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Abstract

This paper will cover a brief history of the search for the Neutron Electric Dipole Moment

(nEDM). We will start with a theoretical introduction to the different processes which would

yield an nEDM and the physical implications that it has to CP violation. This is followed by a

survey of past and future experiments measuring nEDM. Specifically, it will cover the simulation

method used to determine the sensitivity of the experiment to be run on the Spallation Neutron

Source at Oak Ridge National Lab.

1

beise
Sticky Note
Put the date here.

beise
Cross-Out

beise
Replacement Text
n

beise
Sticky Note
Still a number of places where the units should be properly formatted (e-cm in particular), and where "et al." should be italicized, and punctuation with equations. 



Contents

1 Introduction 3

2 Theory of nEDM 4

2.1 Motivation - Baryon-Antibaryon Asymmetry . . . . . . . . . . . . . . . . . . . . . . 4

2.2 CP Violation in the Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.3 Strong θ Problem in Quantum Chromodynamics . . . . . . . . . . . . . . . . . . . . 5

2.4 Neutron Electric Dipole Moment: Beyond the Standard Model . . . . . . . . . . . . 7

3 Past nEDM Experiments 7

3.1 Smith, Purcell and Ramsey, 1957 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.2 Ultra Cold Neutron Based Experiments . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.2.1 Cryo-nEDM Experiment at Institute Laue-Langevin, Grenoble, France . . . . 11

3.2.2 nEDM at the Spallation Neutron Source, Oak Ridge, Tennessee . . . . . . . . 13

4 Simulation as a Method for Determining the Sensitivity of the Oak Ridge nEDM

Experiment 16

4.1 Method of Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.2 Use of Simulation for Optimizing Free Parameters . . . . . . . . . . . . . . . . . . . 18

5 Conclusion 19

2



1 Introduction

Until 1950, the general belief was that charge conjugation, parity and time reversal were all good

symmetries of nature. In a short letter to the editor of the Physical Review[1], E. M. Purcell and

N. F. Ramsey made the argument that this belief was not based soundly upon experimental data.

They suggested that a precision measurement of the static electric dipole moment of a fundamental

particle would be a good test of these symmetries. Their argument was simple: the dipole moment

must be aligned along its spin axis, since the particle has no other specified direction. However,

spin is parity even, since it is an axial vector, and the electric dipole moment, "d = e "x, is parity odd.

Thus the dipole moment would be aligned with the spin in one system, while in another it would

be anti-aligned. Therefore the dipole moment must be zero for parity to be conserved. The same

argument applies to time reversal asymmetry. Under time reversal, the spin changes direction,

while the dipole moment remains unchanged. This can been seen in Figure 1.

Figure 1: Magnetic and Electric Dipole Moments transforming under P and T.

The electric dipole moment of an elementary particle can be defined by a slight asymmetry in

the charge distribution of the particle. In a charged particle this would relate to small deviation

in the assumed uniform charge distribution. However, in a neutral particle, it would manifest as

a small amount of positive charge in one half and an equal and opposite negative charge on the

opposite half of the particle.

While there have been many advances in showing that these symmetries are not all good sym-
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metries of different systems (including kaons and B mesons) the combined, CPT, symmetry is still

held to be universal. As David Griffiths says in his book on Elementary Particles, “The [CPT] the-

orem is on extremely firm ground theoretically, and it is relatively secure experimentally. Indeed,

as one prominent theorist put it, if a departure is ever found, ‘all hell breaks loose.’ ” [2]

2 Theory of nEDM

2.1 Motivation - Baryon-Antibaryon Asymmetry

One of the large outstanding questions regarding the origin of the universe is the imbalance between

matter and anti-matter. The problem lies in how matter was created in the Big Bang. Normally

baryon and lepton numbers are conserved, so that when you create an electron, you also create a

positron. There must have been a breaking of this symmetry to generate the universe seen today,

with an abundance of matter, and a dearth of antimatter [3]. Sakharov first proposed calculating

the baryon asymmetry. In doing so he noted three requirements to yield a baryon asymmetry from

an initial state of B = 0 [4]:

1. Baryon number violation

2. CP violation

3. Departure from thermal equilibrium

If all three criteria are met, then the current asymmetry can be explained. However, although

CP violation has been discovered in certain systems, there is currently not enough to explain the

level of baryon-antibaryon asymmetry in the universe.

2.2 CP Violation in the Standard Model

CP violation was first discovered in the neutral kaon system by Cronin, et al.[5] The experiment

showed that the long-lived component of the neutral kaons, K0
L, did, in fact, decay into two charged

pions, thus violating CP. The K0
L has CP = −1 while the charged pions have CP = 1. Cronin and

his colleagues were awarded the Nobel Prize in 1980 for their discovery.
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There are two places where CP violation can be included in the Standard Model Lagrangian.

One is the in the QCD Theta term and the other is the phase δ in the Cabibbo-Kobayashi-Maskawa

(CKM) matrix which describes flavor mixing in the charged current interaction:

(
u c t

)





c1 s1c3 s1s3

−s1c2 c1c2c3 − eiδs2s3 c1c2s3 + eiδs2c3

s1s2 −c1s2c3 − eiδc2s3 −c1s2s3 − eiδc2c3









d

s

b




(1)

Here ci = cos θi and si = sin θi with θi(i = 1, 2, 3) are the mixing angles. Working out the

coupling constants and other theory intensive calculation, the Standard Model predicts:

dn = −eG2sinδ s1s2s3c2
αs√
227π3

ln
m2

t

m2
c

fπm4
π

ms(mu + md)
A(2α− 1)gA ln

mK

mπ
. (2)

Assuming presently determined values for all these constants yields an estimate for the nEDM [6]:

dn ≈ 10−32 − 10−31 ecm. (3)

Which is still five orders of magnitude below the current experimental upper limit of nEDM.

2.3 Strong θ Problem in Quantum Chromodynamics

It is possible to introduce a CP violating term into the QCD Lagrangian by including the term:

Lθ = −θ
αs

8π
G̃a

µνG
a
µν . (4)

This is the so called “Theta Term.” Working in the chiral limit, mπ → 0, we can express the

leading order contribution to the nEDM as seen in Figure 2.

The CP violating, grey, vertex in the diagram is given by:

gπnn = −θ
mumd

mu + md

√
2

fπ

MΞ −MΣ

ms
≈ −0.027θ. (5)

Where the mu, md, ms are the masses of the up, down, and strange quarks; the MΞ and MΣ are
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which can be used in (1.40) to rewrite it as

δL(CP ) = ∓ 3mumdms

mumd + mums + mdms
θ(ψiγ5ψ) . (1.45)

Derivation of this Lagrangian is the most important step in studying the CP–violating

e  ects in the strong interactions. It is this very Lagrangian with which there arise CP–

violating e  ects in the hadronic interactions. The EDM of the neutron is one such fun-

damental quantity through which the the parameter θ becomes observable. Below we

will sketch its derivation without going into details of the hadronic model adopted. Two

existing calculations due to [14] and [25] are in good agreement.

We now choose to sketch the derivation in [25]. The neutron EDM is defined via the

correlator

〈n
(

p +
k

2

)
|Jem

µ (k) i

∫
d4x δL(CP )|n

(
p− k

2

)
〉 ≡ − Dn

(
k2

)
uσµνk

νu , (1.46)

where Jem
µ electromagnetic current of the quarks. The value of the formfactor D(k2)

for on–shell photon (that is, D(k2 = 0)) is the EDM of the neutron. The Figure below

illustrates the correlator above. Here the black blobs designate the usual π−np and π−π+γ

vertices. The grey blob, however, shows the CP–violating πnp vertex generated by δLCP

in the correlator above.
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Figure 1.1: The mechanism of generating the neutron EDM. The black blobs are the usual
CP–conserving hadronic couplings. The grey blob shows the CP–violating π+np vertex
generated by δLCP .

In general the calculation of the correlator (1.46) involves a summation over all inter-

mediate states ∑

X

〈n|Jem
µ |X〉 × 〈X|δL(CP )|n〉

where |X〉 = {|N〉, |πN〉, |ππN〉, · · · }. However, as shown in [25], it is the |πN〉 contri-

bution that dominates the amplitude, in accordance with the figure above. The reason for

16

Figure 2: The mechanism of generating the nEDM. The grey vertex is the CP Violating π+np
vertex, while the two black circles are the normal CP conserving hadronic vertices [7]

.

the masses of the Ξ and Σ hyperons respectively; and fπ is the pion decay constant.

The diagram yields a nEDM of

dn =
e

mp

gπnngπnn

4π2
ln

mp

mπ
. (6)

We can use this equation, combined with the fact that gπnn = 13.6 is well known, [8, 9], and

the measured upper limit for dn to obtain a value for θ:

|θ| < 3× 10−10. (7)

There is no apparent reason for θ to be so small. The term was expected to be of order unity

when first introduced into the Lagrangian. This is referred to as the “Strong Theta Problem” or

the “Strong CP Problem.” For a full discussion see References [6, 7].

There have been efforts to find a broken symmetry that would lead to the fine tuning of theta. In

particular, the Peccei-Quinn symmetry would invoke a global U(1) symmetry that is spontaneously

broken. However, this theory demands axions, which have thus far not been observed [3].
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2.4 Neutron Electric Dipole Moment: Beyond the Standard Model

There have been a number of models looking beyond the Standard Model that have predictions for

the Neutron Electric Dipole Moment. Continued experimental work on the measurement has led

to the elimination of some of these models. Currently, there are Supersymmetric and Supergravity

theories which will be tested by the next generation of experiments. For more on SUSY, specifically

Left-Right Symmetric Models, see references [10, 11]. Similarly, a good overview of Supergravity

can be found in reference [12].

3 Past nEDM Experiments

The past 50 years have seen an improvement of six orders of magnitude in the upper limits placed

upon the neutron electric dipole moment. The progress can be seen in Figure 3. Current ex-

periments are beginning to test Supersymmetric predictions, which has increased interest in the

projects.

Figure 3: Upper limits placed on nEDM over the last 50 years.

3.1 Smith, Purcell and Ramsey, 1957

The first direct measurement of the nEDM was made on a thermal neutron beam produced by a

reactor at Oak Ridge National Lab in 1950 by Smith, Purcell and Ramsey. Though the authors
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felt that any fundamental particle would provide a test of CP and P symmetries, the neutron was

chosen because it lacks charge. The neutrality enabled a large electric field to be applied to the

beam without changing its trajectory. This is one of the biggest advantages of studying the EDM

of the neutron over other fundamental particles.

The resulting measurement was in accordance with Parity conservation and Time Reversal

symmetry. Therefore Smith et al. initially decided not to publish their null results due to the

scientific community’s firm belief in C, P and T symmetries.

However, when Lee and Yang hypothesized [13], and Wu et al. subsequently found [14], evidence

of Parity violation in beta decay, the community began to shift their views on the long held belief

in C, P and T invariance. The results of Smith et al. were first published in the Physical Review

in 1957. [15] Their uncertainty placed an upper limit on the dipole moment of 5×10−20 e cm (90%

C.L).

The experiment made use of Ramsey’s Method of Separated Oscillatory Fields [6], a multi-step

procedure for monitoring the precession frequency of neutrons. If the neutron has an EDM, the

Larmor frequency (νL) – the frequency at which the spin of the neutron precesses in a magnetic field

– will be shifted in the presence of an external electric field. If the Larmor frequency is well-known,

the experiment can be set up to look for any deviation from the known frequency.

Ramsey’s Method is enumerated here, heavily borrowed from CP Violation Without Strangeness

by Khriplovich and Lamoreaux [6]. This assumes a coordinate system which places the z axis in

the vertical direction and the x-y plane in the horizontal direction.

1. Polarize the neutrons in the z direction

2. Apply a π/2 pulse to rotate the spins into the x direction

3. Allow the spin to precess, in the x− y plane, around a weak magnetic field in the z direction.

4. After a set period of time, such that T = n
νL

, apply a second π/2 pulse rotating the x

component of the spin into the −z direction. Note that if there is any deviation from the

Larmor frequency, which would be caused by an EDM, there will be some component of the

spin in the y direction. This is lost when the RF pulse is applied. Therefore the spin analyzer
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measures fewer neutrons polarized in the z direction. This measurement can be taken to

study any ∆ω caused by an EDM interacting with an electric field.

The radio frequency magnetic field is applied near the resonant frequency of the neutron’s

precession. Scanning frequencies around the resonance shown in Figure 4, Smith et al. were able

to verify that the π/2 pulse was applied properly. The measurements were then made as close to

the peak as possible.

Smith et al. made use of this method for their beam-based experiment. Their experimental

setup is seen in Figure 5. Since the neutrons are moving, the length of the apparatus is set by their

velocity. The apparatus must be long enough to allow the neutrons to spend a substantial amount

of time in the electric field. However, it must also be tuned to the Larmor frequency, so that the

neutrons will precess by a known angle.

One of the main features of the setup is the neutron polarizer. This experiment is not possible

without a good source of polarized neutrons. To achieve the necessary polarization, Smith et

al. used a highly polished mirror made of iron, and placed it in a strong magnetic field. The

field “saturates” the metal by aligning the spin of all the iron nuclei. The neutrons have a spin

dependent cross section, so that the beam will separate into two; one that is polarized spin up, and

one that is polarized spin down. The concept is similar to the Stern-Gerlach apparatus, though

the implementation differs. The neutron mirror was used in a number of beam based experiments

which followed.

As the beam based experiments progressed, some of their limitations became evident. First,

since the beam is from a reactor, not all of the neutrons are traveling at the same velocity. This

makes timing both π/2 pulses difficult, since the pulse is dependent upon the time spent in the

radio frequency field. Second, the neutrons were thermal, with an average velocity of approximately

2000 m/s. This made precision electronics which could handle the fast switching of fields a priority.

The final result obtained on a neutron beam in 1977 was dn = (0.4 ± 1.5) × 10−24e cm. This

placed an upper limit of dn < 3× 10−24e cm (90% confidence level) on the nEDM. After 20 years

of experiments, the systematic errors overwhelmed the counting statistics and a new method was

needed [6].
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Figure 4: Taken from Smith et al [15]. Figure 5: Taken from Smith et al [15].

3.2 Ultra Cold Neutron Based Experiments

The next big leap forward came with the ability to store neutrons. The idea has been attributed

to Fermi, however the first article to suggest neutron storage was in 1959 by a Russian scientist,

Yakov Zeldovich [16]. If the neutrons could be slowed to the point where their energy is less than

the barrier potential from a surface, it could be possible to capture and store neutrons. The typical

potential from a material barrier is UF ≈ 200 neV , therefore the neutrons have to have velocities

around 5 m/s to be stored. Such neutrons are referred to as Ultra Cold Neutrons (UCN).

It was also discovered that a new method of polarization was possible with UCNs. By adjusting

the ratio of Fe to Co in a thin foil, it is possible to only transmit one spin state. By magnetically

saturating the foil, the magnetic and effective potentials cancel for one spin state, while doubling the

other. This leads to one spin state being totally reflected and the other being, effectively, completely

transmitted. By having a higher polarization efficiency, the sensitivity of the experiment can be

improved [6].

UCNs have become the new standard in nEDM searches. But they also have provided new
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means to test other properties of the neutron. Currently there are experiments using UCNs to

measure the lifetime of the neutron to greater precision [17, 18]. There has been great interest

in measuring certain quantities to search for asymmetries, which would also provide interesting

probes of the Standard Model. One of these is the radiative decay of the neutron, which involves

measuring the branching ratio of n→ e−pγ [19].

Currently there are several collaborations working to make an improved measurement of the

neutron electric dipole moment using UCNs. These include groups at ILL, the Paul Scherrer

Institut in Switzerland and the Spallation Neutron Source (SNS) located at Oak Ridge National

Lab (ORNL). We will focus on the ILL and ORNL experiments for this paper.

3.2.1 Cryo-nEDM Experiment at Institute Laue-Langevin, Grenoble, France 2
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FIG. 1: (Color online) Experimental apparatus

The magnetometer used the precession frequency of
I = 1/2 atoms of 199Hg (3× 1010 atoms/cm3; µn/µHg =
γn/γHg = −3.842) stored simultaneously in the same
trap as the neutrons. Using Eq. (1) for both UCNs and
Hg, and assuming that both experience the same B, we
find that to first order in the EDMs d,

νn

νHg
=

∣∣∣∣
γn

γHg

∣∣∣∣+
(dn + |γn/γHg| dHg)

νHg
E =

∣∣∣∣
γn

γHg

∣∣∣∣+
dmeas

νHg
E.

(2)
For each run, dmeas was obtained from a linear fit to the
ratio νn/νHg versus E. Eq. (2) shows that dmeas contains
a contribution from dHg . The true dHg has been shown
to be (−1.06±0.49±0.40)×10−28 e cm[2], so it introduces
a systematic error of (−0.4±0.3)×10−27 e cm into dmeas.

III. GEOMETRIC-PHASE EFFECTS

To the true dn and dHg within dmeas there will also
be added coefficients of fractional shifts in νn and νHg,
from other causes, which are linear in E and thus consti-
tute additional systematic errors. The most important
of these involves a geometric phase (GP) arising when
the trapped particles experience a gradient ∂B0z/∂z in
the presence of E [13]. Fortunately, the centre of gravity
of our UCNs is ∆h = 0.28 cm lower than that of the

(warmer) Hg atoms, so an observed shift of νn/νHg away
from |γn/γHg| gives a measure of the volume-averaged
〈∂B0z/∂z〉V , via the result (Eq. 86 in [13])

Ra =
∣∣∣∣

νn

νHg
· γHg

γn

∣∣∣∣ = 1 ± ∆h
〈∂B0z/∂z〉V

B0z

, (3)

where the + sign corresponds to B0 downwards.
In this experiment the contribution of the GP effect in

the Hg to dmeas is 50 times larger than the GP effect of
the UCNs. Writing the GP false contribution to dmeas

from the Hg as dn,Hg,f , it is shown in [13] (Eq. 87) that

dn,Hg,f = ±!
8
|γnγHg|

r2
BB0z

∆h c2
·(Ra−1) = ±k·(Ra−1), (4)

where rB is the trap radius and the + sign again corre-
sponds to B0 downwards. It follows that we can write

dmeas = d′n + dn,Hg,f = d′n ± k · (Ra −Ra0), (5)

where d′n is the true dn plus all other systematic ef-
fects discussed below, and Ra0 is the value of Ra where
∂Bz/∂z = 0. Eq. 5 defines two straight lines, one with
positive slope for B0 down and one with a negative slope
for B0 up. The crossing point (Ra0, d′n) provides an es-
timator of d′n free of dn,Hg,f .

Each run was made at a chosen value of Ra by pre-
adjusting currents in field-trimming coils. Figure 2 shows
the data (binned for clarity) for dmeas as a function of
Ra for each direction of B0. The lines represent a least-
squares fit to all 554 of the (unbinned) run results, using
as free parameters the two intercepts and a common ab-
solute slope k. This yields χ2/ν = 652/551 and k =
(1.90 ± 0.25) × 10−26 e cm/ppm, which is within 1.3σ
of the expected value of (1.57 ± 0.08)× 10−26 e cm/ppm
from Eq. (4). The slope k can be altered by a few percent
(although still remaining highly symmetric under B0 re-
versal) by various mechanisms including the UCNs’ own
GP signal (a 2% effect); uncertainty in ∆h (4%); a slight
reduction in mean free path due to cavities and grooves
in the electrodes as well as to the presence of 10−3 torr of
He gas to prevent sparks [13, 14] (1%); and asymmetric
surface relaxation of the Hg (up to 5%).

A. Anomalous GP effects

There are some processes that can interfere with the
above GP error removal – essentially any process that
changes Ra and/or dn,Hg,f without conforming to the
ratio between the two given by Eq. (4), and where, in
addition, the changes differ with the direction of B0.

First, there are several processes that shift Ra but
not dn,Hg,f . Changing γn/γHg, for example, shifts the
two lines of Figure 2 in the same direction by the
same amount, leaving d′n unaffected but changing Ra0.
We note at this point that our final Ra0 is consistent

Figure 6: Experimental Apparatus at ILL for most recent nEDM experiment [20].

The current limit placed on the nEDM is from a UCN based experiment at the Institut Laue-

Langevin in Grenoble, France. Their apparatus is shown in Figure 6. Their experiment concluded

in 2006 with a resulting upper limit of dn < 2.9× 10−26 e cm (90% C. L.) [20].
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Cryo-nEDM depends upon separate cells for the Ramsey oscillation and neutron detection. As

shown in Figure 6, The UCNs enter the cell for the Ramsey oscillation where the magnetic field

is monitored by 199Hg. However, after the set period of time precessing, the neutrons must be

transported out of the magnetic shielding and into a separate polarized 3He detector to measure

the number of neutrons in the proper spin state. This provides a possibility for increased errors

due to stray electric and magnetic fields.

The experiment had a few dominant systematic errors from electric and magnetic field stability

and a v×E effect which can generate a false EDM. One area where they were particularly hampered

was the use of mercury as a co-magnetometer.

They used gaseous 199Hg to continually monitor the magnetic field in the cell. The mercury

atoms experienced the same magnetic field as the neutrons, so with a precise knowledge of their

Larmor frequency, a direct measurement of the magnetic field can be made. Figure 8 shows how

the 199Hg correction adjusts the measured resonant frequency of the neutrons.

Knowing the mercury precession frequency, Equation 8 shows how to calculate a measured

dipole moment.

νn

νHg
=

∣∣∣∣∣
γn

γHg

∣∣∣∣∣ +
(dn + |γn/γHg| dHg)

νHg
E =

∣∣∣∣∣
γn

γHg

∣∣∣∣∣ +
dmeas

νHg
E (8)

Since the EDM of 199Hg, dHg is known to be (−1.06 ± 0.49 ± 0.40) × 10−28 e cm [21], this

introduces a new systematic error to the experiment. A linear fit is then performed between dmeas

and the ratio νn/νHg. A sample of this is shown in Figure 7.

Problems with the 199Hg co-magnetometer method became apparent during the course of the

experiment. Most notably is the introduction of a geometric phase due to a gradient in the magnetic

field in the presence of an electric field. The mercury atoms are more susceptible to this problem

and so the use of a 199Hg co-magnetometer becomes less desirable. Future experiments at ILL will

use Superconducting Quantum Interference Devices (SQUIDS) to monitor very small fluctuations

in the magnetic fields.
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FIG. 2: (Color online) Measured EDM (binned data) as a
function of the relative frequency shift of neutrons and Hg.

with the γn/γHg value from the literature (1σ ≡ 1.7
ppm) [15, 16], after allowing for our observed Bx and
By fields with finite ∂Bx/∂y and/or ∂By/∂x but with
(∂Bx/∂x+∂By/∂y) = 0 = −∂Bz/∂z (e.g., a quadrupole
aligned with z, with Bx = qy, By = qx), which cause
Ra to increase [13] without contributing to dn,Hg,f . Any
change in such fields when B0 is reversed can result in
a differential shift of all Ra values, and thus of the two
lines, thereby changing Ra0 and d′n. Below, we describe
our measurements of the differential shift in Ra0 and state
the correction to d′n.

B-field averaging in the trap is affected by localised
loss of UCN and Hg particles, and by polarization loss in
the presence of the 10−3 fractional B0 inhomogeneities,
which may change with B0 direction. However, we es-
timate that the resulting Ra shifts are < 0.1 ppm and
< 0.01 ppm for the UCN and Hg respectively, and that
they will be indistinguishable from the quadrupole shifts.

Light shifts [17, 18] in νHg will shift Ra. They are
produced by any small component, parallel to B0, of the
204Hg probe light beam passing through the precessing
199Hg atoms. This component, and the Ra shift, reverse
sign on reversal of B0. A slight dependence of Ra on the
incident light intensity was indeed found, the magnitude
∼ 0.2 ppm being in agreement with theory. A correction
to dmeas was made on a run-by-run basis, leading to an
overall correction of (3.5± 0.8)× 10−27 e cm.

Second, there are processes that generate an enhanced
dn,Hg,f . The field of a permanent magnetic dipole
(PMD) close to the trap makes a non-uniform ∂Bz/∂z
and adds an (enhanced) GP ddip [19] to dn,Hg,f , but shifts
Ra in accord with Eq. (2) and in opposite senses for the
two B0 directions. The two changes are in a ratio greater
than that given by Eq. (4). This shifts the lines of Figure
2 upwards, adding (ddip − d4) to d′n, where d4 is the pre-
diction of Eq. (4) for the 〈∂Bz/∂z〉V of this PMD. Our
fluxgate magnetometer surveys of the trap cannot rule
out PMD fields of less than 1 nT at 2 cm from the inner
surface. Large areas of the trap are SiO2 or Al, backed
by large voids, and do not come under suspicion; but the
Hg and UCN doors involve a heterogeneous collection
of small parts close to the trap. We allow a d′n uncer-
tainty of ±6.0× 10−27 e cm to allow for an undetected 1
nT PMD at the Hg door. In the case of the UCN door
we have better diagnostics. The trap used when taking
EDM data has a small cavity in the lower electrode, 4.0
cm deep and 6.8 cm in diameter, sealed from below by
the door. A PMD in the door mechanism can contribute
a ∂Bz/∂z field to the cavity and to the rest of the trap.
The field in the cavity contributes a strong shift in Ra,
while contributing negligibly via the GP to dn,Hg,f due
to the small cavity radius. As a result, the lines of Fig-
ure 2 are shifted in opposite directions, again adding a
systematic error to d′n.

B. Auxiliary measurements

Our additional diagnostics came from separate νn, νHg

and Ra measurements (without E fields) in two auxil-
iary traps having roofs that could be raised or lowered to
change the height H . The traps were built on the same
lower electrode and door mechanism that were used for
EDM data taking. Assuming Bz(z) = b0+b1z+b2z2, one
can show that 〈∂Bz/∂z〉V = 0 for a trap height H when
νHg is the same for roof settings at H/2 and H . With
such a field established, Ra0 was measured for several
heights H . The resulting forms of Ra0(H) for B0 up and
B0 down led to the conclusion that there was a dipole
field of strength ∼ 1 nT penetrating into the door cavity.
They also confirmed the presence of quadrupole fields,
which the fluxgate scans showed vary little with H . Po-
larization data from the EDM runs further substantiated
this: UCNs of different energies have different ∆hs, so
the surviving UCN polarization decreases in proportion
to (∂Bz∂z)2, and the values of Ra0 where the B0 up and
down polarizations peak are in excellent agreement with
the auxiliary trap results.

The first auxiliary trap used had a smaller radius, 18.5
cm rather than 23.5 cm, and a cavity depth of 6.0 rather
than 4.0 cm. These differences amplify the Ra shifts
from a dipole field in the cavity by 1.50 and reduce the
quadrupole shifts by a factor 1/1.8. Our systematic error
correction to d′n to allow for the combined door dipole
and quadrupole fields is (0.69± 0.28)× 10−26 e cm. The

Figure 7: Data from Cryo-nEDM showing a linear
fit between a measured EDM and the relative fre-
quency shift between 199Hg and the neutrons[20]

 

pure 
4
He is about 500 s as a result of losses by neutron !! decay and neutron/wall interactions. 

The neutron density will reach !n ~150 UCN/cm
3
 during a 1000 s collection interval. The UCN 

density scales with the cold neutron flux. This UCN production technique and the UCN 

production-rate calculations for a 
4
He filled UCN trap have been tested and validated by Golub, 

et al. [2] and by the neutron-lifetime experiment now in progress at NIST [5]. The superthermal 
process produces more UCN than any other known method. 
 The liquid helium (LHe) provides two additional benefits. The dielectric strength of LHe 
is quite good, allowing for E0 to be 50 keV/cm [6]. The low temperatures suppress neutron 
absorption mechanisms in the walls so that the UCN storage time can be of the same order as the 
neutron lifetime. 

Magnetometry (WBS 1.5 and 1.6) 

 If the neutrons experience either temporal or spatial variations in the magnetic field, the 
precession frequency will contain fluctuations that will prevent the experiment from achieving 
the desired sensitivity. The solution is to introduce a second species that has no EDM and whose 
precession rate can be measured in the same volume so that the fluctuations can be removed [1]. 
Data from the latest EDM experiment at the ILL illustrates the situation as shown in 
Figure II-4 [7]. This experiment places polarized 

199
Hg into the neutron cell. The blue circles are 

the raw neutron resonant frequency. The nonstatistical fluctuations are clearly visible. The large 
step, near 15 hr, corresponds to an electric-field reversal. When the corrections are applied for 
the field variations measured by the 

199
Hg, the red circles are obtained; they are consistent with 

Shot noise. 

 
Fig. II-4. Data from the recently completed ILL EDM experiment [8]. The blue circles are 

the EDM signal without field corrections from the comagnetometer. The red 
circles are the EDM signal corrected for field fluctuation. 

 The goal of the nEDM experiment is a factor of 100 improvement in the neutron EDM 
sensitivity. For an improvement beyond a factor of 3–10, magnetic gradient noise requires 
additional magnetometry to suppress such noise. The optimal magnetometer to eliminate the 
magnetic field noise and many potential systematic errors is one that occupies the same volume 
as the neutrons. The collaboration has adopted this approach to overcome potentially 
insurmountable problems in achieving the goal. The only species that can coexist in the same 
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Figure 8: Data from the recent ILL nEDM Exper-
iment. The Blue circles are the measured nEDM
values from the neutron resonant frequency. The
Red circles are the values after being corrected for
magnetic field fluctuations [22, 23].

3.2.2 nEDM at the Spallation Neutron Source, Oak Ridge, Tennessee

The SNS search for the nEDM is currently in the research and development stage. The experiment

will be an offshoot of the Fundamental Neutron Physics Beamline. A new building, shown in Figure

9, is being constructed to house the experiment. Construction should be finished in early 2010.

Cold neutrons, approximately 8.9 Ångstrom wavelength, enter from the main building at SNS. The

neutrons are then passed into the measurement cell, which is filled with high purity liquid 4He. The

neutrons down-scatter in the helium through phonon exchange, causing them to cool even further,

becoming UCNs. According to the experiment’s pre-proposal, the UCN production rate at SNS is

estimated to be about 1 UCN/cc/sec [24].

Side and top cutaway views of the apparatus can be seen in Figures 10 and 11. There are two

measurement cells, colored blue in the diagram, which will contain the 4He and the UCNs. The cells

are surrounded by High Voltage electrodes. The middle plate is the +HV while the exterior plates

will be ground. The purpose of the two cells is to provide both positive and negative High Voltage

gradient measurements, thereby eliminating certain systematic errors. This is an improvement
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Fig. II-2. The layout of the nEDM experiment at the FNPB. The cryostat is situated in the 

UCN guide hall is on the left. The neutron beam passes through the beam splitter 
from the monochromator to the experiment. The downsteam end of the ballistic 
guide section is the dividing line between the FNPB and EDM. The UCN building 
is also part of FNPB. 

 
Fig. II-3. The two measurement cells surrounded by the HV electrodes and and SQUID 

package. In concentric circles from the inside to outside are the HV ground return, 
the inner dressing coil, all other magnet coils, the ferromagnetic shield, the 
superconducting shield, the 4 K cryoshield, the 50 K cryoshield, and the outer 
vacuum jacket. 

 The averaged UCN production rate [3] at the Spallation Neutron Source (SNS) is about 
0.3 UCN/cm

3
/s. The measurement cells employ deuterated polystyrene coatings to minimize 

neutron absorption by hydrogen [4]. The goal for the mean life of a neutron in a trap filled with 
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Figure 9: Design of the nEDM Building at the SNS [24].

over the experiment at ILL. The polarity of the electric field is periodically swapped between the

two cells, allowing a measurement of when the electric and magnetic fields are both aligned and

anti-aligned.

 

 
Fig. II-1. The schematic overview of the full detector apparatus for the neutron EDM 

apparatus. This view most clearly demonstrates the relationship between the upper 
and lower cryostats. The upper cryostat contains the refrigeration and 

3
He systems. 

The lower cryostat contains the entrance port for the neutrons, the 
magnets/magnetic shielding and the measurement cells. 

 The polarized, cold neutrons are prepared in a beam splitter that uses magnetized mirrors 
to either reflect or transmit the two polarization states. The last stage of the splitter consists of 
spin rotators to orient the spins parallel to B0, which is horizontal and normal to the direction of 
the neutrons, and a weak guide field to preserve the spin directions. The two neutron guides (not 
shown) enter from the right and terminate roughly 50 cm upstream of the high voltage (HV) 
plates. The gap is necessary to preserve electrical stability. 
 The placement of the EDM experiment at the SNS Fundamental Neutron Physics 
Beamline (FNPB) is shown in Figure II-2. The splitter begins at the upstream extent of the 
mirrors. The details of its operation are given in the subsystem description. The beginning of the 
splitter marks the end of the FNPB beam guide and the start of the EDM project. 
 The lower cryostat contains two measuring cells sandwiched between a HV electrode and 
two ground electrodes as shown in Figure II-3. The measurement cells are loaded with ultracold 
neutrons (UCNs) using the strategy suggested first by Golub and Pendlebury [2] and known as 
superthermal production. The UCNs are locally produced inside a cell filled with ultrapure, 

superfluid 
4
He at 0.5 K. Cold neutrons with energies of 1 meV may interact with the superfluid 

and be down scattered to energies less than 165 neV with a recoil phonon in the superfluid, 
carrying away the missing energy and momentum. At 0.5 K, the rate of upscattering of UCN by 
phonons is negligible. The cold-neutron beam that traverses the cells is dumped in a boron 
nitride block downstream of the cells. 
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Figure 10: Side view of the Measurement Cell [24].  

volume as the LHe is 
3
He. 

3
He can be polarized to nearly 100%. 

3
He is a diamagnetic atom and 

has no EDM greater than 10
–28

 e·cm because the dependence of the EDM on atomic number 
varies as Z

2
. Because 

3
He is much lighter than 

199
Hg, it has a negligible EDM because the 

experimental upper limit on 
199

Hg is less than 10
–28

 e·cm. Except for the small gravitational 
fractionation of the neutrons, the 

3
He will measure the same magnetic field as the neutrons and 

be quite accurate because the magnetic moments of the neutrons and of the 
3
He atoms are the 

same to 10%. The precession rate of the 
3
He may be measured using SQUIDs to detect their 

magnetization. The SQUIDs are placed just outside the ground planes for the HV as shown in 

Figure II-3. The SQUIDs need to have a noise level below 1 !!!/!Hz. 
 The 

3
He also serves as an analyzer of the neutron precession rate. The cross section for 

neutron absorption by 
3
He is 59 b for spins aligned and 11 kb for spins opposite at thermal 

neutron energy (25.3 meV) [9] The cross sections both scale inversely with neutron velocity 
(with higher-order corrections at the level of 5 b). Thus, neutron absorption by 

3
He is highly spin 

dependent, and if the 
3
He concentration is adjusted to be about 10

12
 atoms/cc, the neutrons are 

only absorbed in the singlet state during the measurement cycle. The rate of neutron loss due to 
absorption is 

 !! !
"
!
"
#$%&#"

"
! "

"
$%

'
&(. (II.4) 

The Pi are the 
3
He and neutron polarizations and the "i are the gyromagnetic ratios of the two 

species. 
 When a neutron is absorbed on a 

3
He atom, the reaction products are a proton and a triton 

that share 764 keV of energy. The reaction products produce scintillation light in the LHe that is 
emitted in the hard ultraviolet. If the measurement cell is coated with a wavelength shifter, the 
scintillation light is converted to the blue where it may be viewed with photomultiplier tubes 
(PMT). The best wavelength shifter is deuterated tetraphenyl butadiene (dTPB) because it has 
good conversion efficiency and has a small neutron-absorption cross section. The light guides 
that connect the cell to the PMTs exit the apparatus on the downstream end of the lower cryostat 
as shown in Figure II-5. 

 
Fig. II-5. The central region of the detector illustrating the measurement cells, HV 

electrodes, the path of the light guides, and the HV generator. 
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[24].

There will also be a controlled concentration of polarized 3He in the cells. This will act as both

a continual measure of the population of UCNs and a co-magetometer for neutrons. This approach
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has a number of merits over the separate use of a 3He detector and a mercury co-magnetometer.

First, 3He is known to have a significantly smaller EDM than 199Hg. Mercury has a measured

EDM that is the same magnitude as the sensitivity of current nEDM experiments, making it sizable

a contribution to systematic uncertainties [21]. Conversely, helium has been shown to have an EDM

that is significantly smaller than that of mercury. This is due to the Z2 dependence of "d [25].

Secondly, 3He and neutrons have a spin dependent capture cross section. The cross section

when the spins are anti-aligned is roughly 5000 times larger than when the spins are aligned. Thus

the capture rate is dominated by anti-aligned pairs. When the neutron captures with the helium

it undergoes the following process:

n + 3He→ t + p + 762 keV. (9)

The 762 keV is an energetic gamma ray that scintillates in the liquid helium. Unfortunately, the

scintillation light is in the Ultra-Violet, so it must be converted to visible light through the use of

tetra-phenyl butadiene (TPB). The visible light is the signal that is measured.

The measurement procedure, which modifies the Ramsey Method of Separated Oscillatory

Fields, is as follows [22]:

1. Polarized 3He, spin up in the z direction, is diffused into the measurement cell containing

liquid 4He

2. Cold neutrons pass through a thin foil which polarizes the neutrons to be spin up in the z

direction

3. The polarized neutrons then flow into the cells, where they down-scatter in the Superfluid

Liquid 4He, at about .5 K, and become UCNs

4. A π/2 pulse is applied to the cells, which flips the spin of both the 3He and the UCNs into

the x− y plane.

5. A weak magnetic field and a strong electric field are applied in the z direction, such that both

the 3He and the UCNs precess. A nonzero nEDM, when in an electric field, will cause a shift
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in the neutron precession frequency of

∆ν =
4dnE0

h
, (10)

where dn is the nEDM, E0 is the electric field gradient in kV/cm and h is Planck’s constant.

6. As the two particles, which have slightly different Larmor frequencies, precess, they become

increasingly out of phase. At some point, the two will be anti-aligned, and they will capture

releasing a 762 keV gamma. There will be a beat frequency in the output that is proportional

to the difference between the Larmor frequencies of the 3He and the neutrons.

7. The gamma scintillates, creating UV photons that are converted to visible light by TPB. The

visible light is then transported via light guides, shown in Figure 11, to photomultiplier tubes.

8. Since the storage time of the neutrons is comparable to the neutron lifetime, 885 s, the

remaining helium and neutrons are flushed after 500 s and the whole procedure is repeated.

The signal read out by the tubes over one run will look like an oscillating signal with a decaying

amplitude on a decaying background. This background is caused by neutron β decay, which also

produces light. The task will be to measure a difference between the E = 0 oscillation frequency

and the measured E &= 0 frequency. The frequency without an electric field is around 3 Hz, while

the ∆f that is desired to be measured is order µHz. So the measurement is looking for one part in

106. For a further discussion, see nEDM Experiment Pre-proprosal document, reference [24].

4 Simulation as a Method for Determining the Sensitivity of the

Oak Ridge nEDM Experiment

Due to the large scale nature of both the design and the cost of current nEDM experiments, it is of

great importance to show an experiment’s potential sensitivity. It also provides the experiment with

help in directing research and development goals. If a simulation shows that certain improvements

will greatly impact the overall sensitivity, more effort can be focused on that area. This has been

of major importance to the SNS nEDM Collaboration.
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4.1 Method of Simulation

For this experiment, we developed a method to simulate data, and then perform the actual analysis.

The data stream expected from the real experiment is a series of time stamps when a light pulse is

recorded. This pulse comes from the capture on a neutron on 3He. The light output rate can be

expressed analytically as [24]:

Φ =Φ B(t) + Ne−Γavgt

[
1
τβ

+
1
τ3

[
1− P3Pne−Γptcos(ωrt + φ)

]]

, (11)

where

Γavg =
1
τβ

+
1

τcell
+

1
τ3

. (12)

The rate equation includes a potentially time-dependent background, ΦB(t), which is due to

isotropic scintillation from cosmic rays and possible activation from filling. Γavg is the average loss

rate of UCN due to beta decay, cell loss and 3He absorption. The Pn and P3 are the polarization

of the UCNs and the 3He, with P = 0 being completely unpolarized (50% up and 50% down) and

P = 1 being completely polarized. Γp is the spin relaxation rate. Finally, φ is a phase shift and ωr

is the beat frequency between the neutron and 3He precession:

ωr = |ν3 − νn| ≈ 0.3Hz . (13)

This is the base frequency for the light output. A non-zero nEDM provides a frequency shift shown

in Equation 10. Thus resulting in a frequency of:

ω
′
r = |ν3 − νn| +

4dnE0

h
. (14)

Using a reasonable (approximately the desired level of sensitivity) value for the nEDM of 6×

10−26e cm, along with the design value for the electric field, 50 kV/cm, yields a frequency shift of:

∆ν ≈ 2.9 µHz. (15)
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Using the full equation, we can use a Monte Carlo method of generating random times and

filling under the curve. The times are sorted and then sent into an analysis code, which does a

Maximum Log Likelihood fit to extract both a frequency and a phase. These two values are then

compared to input values. A sample run is shown in Figure 12.

Figure 12: Binned time stamps from a single 500 s run. The main figure is with 1-seccond bins,
while the inset is with 0.025-seccond bins.

The data here have been binned in 1-second bins, such that the ≈ 0.3 Hz oscillations are not

seen in the full scale. The inset is binned in 0.025-second bins, allowing the oscillations to be seen.

This is for visualization only. The data are not binned in the analysis, avoiding problems stemming

from binning.

After extracting the frequency and phase from a single run, the process is repeated. Typically,

approximately 1000 cycles are simulated and then a histogram of the frequency and phase values

is generated. The histograms are then fit by a Gaussian, with the centroid being compared to the

input values. An example of the frequency histogram is given in Figure 13. Note that the mean

value is 2.7 ± .1µHz, to be compared with the input value of 2.9µHz.

4.2 Use of Simulation for Optimizing Free Parameters

The example histogram in Figure 13 utilizes the proposed set of research and development param-

eters, such as cell loss rate, polarization of both the 3He and the neutrons etc. We have been able
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Figure 13: Histogram of the frequency shift due an input nEDM of 6× 10−26e cm.

to take the achieved values for these parameters and run the simulation. This tool has been used

to optimize certain variables, most notably the length of each run.

Using the same set of parameters but varying the length of a single run, we can see how the final

sensitivity depends upon the measurement time. Figure 14 shows the uncertainty in one run for a

given length of measurement cycle. Combining this with the total number of runs gives a measure

of the total uncertainty for the experiment, thus enabling an optimizing choice of the length of the

run.

This work has been helpful in optimizing certain free parameters, such as the runtime. It will

also provide a nice check of the data analysis method well before any “real” data arrives. Any flaws

in the analysis method will be worked out with the simulated data.

5 Conclusion

The search for the Neutron Electric Dipole Moment has been one of the longest standing continuous

measurements of modern nuclear physics. Over the past 50 years, experiments have pushed down

the upper limit over six orders of magnitude. It has become one of the leading tests of physics

beyond the Standard Model and will continue to place strict restrictions of new theories.
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Figure 14: Demonstration of how the uncertainty varies with the length of a single run.

The use of simulated data to determine the overall sensitivity of the experiment has been of

great use to the collaboration. It has helped to guide research and development efforts to focus

on areas which will provide greatest impact to the sensitivity. It has also been used to optimize

certain free parameters, such as the measurement time.
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