ects involved in
the free precession mode.

2.3
3
He co-magnetometer and systematic effects

When writing Eq. (7), it was implied that the static B0 field
in the two !3n measurements are identical. However, since
they are made for cells at di↵erent spatial positions or in
the same cell during di↵erent times, corrections for mag-
netic field gradients and drifts will inevitably be required.
Therefore, high-precision magnetometry is needed.

A magnetometer system located outside the measure-
ment cell and away from the large electric field can be
used to infer the magnetic field inside the cells. How-
ever, such external magnetometry systems are insensitive
to fields produced by leakage currents [15] or magnetiza-
tion contamination [17] near the cell, both of which can
produce sizable systematic e↵ects. For high precision neu-
tron EDM experiments, co-magnetometery is needed.

The polarized 3He located in the same volume as the
UCNs can be used as a co-magnetometer. For a concentra-
tion of x3 = 10�10, the 3He number density is ⇠ 1012 cm�3

(compared with . 103 cm�3 for the UCN density). The

precessing 3He magnetization will generate an oscillating
field with an amplitude of several fT close to the cell. This
will be measured by an array of Superconducting Quantum
Interference Device (SQUID) magnetometers near the cell
[45].

While co-magnetometry drastically reduces system-
atic e↵ects due to field variations, it adds additional e↵ects
at a much smaller scale. These come in the form of dif-
ferent ensemble averaged magnetic fields between the co-
magnetometer atoms and the UCNs, despite the fact they
occupy the same volume, as well as di↵erent precession
frequency shifts experienced by the two.

The observed !3n in a cell should be written as:

!±3n = �nhBni � �!n � �3hB3i + �!3 ±
2dn|E|
~
, (8)

where hB3i and hBni are the ensemble averaged magnetic
fields, and �!3 and �!n are the frequency shifts of the two
species. These e↵ects only arise because of the di↵erences
in motion and precession between the co-magnetometer
atoms and UCNs.

Firstly, the 3He atoms are in thermal equilibrium with
the superfluid helium bath. Their velocity, taking into ac-
count the 3He e↵ective mass, will be ⇡ 30 m s�1. The
UCNs, however, will have velocities ⇡ 4 m s�1. It is worth
mentioning that this velocity di↵erence will be smaller
than for other commonly used co-magnetometers at room
temperature. Secondly, UCNs undergo ballistic motion
reflecting only o↵ the cell walls whereas the 3He mo-
tion will be di↵usive. At our design concentration the
3He mean-free-path is approximately given by 0.77 mm ⇥
[(0.45 K)/T ]15/2 [46], dominated by scattering o↵ phonons
in the superfluid. Thirdly, as already mentioned, the spin
precession frequency of the 3He will only be ⇡ 10% faster
than the UCNs. Again, this will be a smaller di↵erence
than compared with typical co-magnetometers. Further-
more, it should be noted that the sign of �3 and �n are both
negative. This will suppress e↵ects such as that caused by
Earth’s rotation [15].

The most serious of these frequency shifts that can
produce a false EDM signal comes from an interaction
between magnetic field gradients and the motional mag-
netic field BE⇥v = E ⇥ v/c2 [47–54]. The Bloch-Siegert
induced frequency shift is generally larger for the co-
magnetometer. The magnitude of BE⇥v for v = 30 m s�1

and our electric field will be ⇡ 20 µG. This field is trans-
verse to B0 with a direction that fluctuates after every col-
lision with the walls or phonons in the superfluid. This
results in Bloch-Siegert frequency shifts [55]. The com-
bination of this BE⇥v field with magnetic field gradients
transverse to B0 produces a frequency shift that is propor-
tional to E and hence will appear as a false EDM signal.
The size of this frequency shift is also generally dependent
on the gyromagnetic ratio, the static field strength B0, the
field gradients, the collisional frequency, and (as already
mentioned in the introduction) on the dimensions of the
cell. However, closed form expressions exist for the bal-
listic and highly di↵usive cases [23, 53]. We will call this
the "Bloch-Siegert induced false EDM”.
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Acceptance probability for 
𝛽-decay events (~0.33)

Acceptance probability 
for n-3He capture (~0.93)

Background rate (could be 
time-dependent)
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{1� P3(t)Pn(t) cos[✓3n(t) + �3n0]}
◆
+RBG• “accepted” rate of scintillation light events:

no. UCNs in cell recall: 500 s
polarizations
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P3(t)Pn(t) = P30Pn0 exp(�t/T2,tot) ⇡ (0.98)(0.98) exp(�t/[10, 000 s])
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Oscillating term due to previous 
n-3He absorption

UCN spectrum

Ø Continuously measuring the UCN phase (relative to 3He) ➞ continuous frequency measurement (via derivative)!



apply strong off-resonance dressing field 
perpendicular to B0 to alter precession of 

both species

Dressed-spin mode
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apply 𝜋/2 pulse

B0

B0

Bdress
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• If above or below critical dressing condition, then can make 
neutrons precess faster or slower than 3He as needed.
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FIG. 3. (Color online) 3He resonance frequency data as a function
of Bd for several dressing field frequencies ωd . (a) B0 = 8.50 G.
(b) B0 = 3.36 G. The triangle symbol indicates ωd/2π = 29.3 kHz
in (a) and 29.5 kHz in (b). Dashed lines show the results of Bloch
simulations for each frequency.

(Fig. 2) when the precession and rf phase difference is an
integer multiple of 2π .
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FIG. 4. (Color online) Change of the 3He precession frequency
as a function of the dressing parameter x = γBd/ωd . The curves
show the expected resonance frequency shifts computed from the
dressed spin energy spectrum and Eq. (5). The values of y (from top
to bottom) in (a) are 0.31, 0.54, and 0.94; in (b), the values are 0.12,
0.21, and 0.37.

FIG. 5. (Color online) Sample energy diagram of the dressed spin
system calculated as a function of y, for dressing parameter x = 1.57.
Dashed lines indicate the Zeeman splittings in the undressed system
(E0 = ± 1

2h̄ω0). The energy scale is given in units of the dressing field
photon energy h̄ωd .

We have used both classical and quantum-mechanical ap-
proaches to interpret the experimental results. In the first case,
we numerically integrate the Bloch equation with a fourth-
order Runge-Kutta method to propagate the 3He through the
solenoid region and determine the final polarization s · ẑ.
We simulated all of the measurements by varying the SOF
frequency about the 3He’s Larmor frequency and averaging
the result over f (v). The resonance curves thus obtained are in
good agreement with our experimental data and, in particular,
the resonance frequency shifts due to the dressing field are
well reproduced, as shown in Fig. 3.

In addition to the classical simulations, we have also inter-
preted the experimental observations using the dressed atom
approach pioneered by Cohen-Tannoudji [8]. The Hamiltonian
of a spin-1/2 particle with gyromagnetic ratio γ subjected to
the constant magnetic field B0 ẑ and a linearly polarized rf field
Bd cos ωd t x̂ can be written

Ĥ = −γB0Ŝz + h̄ωd â
†â + λŜx(â + â†), (6)

where Ŝx and Ŝz are the spin operators along x̂ and ẑ,
respectively (Ŝz having eigenvalues mz = ± 1

2h̄). The first
term of Eq. (6) is the Zeeman interaction, and the second
term is the energy of the dressing field with creation and
annihilation operators â† and â. The final term in Eq. (6)
describes the coupling of the particle’s spin to the photon
field with strength λ = γBd/2

√
n, where n # 1 is the average

number of photons. This interaction term allows the particle to
absorb or emit photons, which entails the exchange of energy
and angular momentum. Because the rf field is perpendicular
to B0 (and can be decomposed into a superposition of
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FIG. 5. (Color online) Sample energy diagram of the dressed spin
system calculated as a function of y, for dressing parameter x = 1.57.
Dashed lines indicate the Zeeman splittings in the undressed system
(E0 = ± 1

2h̄ω0). The energy scale is given in units of the dressing field
photon energy h̄ωd .

We have used both classical and quantum-mechanical ap-
proaches to interpret the experimental results. In the first case,
we numerically integrate the Bloch equation with a fourth-
order Runge-Kutta method to propagate the 3He through the
solenoid region and determine the final polarization s · ẑ.
We simulated all of the measurements by varying the SOF
frequency about the 3He’s Larmor frequency and averaging
the result over f (v). The resonance curves thus obtained are in
good agreement with our experimental data and, in particular,
the resonance frequency shifts due to the dressing field are
well reproduced, as shown in Fig. 3.

In addition to the classical simulations, we have also inter-
preted the experimental observations using the dressed atom
approach pioneered by Cohen-Tannoudji [8]. The Hamiltonian
of a spin-1/2 particle with gyromagnetic ratio γ subjected to
the constant magnetic field B0 ẑ and a linearly polarized rf field
Bd cos ωd t x̂ can be written

Ĥ = −γB0Ŝz + h̄ωd â
†â + λŜx(â + â†), (6)

where Ŝx and Ŝz are the spin operators along x̂ and ẑ,
respectively (Ŝz having eigenvalues mz = ± 1

2h̄). The first
term of Eq. (6) is the Zeeman interaction, and the second
term is the energy of the dressing field with creation and
annihilation operators â† and â. The final term in Eq. (6)
describes the coupling of the particle’s spin to the photon
field with strength λ = γBd/2

√
n, where n # 1 is the average

number of photons. This interaction term allows the particle to
absorb or emit photons, which entails the exchange of energy
and angular momentum. Because the rf field is perpendicular
to B0 (and can be decomposed into a superposition of
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”critical dressing”

Bd/fd
<latexit sha1_base64="rIWWbAI4KfK+5NT72p0wVbebBUM=">AAACAnicbZDLSsNAFIZP6q3WW9Wlm8EiuJCaFEGXRTcuK9gLtCFMJpN26GQSZiZCCN35Am71DdyJW1/EF/A5nLZZ2NYfBj7+cw7nzO8nnClt299WaW19Y3OrvF3Z2d3bP6geHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe064/vpvXuE5WKxeJRZwl1IzwULGQEa2N1b73gMvQCr1qz6/ZMaBWcAmpQqOVVfwZBTNKICk04Vq rv2Il2cyw1I5xOKoNU0QSTMR7SvkGBI6rcfHbuBJ0ZJ0BhLM0TGs3cvxM5jpTKIt90RliP1HJtav5X66c6vHFzJpJUU0Hmi8KUIx2j6d9RwCQlmmcGMJHM3IrICEtMtEloYUsyyhQjamKCcZZjWIVOo+4YfriqNS+KiMpwAqdwDg5cQxPuoQVtIDCGF3iFN+vZerc+rM95a8kqZo5hQdbXLyBol+8=</latexit><latexit sha1_base64="rIWWbAI4KfK+5NT72p0wVbebBUM=">AAACAnicbZDLSsNAFIZP6q3WW9Wlm8EiuJCaFEGXRTcuK9gLtCFMJpN26GQSZiZCCN35Am71DdyJW1/EF/A5nLZZ2NYfBj7+cw7nzO8nnClt299WaW19Y3OrvF3Z2d3bP6geHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe064/vpvXuE5WKxeJRZwl1IzwULGQEa2N1b73gMvQCr1qz6/ZMaBWcAmpQqOVVfwZBTNKICk04Vq rv2Il2cyw1I5xOKoNU0QSTMR7SvkGBI6rcfHbuBJ0ZJ0BhLM0TGs3cvxM5jpTKIt90RliP1HJtav5X66c6vHFzJpJUU0Hmi8KUIx2j6d9RwCQlmmcGMJHM3IrICEtMtEloYUsyyhQjamKCcZZjWIVOo+4YfriqNS+KiMpwAqdwDg5cQxPuoQVtIDCGF3iFN+vZerc+rM95a8kqZo5hQdbXLyBol+8=</latexit><latexit sha1_base64="rIWWbAI4KfK+5NT72p0wVbebBUM=">AAACAnicbZDLSsNAFIZP6q3WW9Wlm8EiuJCaFEGXRTcuK9gLtCFMJpN26GQSZiZCCN35Am71DdyJW1/EF/A5nLZZ2NYfBj7+cw7nzO8nnClt299WaW19Y3OrvF3Z2d3bP6geHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe064/vpvXuE5WKxeJRZwl1IzwULGQEa2N1b73gMvQCr1qz6/ZMaBWcAmpQqOVVfwZBTNKICk04Vq rv2Il2cyw1I5xOKoNU0QSTMR7SvkGBI6rcfHbuBJ0ZJ0BhLM0TGs3cvxM5jpTKIt90RliP1HJtav5X66c6vHFzJpJUU0Hmi8KUIx2j6d9RwCQlmmcGMJHM3IrICEtMtEloYUsyyhQjamKCcZZjWIVOo+4YfriqNS+KiMpwAqdwDg5cQxPuoQVtIDCGF3iFN+vZerc+rM95a8kqZo5hQdbXLyBol+8=</latexit><latexit sha1_base64="rIWWbAI4KfK+5NT72p0wVbebBUM=">AAACAnicbZDLSsNAFIZP6q3WW9Wlm8EiuJCaFEGXRTcuK9gLtCFMJpN26GQSZiZCCN35Am71DdyJW1/EF/A5nLZZ2NYfBj7+cw7nzO8nnClt299WaW19Y3OrvF3Z2d3bP6geHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe064/vpvXuE5WKxeJRZwl1IzwULGQEa2N1b73gMvQCr1qz6/ZMaBWcAmpQqOVVfwZBTNKICk04Vq rv2Il2cyw1I5xOKoNU0QSTMR7SvkGBI6rcfHbuBJ0ZJ0BhLM0TGs3cvxM5jpTKIt90RliP1HJtav5X66c6vHFzJpJUU0Hmi8KUIx2j6d9RwCQlmmcGMJHM3IrICEtMtEloYUsyyhQjamKCcZZjWIVOo+4YfriqNS+KiMpwAqdwDg5cQxPuoQVtIDCGF3iFN+vZerc+rM95a8kqZo5hQdbXLyBol+8=</latexit>
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�0
nB0 ±

2ednEJ0(�nBdress/!dress)

~
<latexit sha1_base64="kXaqx3cZpEqbMdjiBASES2jfAI4="></latexit><latexit sha1_base64="kXaqx3cZpEqbMdjiBASES2jfAI4="></latexit><latexit sha1_base64="kXaqx3cZpEqbMdjiBASES2jfAI4="></latexit>

• The effect of neutron EDM with spin dressing:

• Example of modulation with “square wave pulses”. Many other modes possible.

�dress
<latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit>

• Less sensitive to static field in-homogeneities. Quality and control dressing field is main systematic.

Bdress

⌫dress
<latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit><latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit><latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit><latexit sha1_base64="m/OAheTCRvuQb4zsnEXAED8ujIs=">AAACInicbZDLSsNAFIYn9VbrLerSzWApuJCSiKDLohuXFewFmhAmk0k7dDIJMxMhhDyBr+ELuNU3cCeuBNc+h5M2C9v6w8DPf87hnPn8hFGpLOvLqK2tb2xu1bcbO7t7+wfm4VFfxqnApIdjFouhjyRhlJOeooqRYSIIinxGBv70tqwPHomQNOYPKkuIG6ExpyHFSOnIM1tOKBDOb7zcEREMBJGyKHKHpwuBZzattjUTXDV2ZZqgUtczf5wgxmlEuMIMSTmyrUS5ORKKYkaKhpNKkiA8RWMy0pajiEg3n32ngC2dBDCMhX5cwVn6dyJHkZRZ5OvOCKmJXK6V4X+1UarCazenPEkV4Xi+KEwZVDEs2cCACoIVy7RBWFB9K8QTpPkoTXBhSzLJJMWyBGMvY1g1/Yu2rf39ZbNzXiGqgxNwCs6ADa5AB9yBLugBDJ7AC3gFb8az8W58GJ/z1ppRzRyDBRnfvzd7pf4=</latexit>

time

~0.5 s
Critical dressing field to sit at a fixed

300 live days of data (e.g. 3 years running)Predicted sensitivity: �(dn) = 1.7⇥ 10�28 e·cm
<latexit sha1_base64="TOpFIpGB5CrrJDvGyyEYspcJeHg="></latexit><latexit sha1_base64="TOpFIpGB5CrrJDvGyyEYspcJeHg="></latexit><latexit sha1_base64="TOpFIpGB5CrrJDvGyyEYspcJeHg="></latexit>

• Can treat as asymmetry measurement or nEDM signal occurring at fmod , both growing with time (main signal at 2fmod)

(In rest frame of 3He spin, 
B0 coming out of screen)

�dress
<latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit>

(In rest frame of 3He spin, 
B0 coming out of screen)

If there’s a nEDM scintillation 
light increases or decreases with 
time depending on E and cycle.

+

�dress
<latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit><latexit sha1_base64="YxjiD0FtFSR/B9mF4+2j0LgTJJk=">AAACDHicbVDLSsNAFJ3UV62vqEs3g0VwISURQd0V3LisYGyhCWEymTRDZyZhZlIIod/gD7jVP3Albv0Hf8DvME2zsK0HLhzOuZdzOUHKqNKW9W001tY3Nrea262d3b39A/Pw6EklmcTEwQlL5CBAijAqiKOpZmSQSoJ4wEg/GN/N/P6ESEUT8ajzlHgcjQSNKEa6lHzTdNOY+oUrOQwlUWrqm22rY1WAq8SuSRvU6PnmjxsmOONEaMyQUkPbSrVXIKkpZmTacjNFUoTHaESGJRWIE+UV1edTeFYqIYwSWY7QsFL/XhSIK5XzoNzkSMdq2ZuJ/3nDTEc3XkFFmmki8DwoyhjUCZzVAEMqCdYsLwnCkpa/QhwjibAuy1pISeNcUVwVYy/XsEqcy85tx3q4ancv6oaa4AScgnNgg2vQBfegBxyAwQS8gFfwZjwb78aH8TlfbRj1zTFYgPH1C+7knGA=</latexit>

Effect of 
nEDM
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Data analysis simulations

We have a team to study statistics and systematic effects in our data analysis. Effects studied or under-study:

• Neutron decay 𝛽-asymmetry
• Spatial-variation scintillation light detection efficiency
• Oscillation in Nn(t) due to history of n-3He absorption
• Reduced parameter ”contrast” fitting to handle UCN energy-dependent wall loss
• Generation of scintillation light data with magnetic field drifts
• Generation of SQUID 3He signal with noise and drifts (UKy student: Mojtaba

Behzadipour)
• Simultaneously fitting SQUID signal and scintillation light signal with global likelihood 

parameter (UKy student: Mojtaba Behzadipour)
• Fit temporal field drifts with orthogonalized polynomials
• Particle-by-particle neutron scintillation data generation code
• Magnetic field noise in spin-dressing mode 
• Novel spin dressing field modulation modes (Caltech grad: Raymond Tat)
• UCN spin-tracking on Graphics Processing Units 
• UCN center-of-mass gravitational offset time-evolution

Scintillation light 
Fourier Transform 
(infinite statistics)

SQUID signal with noise



Searching for axions with nEDM@SNS
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time-oscillating nEDM-like signals and axions

23

• Axion-like particles couple with gluons to induce an oscillating nEDM signal [Abel et al., Phys. Rev. X 7, 041034 (2017)]:
<latexit sha1_base64="ySNm04nMCABq/rNpVlnhwWzcI9c="></latexit>

!n(t) = |�n|B0 ±
2dn|E|

~ +
2|E|↵ax

~ cos(!axt+ �ax)

Amplitude of oscillation (units: e.cm)
phase (free parameter in analysis)

the periodogram, we perform Monte Carlo (MC) simu-
lations. At each frequency, we estimate the cumulative
distribution function (CDF) of the LSSA power. Extreme
events in the tails of the distribution are expensive to access
directly with MC methods. For this reason, to the discrete
CDF estimates we fit, at each ith frequency, the functional
form of the LSSA-power CDF [72]:

FiðPÞ ¼ 1 − Ai expð−BiPÞ; ð8Þ

where P is the power, while Ai and Bi are fit parameters.
The local p values are given by

plocal;i ¼ 1 − FiðPiÞ; ð9Þ

where Pi is the LSSA power of the measured dn time series
at the ith frequency.
If the local p values at different trial frequencies were

uncorrelated, the global p value would be given by [74]

pglobal ¼ 1 − ð1 − plocalÞN; ð10Þ

whereN is the number of trial frequencies. However, we do
not need to make this assumption. Instead, we make use of
the set of MC data sets. In each, we find the minimal local p
value and estimate its CDF, assuming it has the form
Eq. (10), but leave N as a free parameter. We find the best-
fit value,Neffective ¼ 1026. For each frequency, we mark the
power necessary to reach the global p values corresponding
to 1; 2;…; 5σ levels as orange lines in Fig. 1. The minimal
local p value of the data set translates to the global p value
of 0.53, consistent with a nondetection.

In order to obtain limits on the oscillation amplitude
parameter, we again use MC simulations. We discretize the
space of possible signals, spanned by their frequency and
amplitude. We choose a sparser set of 200 frequencies, as
we do not expect highly coherent effects in the sensitivity
of detection. For each discrete point, we generate a set of
200 MC data sets containing the respective, perfectly
coherent signal and assume that the oscillation is averaged
over the duration of the run. In general, the sensitivity is
phase dependent, especially for periods comparable with
the length of the data set. For simplicity, we do not
investigate the phase dependence and in the simulation
take it to be random and uniformly distributed. For each
fake data set, we evaluate the LSSA amplitude only at the
frequency of the signal and compare its distribution
[extrapolating with the functional form of Eq. (8)] with
the best-fit amplitude in the data and define the p value to
be left-sided. We find the 95% confidence-level exclusion
limit as the 0.05 isocontour of the CLs statistic [75]. The
limit is shown as the red curve in Fig. 2. We are most
sensitive to periods shorter than the time span of the data set
(∼4 years), but rapidly lose sensitivity for periods shorter
than the temporal spacing between data points (∼2 days),
since the expected signal would essentially average to zero
over these short time scales.

III. SHORT-TIME-BASE ANALYSIS

In 2009, the Sussex-RAL-ILL apparatus was moved to
the new ultracold neutron source at the Paul Scherrer
Institute, Villigen, Switzerland [76–79], where a number
of improvements were made [63,80,81]. In 2015, the
apparatus was fully commissioned and began to take
high-sensitivity EDM data. The whole data set, taken from

FIG. 1. The periodogram of the array of neutron EDM (dn)
estimates from the ILL measurement (black line). We are
sensitive to oscillations in the quantity dn − ðμn=μHgÞdHg, where
dHg is the EDM of the 199Hg atom. The mean of Monte Carlo-
generated periodograms, assuming no signal is present, is
depicted in green. MC simulation is used to deliver false-alarm
thresholds (global p values), marked in orange for 1; 2;…; 5σ
levels (from bottom to top). The highest peak has the global p
value 0.53, consistent with a nondetection.

FIG. 2. The 95% C.L. limits on the amplitude of oscillation in
the quantity dn − ðμn=μHgÞdHg, as a function of frequency
thereof. The limits from the long-time-base (ILL data) and
short-time-base (PSI data) analyses are depicted by the red
and blue curves, respectively, with the area above these curves
being excluded. The raw limits delivered by the analysis, with
substantial noise, are depicted by the light lines, while the
smoothed versions are given in bold.

C. ABEL et al. PHYS. REV. X 7, 041034 (2017)

041034-4

From Abel et al.:

Sharp wall when frequency 
≈ 3mHz (period 300 sec)

chromodynamics (QCD) [2–9]. Apart from the canonical
QCD axion, various axionlike particles have also been
proposed, for example, in string compactification models
[10–15].
Low-mass (ma ≲ 0.1 eV=c2) axions can be produced

efficiently via nonthermal production mechanisms, such as
vacuum misalignment [16–18] in the early Universe, and
subsequently form a coherently oscillating classical field
[19]: a ¼ a0 cosðωtÞ, with the angular frequency of oscil-
lation given by ω ≈mac2=ℏ, where ma is the axion mass
(henceforth, we adopt the units ℏ ¼ c ¼ 1). The oscillating
axion field carries the energy density ρa ≈m2

aa20=2.
Because of its effects on structure formation [20], ultra-
low-mass axion DM in the mass range 10−24 ≲ma ≲
10−20 eV has been proposed as a DM candidate that is
observationally distinct from, and possibly favorable to,
archetypal cold DM [15,21–24]. The requirement that the
axion de Broglie wavelength does not exceed the DM size
of the smallest dwarf galaxies and consistency with
observed structure formation [25–27] give the lower axion
mass bound ma ≳ 10−22 eV, if axions comprise all of the
DM. However, axions with smaller masses can constitute a
subdominant fraction of DM [28].
It is reasonable to expect that axions interact nongravita-

tionally with standard-model particles. Direct searches for
axions have thus far focused mainly on their coupling to the
photon (see the review in Ref. [29] and references therein).
Recently, however, it has been proposed to search for the
interactions of the coherently oscillating axion DM field
with gluons and fermions, which can induce oscillating
electric dipole moments (EDMs) of nucleons [30] and
atoms [31–33], and anomalous spin-precession effects
[31,34,35]. The frequency of these oscillating effects is
dictated by the axion mass, and more importantly, these
effects scale linearly in a small interaction constant
[30–35], whereas in previous axion searches, the sought
effects scaled quadratically or quartically in the interaction
constant [29].
In the present work, we focus on the axion-gluon and

axion-nucleon couplings:

Lint ¼
CG

fa

g2

32π2
aGb

μνG̃bμν −
CN

2fa
∂μaN̄γμγ5N; ð1Þ

where G and G̃ are the gluonic field tensor and its dual,
b ¼ 1; 2;…; 8 is the color index, g2=4π is the color coupling
constant,N and N̄ ¼ N†γ0 are the nucleon field and its Dirac
adjoint, fa is the axion decay constant, and CG and CN are
model-dependent dimensionless parameters. Astrophysical
constraints on the axion-gluon coupling in Eq. (1) come
from big bang nucleosynthesis [36–38], m1=4

a fa=CG≳
1010GeV5=4 for ma≪10−16 eV and mafa=CG ≳
10−9 GeV2 for ma ≫ 10−16 eV, assuming that axions sat-
urate the present-day DM energy density, and from

supernova energy-loss bounds [35,39], fa=CG ≳ 106 GeV
for ma ≲ 3 × 107 eV. Astrophysical constraints on the
axion-nucleon coupling in Eq. (1) come from super-
nova energy-loss bounds [39,40], fa=CN ≳ 109 GeV for
ma ≲ 3 × 107 eV, while existing laboratory constraints
come from magnetometry searches for new spin-dependent
forces mediated by axion exchange [41], fa=CN ≳
1 × 104 GeV for ma ≲ 10−7 eV.
The axion-gluon coupling in Eq. (1) induces the follow-

ing oscillating EDM of the neutron via a chirally enhanced
one-loop process [42–44]:

dnðtÞ ≈ þ2.4 × 10−16
CGa0
fa

cosðmatÞ e cm: ð2Þ

The axion-gluon coupling in Eq. (1) also induces oscillat-
ing EDMs of atoms via the one-loop-level oscillating
nucleon EDMs and tree-level oscillating P-, T-violating
intranuclear forces (which give the dominant contribution)
[31,45]. In the case of 199Hg, the oscillating atomic EDM is
[31,37,46–53]

dHgðtÞ ≈ þ1.3 × 10−19
CGa0
fa

cosðmatÞ e cm; ð3Þ

which is suppressed compared to the value for a free
neutron [Eq. (2)], as a consequence of the Schiff screening
theorem for neutral atoms [54]. The amplitude of the axion
DM field a0 is fixed by the relation ρa ≈m2

aa20=2. In the
present work, we assume that axions saturate the local cold
DM energy density ρlocalDM ≈ 0.4 GeV=cm3 [55].
The derivative coupling of an oscillating galactic axion

DM field, a ¼ a0 cosðmat − pa · rÞ, with spin-polarized
nucleons in Eq. (1) induces time-dependent energy shifts
according to

HintðtÞ ¼
CNa0
2fa

sinðmatÞ σN · pa: ð4Þ

The term σN · pa is conveniently expressed by transforming
to a nonrotating celestial coordinate system (see, e.g.,
Ref. [56]):

σN · pa ¼ m̂FfðσNÞmajvaj
× ½cosðχÞ sinðδÞ þ sinðχÞ cosðδÞ cosðΩsidt − ηÞ&;

ð5Þ

where χ is the angle between Earth’s axis of rotation and the
spin quantization axis [χ ¼ 42.5° at the location of the Paul
Scherrer Institute (PSI)], δ ≈ −48° and η ≈ 138° are the
declination and right ascension of the galactic axion
DM flux relative to the Solar System [57], Ωsid ≈
7.29 × 10−5 s−1 is the daily sidereal angular frequency,
m̂F ¼ mF=F is the normalized projection of the total
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Axion-field coherently oscillates:

• Sensitivity scales with nEDM sensitivity. nEDM@SNS every measurement cycle (2400 s) get a 1 𝜎 precision of ± 4 x 10-26 e.cm. 
Expected 1-2 orders-of-magnitude improvement in “standard” base-line search technique.

A nonstatistical excess in a periodogram of R may be
caused not only by a coherent oscillating signal; for example,
fluctuations of a higher-order term in the magnetic field, not
compensated by either the mercury or cesium magnetome-
ters, may cause broadband elevations in LSSA power. We

define strict requirements for an excess to be considered as
one induced by axion DM as follows. Firstly, a significant
(>3σ) excess in amplitudehas to be observed in both sensitive
data sets at the same frequency, but not in the control set.
Secondly, the signals must be in antiphase in the parallel and
antiparallel data sets. Lastly, we require high coherence (a
narrow peak) equal to the spectral resolution of the data set.
None of the significant excesses pass our discovery criteria.
We deliver a limit on the oscillation amplitude similarly

to the long-time-base analysis, with the exception that we
require the product of the two sensitive sets’ CLs statistics
to be 0.05. The limit is shown as the blue curve in Fig. 2.
With the short-time-base analysis, we are most sensitive to
periods shorter than the time span of a sequence (2–3 days),
and lose sensitivity to periods shorter than the cycle
repetition rate (≈5 min). The PSI data set has a higher
accumulated sensitivity than the ILL data set, so the limit
baseline in the sensitive region is slightly better in the case
of the PSI data set.
Following Eq. (2), we can interpret the limit on the

oscillating neutron EDM as limits on the axion-gluon
coupling in Eq. (1). We present these limits in Fig. 4,
assuming that axions saturate the local cold DM energy
density ρlocalDM ≈ 0.4 GeV=cm3 [55]. Our peak sensitivity is
fa=CG ≈ 1 × 1021 GeV for ma ≲ 10−23 eV, which probes
super-Planckian axion decay constants (fa > MPlanck ≈
1019 GeV), that is, interactions that are intrinsically feebler
than gravity.

IV. AXION-WIND EFFECT

We also perform a search for the axion-wind effect,
Eq. (4), by partitioning the entire PSI data set into two
sets with opposite magnetic-field orientations (irrespective
of the electric field) and then analyzing the ratio R ¼
νn=νHg similarly to our oscillating EDM analysis above.
The axion-wind effect would manifest itself through
time-dependent shifts in νn and νHg (and hence R) at three
angular frequencies: ω1 ¼ ma, ω2 ¼ ma þ Ωsid, and
ω3 ¼ jma − Ωsidj, with the majority of power concentrated
in the ω1 mode. Also, the axion-wind signal would have an
opposite phase in the two subsets. We find two overlapping
3σ excesses in the two subsets (at 3.429 69 μHz and
3.32568 mHz), neither of which have a phase relation
consistent with an axion-wind signal. Following Eq. (4), we
derive limits on the axion-nucleon coupling in Eq. (1). We
present these limits in Fig. 4, assuming that axions saturate
the local cold DM energy density. Our peak sensitivity is
fa=CN ≈ 4 × 105 GeV for 10−19 ≲ma ≲ 10−17 eV.

V. CONCLUSIONS

In summary, we perform a search for a time-oscillating
neutron EDM in order to probe the interaction of axionlike
dark matter with gluons. We also perform a search for an
axion-wind spin-precession effect in order to probe the

FIG. 4. Limits on the interactions of an axion with the gluons
(top) and nucleons (bottom), as defined in Eq. (1), assuming that
axions saturate the local cold DM content. The regions above the
thick blue and red lines correspond to the regions of parameters
excluded by the present work at the 95% confidence level (C.L.).
The colored regions represent constraints from big bang nucleo-
synthesis (red, 95% C.L.) [36–38], supernova energy-loss bounds
(green, order of magnitude) [35,39,40], consistency with obser-
vations of galaxies (orange) [15,25–27], and laboratory searches
for new spin-dependent forces (yellow, 95% C.L.) [41]. The
nEDM, νn=νHg, and big bang nucleosynthesis constraints scale as
∝ ffiffiffiffiffi

ρa
p

, while the constraints from supernovae and laboratory
searches for new spin-dependent forces are independent of ρa.
The constraints from galaxies are relaxed if axions constitute a
subdominant fraction of DM.We also show the projected reach of
the proposed CASPEr experiment (dotted black line) [86], and
the parameter space for the canonical QCD axion (purple band).
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nEDM@SNS’s ultra-short baseline searches

• 𝜙n(t) information allows searches for oscillating-nEDM signal at frequencies higher than the measurement cycling:
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In dressed-spin mode: each modulated 
cycle is like an asymmetry to extract 
nEDM. Can search up to 1 Hz. 

A nonstatistical excess in a periodogram of R may be
caused not only by a coherent oscillating signal; for example,
fluctuations of a higher-order term in the magnetic field, not
compensated by either the mercury or cesium magnetome-
ters, may cause broadband elevations in LSSA power. We

define strict requirements for an excess to be considered as
one induced by axion DM as follows. Firstly, a significant
(>3σ) excess in amplitudehas to be observed in both sensitive
data sets at the same frequency, but not in the control set.
Secondly, the signals must be in antiphase in the parallel and
antiparallel data sets. Lastly, we require high coherence (a
narrow peak) equal to the spectral resolution of the data set.
None of the significant excesses pass our discovery criteria.
We deliver a limit on the oscillation amplitude similarly

to the long-time-base analysis, with the exception that we
require the product of the two sensitive sets’ CLs statistics
to be 0.05. The limit is shown as the blue curve in Fig. 2.
With the short-time-base analysis, we are most sensitive to
periods shorter than the time span of a sequence (2–3 days),
and lose sensitivity to periods shorter than the cycle
repetition rate (≈5 min). The PSI data set has a higher
accumulated sensitivity than the ILL data set, so the limit
baseline in the sensitive region is slightly better in the case
of the PSI data set.
Following Eq. (2), we can interpret the limit on the

oscillating neutron EDM as limits on the axion-gluon
coupling in Eq. (1). We present these limits in Fig. 4,
assuming that axions saturate the local cold DM energy
density ρlocalDM ≈ 0.4 GeV=cm3 [55]. Our peak sensitivity is
fa=CG ≈ 1 × 1021 GeV for ma ≲ 10−23 eV, which probes
super-Planckian axion decay constants (fa > MPlanck ≈
1019 GeV), that is, interactions that are intrinsically feebler
than gravity.

IV. AXION-WIND EFFECT

We also perform a search for the axion-wind effect,
Eq. (4), by partitioning the entire PSI data set into two
sets with opposite magnetic-field orientations (irrespective
of the electric field) and then analyzing the ratio R ¼
νn=νHg similarly to our oscillating EDM analysis above.
The axion-wind effect would manifest itself through
time-dependent shifts in νn and νHg (and hence R) at three
angular frequencies: ω1 ¼ ma, ω2 ¼ ma þ Ωsid, and
ω3 ¼ jma − Ωsidj, with the majority of power concentrated
in the ω1 mode. Also, the axion-wind signal would have an
opposite phase in the two subsets. We find two overlapping
3σ excesses in the two subsets (at 3.429 69 μHz and
3.32568 mHz), neither of which have a phase relation
consistent with an axion-wind signal. Following Eq. (4), we
derive limits on the axion-nucleon coupling in Eq. (1). We
present these limits in Fig. 4, assuming that axions saturate
the local cold DM energy density. Our peak sensitivity is
fa=CN ≈ 4 × 105 GeV for 10−19 ≲ma ≲ 10−17 eV.

V. CONCLUSIONS

In summary, we perform a search for a time-oscillating
neutron EDM in order to probe the interaction of axionlike
dark matter with gluons. We also perform a search for an
axion-wind spin-precession effect in order to probe the

FIG. 4. Limits on the interactions of an axion with the gluons
(top) and nucleons (bottom), as defined in Eq. (1), assuming that
axions saturate the local cold DM content. The regions above the
thick blue and red lines correspond to the regions of parameters
excluded by the present work at the 95% confidence level (C.L.).
The colored regions represent constraints from big bang nucleo-
synthesis (red, 95% C.L.) [36–38], supernova energy-loss bounds
(green, order of magnitude) [35,39,40], consistency with obser-
vations of galaxies (orange) [15,25–27], and laboratory searches
for new spin-dependent forces (yellow, 95% C.L.) [41]. The
nEDM, νn=νHg, and big bang nucleosynthesis constraints scale as
∝ ffiffiffiffiffi

ρa
p

, while the constraints from supernovae and laboratory
searches for new spin-dependent forces are independent of ρa.
The constraints from galaxies are relaxed if axions constitute a
subdominant fraction of DM.We also show the projected reach of
the proposed CASPEr experiment (dotted black line) [86], and
the parameter space for the canonical QCD axion (purple band).
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Improve the neutron magnetic moment precision 
with nEDM@SNS
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Measurement of 𝛾n/𝛾3He to improve 𝛾n

+ et al.
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• Only minor improvements in knowledge of the neutron magnetic moment over the past 5 decades

• To reach ± 0.01 ppm (∼ 20 x improvement in 𝛾n) need 11 days of statistics

• In one measurement cycle:
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• In nEDM@SNS, we measure: CODATA 2018:
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KEY SYSTEMATIC: UCN center-of-mass gravitational offset effect



Evolution of UCN spectrum during filling and precession
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UCN spectrum during “filling” (low 3He absorption) UCN spectrum evolution during free precession measurement time 
(includes 𝜏3 = 500 s)

Statistically optimized Tfill = 1000 s:Example: used f = W/V = 0.8 x 10-5

• Change filling time (with reduction on statistics) to change initial UCN spectrum slightly for systematics

• These are the UCN spectra inside the cell. Since spin analysis is in-situ, no need to correct for UCN-energy dependent transport loss 
(and depolarization loss) during transport to interpret any UCN spectral measurements

• Produced UCN spectrum in sf4He is well-described. Transport in guides not so much. 

• Above assumes mechanical equilibrium. Phase-space evolution will be small in nEDM@SNS (3 L cell, with UCNs produced with 
approximately isotropic momentum and close to uniformly throughout cell, filled over 1000 s). Next step is to confirm with simulations



Use time-evolution of UCN gravitational offset to study UCN spectrum
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(1% Lambert diffuse, 
micro-roughness 5nm RMS 
& 12nm correlation length, 
0.3 deg Gaussian waviness)

• Apply known gradient, measure fn(t) to get information on the time-evolution of average UCN energy during precession.
• Combine with total number UCN storage time measurement: just watch 𝛽-decay without loading 3He. 
• More direct than spin-echo since since measuring precession frequency

• Phase-space evolution (which will impact this systematic effect as well as others!) less in the nEDM@SNS experiment
• A good chance for controlling this important systematic effect! Currently in early days of development still.

Shown E = 100 neV
Straight lines between wall 
collisions displayed.

UCN tracking simulations:

<latexit sha1_base64="ySs5Upni+ojLzUvvc7Io3j42NuE="></latexit>

fn =
�n
2⇡

✓
B0 +

d|B|
dz

ho↵(t)

◆

<latexit sha1_base64="4YLzu/C5UM8Zzf6xypmfiKPSw/c="></latexit>

(B0 ! from
3
He)

UCN center-of-mass offset 
when averaged over UCN 
population

Combine with UCN 

spectral evolution 

from previous slide

Vertical gradient



Construction of the nEDM@SNS experiment
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The central detector system
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high voltage 
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high voltage 
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cell valve 
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wavelength 
shifting 
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3He transfer 
piping
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Figure 1. The design of the Central Detector System. The
⇠ 1600 L volume, made from composite materials, is filled with
superfluid 4He cooled to ⇠ 0.4 K with a dilution refrigerator (not
shown). This system contains the two measurement cells filled
with isotopically pure superfluid 4He along with systems for the
electric field, light collection, 3He cell valve, and SQUIDs. The
cold neutron beam goes into the page. For scale, the inner cell
dimensions are 7.5 cm (W)⇥10 cm (H)⇥40 cm (L) relative to the
beam.

polystyrene (dPS) coating, which has a neutron optical po-
tential VdPS ⇡ 160 neV. The volumetric production rate of
polarized UCNs that can be stored by this potential will be
PUCN/V ⇡ 0.31 UCN cm�3 s�1.

The UCN density in the cell will build-up with a time
constant ⌧fill given by: ⌧�1

fill = ⌧
�1
� + ⌧

�1
up + ⌧

�1
walls + ⌧

�1
3 .

These time constants are: the neutron �-decay lifetime
⌧� ⇡ 880 s; the UCN upscattering loss lifetime set by in-
teractions with the superfluid helium excitations, expected
to be ⌧up ⇡ 7 ⇥ 104 s at 0.4 K [30, 31]; the UCN wall
loss lifetime at the cell walls, where the design goal is
⌧walls > 2, 000 s; and the UCN-3He capture lifetime, which
during filling will be ⌧3 & 104 s. Combining these time
constants and assuming good match between the neutron
beam dimensions with the cell, the saturated UCN density
in the cell will thus be ⇡ 170 UCN cm�3. The UCN polar-
ization is expected to be high, Pn ⇡ 0.98, since the cold
neutrons retain their polarization after scattering o↵ super-
fluid 4He phonons, and the UCNs in the opposite spin-state
will be absorbed by the 3He during accumulation with a
time constant of approximately 200 s.

With in situ UCN production, and also having the UCN
spins analyzed in the cell (which we call “in situ spin anal-
ysis,” described next in Sec. 2.1), the combined ⇠ 1 ⇥ 106

UCNs produced in the two cells can be utilized. This
avoids UCN loss and depolarization that can occur dur-
ing transport from an external UCN source and then to an
external spin analysis system. These problems have a long
history of degrading the expected performance of UCN
experiments. The physics of the super-thermal UCN pro-
duction process in superfluid helium has been well-studied
[31–36].

Our in situ UCN production and in situ spin analysis
techniques provide a large statistical sensitivity increase
compared to neutron EDM experiments that use external
UCN sources because of the increase in detected UCN
number N. The other statistical advantages of our experi-
mental design include the suppression of UCN upscatter-
ing loss from the cryogenic cell walls and the large electric
field |E| & 75 kV cm�1 [37, 38] that can be supported by
the superfluid helium due to its high dielectric breakdown
strength.

For the suppression and control of systematic e↵ects,
our cryogenic environment allows the natural implemen-
tation of superconducting magnetic shielding, which is
particularly useful for suppressing low frequency ambi-
ent field drifts. Furthermore, by making small changes
to the temperature of the superfluid, the mean free path
of the 3He co-magnetometer can be changed drastically.
This has important consequences for controlling and sup-
pressing important systematic errors, as will be described
in Sec. 2.3. First, the role of the 3He as UCN spin analyzer
will be described.

2.1 UCN spin analysis with polarized
3
He

UCNs experience the strongly spin-dependent capture
reaction n + 3He! p + 3H + 764 keV. For anti-parallel
neutron and 3He nuclear spins, the capture cross-section
at thermal energies is ⇡ 11 kb. This translates to a cross-
section of ⇡ 800 kb at a relative velocity of ⇡ 30 m s�1

in our experiment. When the spins are parallel, the ab-
sorption cross-section is small; the experimental limit on
the triplet to singlet absorption cross-section ratio is . 1%
[39].

After a n + 3He capture event, the charged products
will produce scintillation light in the superfluid helium at
wavelengths of ⇠ 80 nm. This EUV light inside the cell
will be converted to blue light using deuterated 1,1,4,4-
tetraphenyl-1,3-butadiene (dTPB) that is embedded in the
dPS polymer matrix on the inner cell walls. Since the
UCNs do not leave the measurement cell, the analysis of
their spin orientation is performed in situ. The detection
of this scintillation light will also give live information
on the average relative angle between the UCN and 3He
spins throughout a measurement. This is di↵erent than
the Ramsey technique where the phase of the UCN spins
(converted to a longitudinal polarization) is only measured
after the end of the precession period. This opens up pos-
sibilities for di↵erent measurement schemes.

Quantitatively, the average scintillation light event rate
will be given by:

�(t) = N(t)
⇢ ✏�
⌧�
+
✏3
⌧̄3

h
1�P3(t)Pn(t) cos ✓3n(t)

i�
+RBG , (2)

where N(t) is the number of UCNs remaining in the cell
at time t, P3(t) and Pn(t) are the 3He and UCN polariza-
tions, ✓3n(t) ⌘ ✓3(t) � ✓n(t) is the di↵erence between the
average phase angle of the two spin species, and ⌧̄3 ⇡

(3.9 ⇥ 10�8 s)x�1
3 is the time-averaged n-3He absorption

time constant.

• Neutron beam going into screen. E & B0 field left to right

• Non-magnetic cryogenics.
• Mostly non-conductive (to not distort AC 

fields), but sometimes need conductivity 
(electrodes)

• Neutron activation friendly
• Cool to 300 mK
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• Magnet module: Caltech ➞ ORNL • Magnetic shield enclosure @ Swiss company

Large-scale integration
• From 2012-2018 in the Critical Component Demonstration phase. 
• In 2018 transitioned to Large-scale integration and installation at SNS (with some on-going R&D)
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• 3He services dilution refrigerator at UIUC

• 3He Atomic beam source @ MIT

• Cavallo voltage multiplier & electrode testing

• Systematics and Operation Studies test apparatus 
(like a “mini” nEDM apparatus) @ NCSU
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Moving into EB1 at SNS

E�hdZKE
���D

Figure 4. General layout of the nEDM apparatus and associated infrastructure at the SNS. External magnetic
field coils are also shown outside of the Magnetic Shield Enclosure (MSE) to reduce the ambient Earth’s
magnetic field.

Figure 5. Example of the modular design of the apparatus showing the magnet module lowered for servicing.

– 26 –

External building 1 (EB1) New EB2

Photo from last week inside EB1:
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• There is a lot from the collaboration to cover, I apologize if I missed something for time’s sake.

� ��� ��� ��� ��� ����

��	
 ��
�

�

��

��

��

��

��

��

��

�
��
� �
�
�

�

��
	

�
��
	



�
��

� ��� ��� ��� ��� �

�	
� ����

�

��

��

��

��

��

��

�
��
� �
�
�
��

��




�	



�
�
	�

Figure 2. Example of a Monte Carlo simulation of the scintilla-
tion event rate vs time data during the free precession period of
a single free precession measurement cycle. The events are time
binned, with ni(ti) being the number of events that fall within a
time bin centered at time ti. The parameters used are described
in the text. The best fit curve is shown in red. The upper plot is
zoomed in on the first 1 s, with the error bars shown as the 67%
C.I. for a Poisson distribution. The lower plot is of the entire
period and without error bars on the points.

magnetometer and the key systematic e↵ects involved in
the free precession mode.

2.3
3
He co-magnetometer and systematic effects

When writing Eq. (7), it was implied that the static B0 field
in the two !3n measurements are identical. However, since
they are made for cells at di↵erent spatial positions or in
the same cell during di↵erent times, corrections for mag-
netic field gradients and drifts will inevitably be required.
Therefore, high-precision magnetometry is needed.

A magnetometer system located outside the measure-
ment cell and away from the large electric field can be
used to infer the magnetic field inside the cells. How-
ever, such external magnetometry systems are insensitive
to fields produced by leakage currents [15] or magnetiza-
tion contamination [17] near the cell, both of which can
produce sizable systematic e↵ects. For high precision neu-
tron EDM experiments, co-magnetometery is needed.

The polarized 3He located in the same volume as the
UCNs can be used as a co-magnetometer. For a concentra-
tion of x3 = 10�10, the 3He number density is ⇠ 1012 cm�3

(compared with . 103 cm�3 for the UCN density). The

precessing 3He magnetization will generate an oscillating
field with an amplitude of several fT close to the cell. This
will be measured by an array of Superconducting Quantum
Interference Device (SQUID) magnetometers near the cell
[45].

While co-magnetometry drastically reduces system-
atic e↵ects due to field variations, it adds additional e↵ects
at a much smaller scale. These come in the form of dif-
ferent ensemble averaged magnetic fields between the co-
magnetometer atoms and the UCNs, despite the fact they
occupy the same volume, as well as di↵erent precession
frequency shifts experienced by the two.

The observed !3n in a cell should be written as:

!±3n = �nhBni � �!n � �3hB3i + �!3 ±
2dn|E|
~
, (8)

where hB3i and hBni are the ensemble averaged magnetic
fields, and �!3 and �!n are the frequency shifts of the two
species. These e↵ects only arise because of the di↵erences
in motion and precession between the co-magnetometer
atoms and UCNs.

Firstly, the 3He atoms are in thermal equilibrium with
the superfluid helium bath. Their velocity, taking into ac-
count the 3He e↵ective mass, will be ⇡ 30 m s�1. The
UCNs, however, will have velocities ⇡ 4 m s�1. It is worth
mentioning that this velocity di↵erence will be smaller
than for other commonly used co-magnetometers at room
temperature. Secondly, UCNs undergo ballistic motion
reflecting only o↵ the cell walls whereas the 3He mo-
tion will be di↵usive. At our design concentration the
3He mean-free-path is approximately given by 0.77 mm ⇥
[(0.45 K)/T ]15/2 [46], dominated by scattering o↵ phonons
in the superfluid. Thirdly, as already mentioned, the spin
precession frequency of the 3He will only be ⇡ 10% faster
than the UCNs. Again, this will be a smaller di↵erence
than compared with typical co-magnetometers. Further-
more, it should be noted that the sign of �3 and �n are both
negative. This will suppress e↵ects such as that caused by
Earth’s rotation [15].

The most serious of these frequency shifts that can
produce a false EDM signal comes from an interaction
between magnetic field gradients and the motional mag-
netic field BE⇥v = E ⇥ v/c2 [47–54]. The Bloch-Siegert
induced frequency shift is generally larger for the co-
magnetometer. The magnitude of BE⇥v for v = 30 m s�1

and our electric field will be ⇡ 20 µG. This field is trans-
verse to B0 with a direction that fluctuates after every col-
lision with the walls or phonons in the superfluid. This
results in Bloch-Siegert frequency shifts [55]. The com-
bination of this BE⇥v field with magnetic field gradients
transverse to B0 produces a frequency shift that is propor-
tional to E and hence will appear as a false EDM signal.
The size of this frequency shift is also generally dependent
on the gyromagnetic ratio, the static field strength B0, the
field gradients, the collisional frequency, and (as already
mentioned in the introduction) on the dimensions of the
cell. However, closed form expressions exist for the bal-
listic and highly di↵usive cases [23, 53]. We will call this
the "Bloch-Siegert induced false EDM”.
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• The cryogenic UCN + 3He + superfluid scheme offers many advantages to reach 10-28 e.cm

• In-situ produced UCN in small cell with high-density and long storage times

• Supports high electric field, SQUIDs and superconducting magnetic shielding

• Can vary motion of our 3He magnetometer with small T changes to study key systematic effects

• Two measurement modes with different systematic effects for self-checking our own results

• The live and in-situ UCN spin analysis is a true frequency measurement

• New type of signals for the field, on-going extensive work to understand its analysis

• Yielded new ultra-short baseline axion search to reach higher mass

• Our large-scale experiment is being constructed and moving “on the floor” at SNS


