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A New Search for the Neutron Electric Dipole Moment

Summary

The possible existence of a nonzero electric dipole moment of the neutron is of great
fundamental interest in itself and directly impacts our understanding of the nature of
electro-weak and strong interactions.  The experimental search for this moment has the
potential to reveal new sources of T and CP violation and to challenge calculations that
propose extensions to the Standard Model.  In addition, the small value for the neutron
EDM continues to raise the issue of why the strength of the CP violating terms in the
strong Lagrangian are so small.  This result seems to suggest the existence of a new
fundamental symmetry that blocks the strong CP violating processes.

The goal of the current experiment is to significantly improve the measurement
sensitivity to the neutron EDM over what is reported in the literature.  The experiment
has the potential:

a) to measure the magnitude of the neutron EDM; or
b) to lower the current experimental limit by one to two orders of magnitude.

Achieving these objectives will have major impact on our understanding of the physics of
both weak and strong interactions.

The experiment is based on the magnetic resonance technique of rotating a magnetic
dipole moment in a magnetic field. We describe in this report a new method to make a
precision measurement of the neutron precession frequency under the influence of an
electric field.  The strategy is innovative and unique.  It features:

a) using a dilute mixture of polarized 3He in superfluid 4He as a working
medium for the very high electric field environment;

b) determining in situ the magnetic field experienced by the neutrons, using a

direct SQUID measurement of the precession frequency of the 3He magnetic
dipoles; and, finally,

c)  making a comparison measurement of changes in the precession frequency,

under E field reversal, of the neutron and 3He components of the fluid, where

the neutral 3He atom does not have an EDM.
Additional innovative features include loading the neutron trap with UCNs through a

superfluid 4He phonon recoil process, introducing highly polarized 3He atoms into the
trap in order to align the trapped UCN spins, operating the trap at extremely cold
temperatures (~300 mK) to  minimize UCN losses at the walls, and, finally, detecting the

n-3He precession frequency difference, independently of the SQUID detectors, by

viewing the induced 4He scintillation light with photomultipliers.  The process of
validating these techniques and determining their limits is well started, but realization of
the experiment requires the resources requested here in order to fully exploit this new
approach.  A two-year study of this measurement strategy has not revealed any fatal
problems.
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This search for the neutron electric dipole moment is a major technical challenge and
requires a research team with a broad base of technical knowledge and extensive research
experience.  We have assembled a growing group of research physicists (currently over
30 physicists from fourteen institutions), who are committed to taking on this challenge.
Indeed, some are world experts in their specialties.  A number have experience with
previous EDM experiments.  In addition, we anticipate that the fundamental and
innovative character of this physics research will attract outstanding postdoctoral
physicists and graduate students from the research institutions in the collaboration, and
will generate a set of significant thesis projects.

This project is challenging at both small and large scales.  It requires, for example,
development of special low noise SQUIDs, laser techniques to measure high electric

fields, and hardware to generate highly polarized 3He beams.  It also requires operation
with very high electric fields and construction of large scale vacuum and cryogenic

systems capable of handling over 1500 L of superfluid 4He.  In the UCN traps, we

require a 4He purity with respect to 3He, that can be controlled at the level of one part in

1014.

The equipment to achieve all of this will require three years to manufacture, assemble
and commission as well as $11M of construction funds that include 40% contingency,
institutional burden, and escalation.  We regard this effort as a ten year project for which
we are now in about the third year. The seed money (~$5M of salaries and equipment)
for preliminary design and initial validation tests of the experiment, has come from
discretionary funds at LANL.  The development work, described throughout the pre-
proposal, has removed the most serious concerns of feasibility, and at its conclusion at
the end of FY’04, should remove the technical risks summarized in Appendix A. We are
now seeking DOE funds for construction of the full project in FY05-07.  Though we will
seek support from other agencies at a future time as an offset of the burden on DOE, until
these funds are secure, we ask DOE for the full amount.

The physics goals of this experiment are timely and of unquestioned importance to
modern theories of electro-weak and strong interactions.  The technique builds on 30
years of experience with neutron EDM experiments and seeks to improve the current
EDM limit by a factor of 50 to100.  The collaboration includes researchers with expertise
developed in previous neutron EDM searches and in the new technologies required for
this innovative technique.  We request funds to construct this important and ambitious
project during the period FY05-FY07.
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Chapter I. INTRODUCTION

Precision measurements of the properties of the neutron present an opportunity to search
for violations of fundamental symmetries and to make critical tests of the validity of the
Standard Model (SM) of Electro-Weak (EW) Interactions. These have been pursued with
great energy and interest since Chadwick [1] discovered the neutron in 1932. The
currently accepted values for the properties of the neutron, and related particles, from the
Particle Data group [2] are listed in Tables I.A and I-B.  In the past few years, the
development of more intense sources of cold and ultracold neutrons and the invention of
new trapping and detection techniques have sparked a new attack on these fundamental
measurements.  Examples of these are the new measurement of the neutron lifetime being
developed with a 

4
He based ultra-cold neutron (UCN) trap at the NIST reactor [3] and the

new proposed measurement of the neutron beta decay asymmetry parameter, A, using a
solid deuterium based UCN moderator at LANSCE [4].

In this proposal we discuss a new technique for searching for the electric dipole moment
(EDM) of the neutron which offers unprecedented sensitivity.  It is based on the
traditional magnetic resonance technique in which a neutron’s magnetic dipole moment is
placed in a plane perpendicular to parallel magnetic and electric fields, B0  and E0 .  It
will precess with a Larmor frequency, ν n (Ηz),

[ ]0n0nn Ed2B2h +−= µν  , (I.1)

Here µn  (dn) is the magnetic (electric) dipole moment of the neutron, (see Table I-B),
where µnuclear  is the nuclear magneton.

Table I-A.  Experimental limits on the EDM of fundamental particles, [2].

Particle Experimental EDM Value / Limit  (e⋅cm)

Electron, e    0.18 ± 0.16 ± 0.10 × 10
–26

Neutron, n    < 0.63 × 10
–25

 [90% C.L.]

Proton, p    –3.7 ± 6.3 × 10
–23

Lambda Hyperon, Λ    < 1.5 × 10
–16

 [95% C.L.]

Tau Neutrino, ντ    < 5.2 × 10
–17

 [95% C.L.]

Muon, µ    3.7 ± 3.4 × 10
–19

Tau, τ    < 3.1 × 10
–16

 [95% C.L.]

The impact of the E field on the precession of the neutron is characterized by the first
moment of the neutron charge distribution, dn , its EDM. All experiments to date have
assigned a zero value to the neutron EDM.
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Table I-B.  Fundamental properties of the neutron, atomic 
3
He, and superfluid 

4
He, [2].

The Neutron

Intrinsic Spin, S      1/ 2h

Mass, mn    939.565330 ± 0.000038 MeV
   1.00866491578 a.m.u.

Mean Life, τn    886.7 ± 1.9 s

Magnetic Moment, µn    -1.91304272 ± 0.00000045 µnuclear

Electric Dipole Moment, dn    < 0.63 × 10
–25

 [90% C.L.]

Electric Polarizability, αn    0.98 ± 0.21 × 10
–3

 fm
3

Charge, q    –0.4 ± 1.1 × 10
–21

 e

Atomic 
3
He

Intrinsic Nuclear Spin, S      1/ 2h

Mass, m 3 He    3.016030 a.m.u.

Mean Life, τ 3 He    stable

Magnetic Dipole Moment, µ3He    –2.12762486 µnuclear

µ3He µn    1.11217

Electric Dipole Moment, d 3 He    ~ 0

Superfluid 
4
He

Density at 3.5°K    0.14 gm/cm
3

Dielectric Constant, ε    1.05 εο

Searches for the EDM of the neutron date back to a 1957 paper of Purcell and Ramsey [5].
This led to an experiment using a magnetic resonance technique at ORNL, where they
established a value of dn  = –0.1 ± 2.4 × 10

–20
 e⋅cm [6].  Using Bragg scattering, an

MIT/BNL experiment used neutron scattering from a CdS crystal to search for the neutron
EDM [7], and obtained a value of dn  = 2.4 ± 3.9 × 10

–22
 e⋅cm.  In the intervening 30 years,

a series of measurements of increasing precision have culminated in the current best limit
of dn  < 0.63 × 10

–25
 e⋅cm [90% C.L.] obtained in measurements at the ILL reactor at

Grenoble [8].  Thus there has been an impressive reduction with time of the experimental
limit for dn  as illustrated in Fig I-1 and reviewed in Chapter III.
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We describe here a new technique [9] that promises a two order of magnitude
improvement over the ILL result [8].  An overview of this new technique is presented in
Section IV of this proposal.  A detailed and quantitative analysis of the method is
presented in Section V.

Fig. I-1.  Upper limits of neutron EDM plotted as a function of year of publication.  The solid circles
correspond to neutron scattering experiments.  The open squares represent in-flight magnetic
resonance measurements, and the solid squares signify UCN magnetic resonance experiments.

The physics motivation for these measurements has been widely discussed.  A search for
a non-zero value of the neutron EDM is a search for a violation of T invariance.  To date
there is only one measurement (a comparison of neutral K  and K  meson decay) in
which T violation has been seen directly [10].  The asymmetry in these rates is found to
be 6.6 ± 1.3 ± 1.0 × 10

–3
.  In the EW sector, one has a strong prejudice that the combined

symmetry operation, CPT, is invariant in all processes.  However, examples have been
known for several decades where both P and C invariance are separately violated.  Thus
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observation of a violation of T invariance through measurement of the neutron EDM
would be of fundamental significance.

The SM prediction for the neutron EDM, as characterized by the CKM matrix, is at the
10

–31
 e⋅cm level, below the reach of current measurements by six orders of magnitude

[11].  Although no violation of the SM has been observed (except perhaps for recent
measurements of the neutrino mass), there are many proposed models of the EW
interaction which are extensions beyond the SM and which raise the predicted value of
the neutron EDM by up to seven orders of magnitude (see Chapter II).  Some of these
are already excluded by the current limit on the neutron EDM.  The proposed
experiment has the potential to reduce the acceptable range for predictions by two orders
of magnitude and to provide a significant challenge to these extensions to the SM.
Conversely, if a new source of CP violation is present in nature, beyond the CKM
matrix description in the SM, and which is relevant to this hadron system, this
experiment offers an intriguing opportunity to measure a non-zero value of the neutron
EDM.

Our understanding of the origins of baryogenesis provides one reason for thinking that
other sources of CP violation might exist beyond that found in the K-Kbar and B-Bbar
systems.  In the Big Bang one expects the generation of equal populations of particles and
anti-particles.  Current experimental observations yield the predominately particle
universe and we have no mechanism that would push the anti-particle universe away to a
different region of space.  Thus it is tempting to assume that in some unknown reaction
process, occurring early in the life of the universe and involving CP violation, the anti-
particles were largely consumed.  The required character of this unknown process has
been analyzed by Sakharov [12] as discussed in Chapter II.  Recent calculations suggest
that the strength of the CP-violating mechanism required to produce the observed baryon
asymmetry, would have to be much stronger than that required to explain the ′ ε 
measurements in the KK  system [13].  This observation provides a hint that the SM
calculation may not be complete and invites investigation of extensions to the SM.  Thus
predictions that the EDM of the neutron may be larger than the predictions in the SM
need to be taken seriously.

The current experimental limits on the EDM of other fundamental particles, are
compared with the neutron in Table I-A.  We believe the EDM of the neutron and the
electron provide the most sensitive tests of the SM.  In theories of the weak interaction,
the EDM of the electron is zero in first order. There have been a number of precision
measurements of the EDM of paramagnetic atomic systems, from which limits for the
EDM of the electron can be inferred.   For example, the measurements in Tl by Commins
et al [14] suggest a value of 0.18 ± 0.12 ± 0.10 × 10

–26
 e⋅cm.  This experimental limit is

about 13 orders of magnitude above the SM predictions. The electron EDM is discussed
further in Chapter II.
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Thus a neutron EDM measurement, with two orders of magnitude improvement over the
current experimental limits, presents an excellent opportunity to challenge the extensions
beyond the SM and to search for new physics in the CP sector.  It also provides an
opportunity to search for T violation in non-strange systems.  A review of the physics
implications of neutron EDM measurements is presented in Section II followed by a
discussion of previous EDM measurements in Section III.  After a description of the
proposed technique in Sections IV and V, we discuss the collaboration, schedule, and
costs associated with this project in Chapters VI and VII.  Some outstanding technical
issues are discussed in Appendix A.
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Chapter II PHYSICS MOTIVATION1

A. Introduction and Background

The present proposal, with its potential for measuring the neutron EDM dn  with a

sensitivity of 10
–27 

e⋅cm is one of a class of new-generation experiments aiming to search

for new physics in the CP violating sector.  A focus on CP violation is suggested by the

critical importance which symmetry has assumed in constructing theories of modern

particle physics.  More broadly, it acknowledges the importance of CP violation in

shaping our understanding of the origins and evolution of the Universe.  Empirical

evidence for physics beyond the standard model of electroweak interactions (SM) is

provided by recent experimental results on neutrino oscillations.

The role of symmetry, including the observed breaking of the discrete symmetries of

parity P and CP, has been particularly significant for the construction of the SM.  Parity

violation, which has been measured in many systems, is well represented in the SM

through a definitive chiral V-A coupling of fermions to gauge bosons.  The information

available on CP violation, while much more limited, still has had a profound impact; e.g.,

the decay of neutral kaons anticipated the three-generation structure of the SM as we now

know it.  Although neither P nor CP violation has been understood at a deep level in the

SM, CP violation is arguably the less understood of the two, appearing tentatively

through the complex phase     eiδCKM characterizing ∆S = 1 transitions in the CKM matrix.

Because of the limited information available and the many open questions, searching for

new sources of CP violation has become an attractive focus in the quest for New Physics.

The observation of CP violation also implies time-reversal symmetry T violation (and

vice-versa) through the CPT theorem.  This theorem asserts that field theories with local,

Lorentz invariant, and hermitian Lagrangians (believed to be the only acceptable ones

[3]) must be invariant under the combined transformation C, P, and T.  In the absence of

degeneracy, the energy of a spin-1/2 particle, say a neutron, in an electric field E is

related to dn  by En = dnσ ⋅ E  where σ  is its Pauli spin matrix.  Since this expression is

odd under T (and P), measuring a non-vanishing dn  is also a unique signature for CP

violation.  The same arguments apply to de  for the electron, whose value is determined

from measurements of the EDM of paramagnetic systems (those having unpaired

electrons), such as atomic Tl.  The current experimental bounds on the neutron and

electron EDMs are dn  < 0.63 ×10−25  e⋅cm (90% CL) and de  =(0.18 ± 0.16) ×10−26  e⋅cm,

respectively [3a].

                                                
1 Two excellent resources are Refs. [1] and [2].
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In the SM, there are actually two sources of CP violation.  In the electroweak sector it

appears, as already mentioned, through δ CKM .  The other is a term in the QCD

Lagrangian itself, the so-called θ-term,

L eff = L QCD+
θgs

2

32π 2
Gµν ˜ G µν  , (II.1)

which explicitly violates CP symmetry because of the appearance of the product of the

gluonic field operator G and its dual ˜ G .  Since G couples to quarks but does not induce

flavor change, dn  is much more sensitive to θ  than it is to δ CKM ; additionally, the θ -
term is practically irrelevant to de  and kaon decays.  Thus, measurement of dn  would

uniquely determine an important parameter of the SM.  Calculations [4,4a] have shown

that dn  ~ O(10
–16θ) e⋅cm.

Although the value of the strength θ  is unknown, the observed limit on dn  allows one to

conclude that θ  < 10−9±1 [2].  A comparable limit on θ  comes from the EDM of the Hg

atom.  However, the natural scale apparent in Eq. (II.1) suggests rather that θ  ~ O(1).

The extreme smallness of θ  (The so-called strong CP problem) begs for an explanation.

One attempt [5] augments the SM by a global U(1) symmetry (referred to as the Peccei-

Quinn symmetry), imagined to be spontaneously broken and to give rise to Goldstone

bosons called axions.  The θ-term is then essentially eliminated by the vacuum

expectation value of the axion.  Subsequently, much experimental effort and millions of

dollars have been spent on the search for axions.  The fact that axions have not been

observed is, however, not in conflict with the empirical limit on the θ because other

proposals exist [5a] to explain the small value of θ.  For example, if CP violation is

implemented spontaneously, θ = 0  as the leading effect arises naturally.  Clearly, an

experimental determination of dn  has the potential to lead to a new paradigm for CP

violation.

B. Previous Measurements of CP Violation and Future Possibilities

A CP violation signal has now been observed in both the decay of neutral K and B

mesons.  The CP violation signal observed in the decay of neutral kaons into two pions is

characterized by parameters ε  and ′ ε .  The parameter ′ ε , signifying direct CP violation,

indicates a channel-dependent effect in π 0π 0  and π +π −  decay.  The parameter ε
characterizes indirect CP violation, an asymmetry in the ∆S = 2 mixing of the neutral

kaon with its anti-particle, equivalent to K0 − K 0  oscillation.  The early data [6] gave
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ε = 0.002 and ′ ε  = 0.  A possible explanation was given by the superweak (SW) theory of

Wolfenstein [7], implying purely indirect CP violation.  The most recent experimental

results [8–10] are:

Re
′ ε 

ε
= (21.6 ± 3.0) ×10−4  . (II.2)

These results show quite convincing evidence for the existence of ′ ε ≠ 0 , implying a

mixture of both direct and indirect CP violation.  Additionally, time-reversal violation in

the neutral kaon system has been observed by the CPLEAR collaboration [11].

Typical predictions of the SM using the complex CKM phase are [12,13]:

−2.1× 10−4 ≤ ′ ε 
ε

≤ 13.3 ×10−4

−0.5 ×10−4 ≤
′ ε 

ε
≤ 25.2 ×10−4

 (II.3)

depending, among other things, upon the mass taken for the strange and charmed quarks.

Thus, while it appears that Refs. [8–10] have definitely opened a new window on CP

violation, the interpretation of the observed signal is far from settled.  It could represent

another success of the CKM ansatz, but it also leaves considerable room for New

Physics.

In any case, since CP violation as represented in the CKM matrix, embodies flavor

mixing, dn  is very small in the SM: calculations predict it to be 10
–32

 to 10
–31

 e⋅cm [14]

(10
–30

 e⋅cm [15]) well beyond the reach of any experiment being considered at present.

An estimate in the superweak theory gives dn  (SW) ~ 10
–29

 e⋅cm [16], beyond the range

of our proposed EDM measurement.  Because of the experimental evidence indicating

the presence of direct CP violation, a pure ∆S = 2 interaction is now known to be

insufficient, and the SW prediction for dn  is no longer relevant.  As de cannot originate in

the SM even from three-loop diagrams, the prediction of the SM, de (SM) < 10
–40

 e⋅cm

[17], is also well beyond current experimental capabilities.

As will be discussed in Sect. II.D, models of New Physics, including left-right symmetric

models, non-minimal models in the Higgs sector, and supersymmetric models, allow for

CP violating mechanisms not found in the SM, including terms that do not change flavor.

For this reason searches for dn  and de , which are particularly insensitive to flavor-

changing parameters (such as δ CKM ), have been significant for the development of such
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models.  The models allow for effects that might be observed in a variety of experiments

including the new searches for dn  and de , B-meson decay, transverse polarization of

muons in Kµ3  decay; decays of hyperons; decays of τ leptons; and CP violation in

charmed hadron decays.

If the origin of CP violation is essentially correctly described in the SM throughδ CKM ,

large characteristic CP asymmetries are predicted for B-decay [2].  Recent results from

the Belle and BaBar collaborations present compelling evidence for CP violation in the

neutral B meson system roughly consistent with these expectations [17a].  However, the

large, CP violating effects in B decay arising in the SM could be obscuring signals of

New Physics that would be manifest otherwise in these decays.  In this case, the fact that

CP violation arising from the CKM matrix is very small in dn  leaves open the possibility

that measurable effects will be found in dn  even if further analysis finds no deviation

from the SM in B decays.

More generally, models of New Physics contain sources of CP violation that affect both

flavor-changing and flavor-conserving sectors with a relative weighting characteristic of

the model.  Correlations between flavor-changing and flavor-non-changing observables

(such as between B decay and EDMs) can provide important clues to distinguish among

competing theories.  Of course, if no CP asymmetries had been found in B decays on a

measurable level, we would know immediately that the CKM ansatz is not a significant

factor in neutral kaon decays and that physics beyond the SM drives these reactions.

Here again, measurement of dn  would narrow the possible sources of New Physics.

C. CP Violation and the Baryon Asymmetry of the Universe (BAU)

One of the great puzzles of physics is the fact that the Universe contains any matter at all.

The naïve expectation is rather that matter and antimatter in the universe should balance

out, i.e. that the baryon asymmetry ∆nBar /(nBar + n
Bar

) , where∆nBar = nBar − n
Bar

 is the

difference in the abundances of baryons and antibaryons, should have vanished in the

creation of the Universe.

 The baryon asymmetry can be quantified in terms of estimates of the number of baryons

in the Universe today, nBar |today , and the number of photons in the cosmic background

nγ .  One observes that the ratio rBar ≡ nBar |today / nγ  is just a few 10−10 , i.e., that the

Universe is strikingly dilute, containing just a single baryon for every 10
9 or so photons.
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Of course, nBar  changes over time.  During an earlier epoch, when the temperature was

above the threshold for production of nucleons and anti-nucleons (T ~ 1013K ), both

species were plentiful and were in thermal equilibrium with the photons.  At this time,

∆nBar ≈ nBar |today , and nBar + n
Bar

≅ nγ , (nγ  is roughly constant in time) [18].  The baryon

asymmetry at this earlier epoch is therefore approximately equal to the value of rBar ,

∆nBar

nBar + n
Bar

= rBar ≈   ~ few 10
-10 . (II.4)

The basic question is: how could this BAU result from physical processes happening

since the birth of the Universe in the Big Bang some τU  ~ 10
10

 years ago?

In a seminal paper, A. Sakharov [19] raised the definite possibility of calculating the

BAU from basic principles.  He identified three criteria that, if satisfied simultaneously,

will lead to a baryon asymmetry:  (1) reactions that change baryon number have to occur;

(2) these reactions must be CP violating; and (3) they must occur in non-equilibrium

processes.  Attempts to understand the BAU from this point of view has focused on two

distinct eras of Big Bang evolution.  One, the era of grand unified theory (GUT)

baryogenesis, occurred when the temperature of the Universe was T ≈1029K ,

corresponding to the mass Mx ≈1016  GeV expected of a GUT gauge particle.  The other,

the era of electroweak baryogenesis, corresponds to T ≈1015K  or energies of about 100

GeV comparable to the mass of a W or Z gauge boson.  For us, the important point is that

a quantitative characterization of CP violation is an essential element for achieving an

understanding of rBar  along the lines suggested by Sakharov.

Electroweak baryogenesis [20] is currently one of the most actively pursued scenarios

since electroweak dynamics is fairly well understood.  Shaposhnikov [21] has analyzed

this in the SM.  In the SM and other non-Abelian gauge theories there exist multiple and

topologically distinct vacuum states distinguished by their baryon number B (and lepton

number L).  Although baryon current conservation strictly forbids transitions among

states of different B at the classical level, one finds quantum mechanically that the

divergence of the baryon current is subject to triangle anomalies that signify symmetries

broken at a quantum mechanical level but conserved classically.  Thus, B-violating

transitions are no longer forbidden, and the corresponding probability may be expressed

in terms of instanton-like gauge field configurations [22], sometimes called sphalerons.

This probability is extremely small for T ≈ 0  as in the Universe today (the proton

lifetime τ p  (> 10
32

 yr.) >>τU ); however, when T > 1017K , sphalerons are easily excited,
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in which case anomalous B violation may be extremely rapid [23].  In this way the first

Sakharov condition is satisfied in the SM.  The second Sakharov condition is satisfied in

the SM through the explicit CP violation present in the CKM matrix.  Finally, if

conditions of supercooling prevail at electroweak-scale temperatures, then the third

Sakharov condition would be satisfied in the first-order transition, occurring as droplets

of the broken phase began to nucleate out.  Supercooling refers to the situation where the

universe cools (through expansion) beyond the point at which a phase change would

already have occurred under equilibrium conditions.

However, Shaposhnikov [21] was unable to describe rBar  quantitatively in the SM.  The

SM has two shortcomings.  First, the SM does not supply enough CP violation.

Secondly, it is now believed that a single Higgs doublet as incorporated into the SM

would not support a first-order electroweak phase transition.  This is because a single

Higgs doublet with mass, MH , greater than 70 GeV is known, from Lattice Gauge

calculations [24], to be insufficient for supercooling and because LEP measurements

suggest that MH  exceeds 100 GeV.  Clearly, some physics beyond the SM, including new

sources of CP violation that may lead to a measurable value for dn , must exist if the

observed BAU is to be understood.

One such source might be found in the minimal supersymmetric extension of the SM

(MSSM).  It has been shown recently [25] that small values of the CP violating phases

(consistent with constraints from dn ) can provide values of rBar comparable to the

empirical value given in Eq. (II.1).

Another such source could be GUT physics.  It is generally believed that GUT physics

would easily satisfy the three Sakharov conditions, with baryon number being generated

in most GUTs through C- and CP-violating asymmetries in the decays of particles of

masses near Mx .  However, the following concerns have been raised about GUT

baryogenesis [23,26].  The first problem is that the physics involved, is not likely to be

directly testable in the foreseeable future.  The second is the erasure of symmetry,

meaning that the thermal sphaleron-mediated B-changing reactions discussed in

connection with baryogenesis during the electroweak era, would be capable of undoing

any B + L production having arisen prior to or during Grand Unification.

However, there is yet another possibility for generating BAU.  If at some temperature,

well above the electroweak phase transition, an excess of leptons over anti-leptons is

generated, sphaleron mediated processes, which conserve B – L, can communicate this

asymmetry to the baryon sector [27].  The simplest way this can be realized is by adding
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a heavy right-handed Majorana neutrino to the SM.  Since such a neutrino is its own CPT

image, its decay necessarily violates lepton number conservation, which can be translated

into a lepton asymmetry through a CKM analog to the neutrino mass matrix.  The

resulting lepton asymmetry is transferred into a baryon number through the sphaleron-

mediated processes in the unbroken high energy phase of SU(2)L × U(1) .  Whether this

would have an observable impact on dn  would depend on the actual scenario by which

CP violation is realized in the lepton-number violating processes.

The most relevant conclusion to be drawn from the above discussion is the following: to

explain the BAU through GUT or electroweak baryogenesis, substantial New Physics in

the CP violating sector is required.  As we have indicated, identifying the new source is

subject to scrutiny through a variety of new experiments—and the value of dn  may well

play an important role in quantifying it.  Identification of any new source of CP violation,

beyond that presently represented in the SM, may have a significant impact on our

understanding of baryogenesis.

D. Models of New Physics

As we have mentioned, the evidence that the SM adequately represents CP violation is

clearly not compelling, leading to the somewhat obvious conclusion that finding any new

measure of CP violation would be enormously significant.  To anticipate how hard we

would have to look to find it by a measurement of dn , and what we might conclude from

such a measurement, we turn to models embodying New Physics.  The models provide a

natural and reasonable expectation that that the values of dn  may lie at levels just beyond

current empirical limits.  Additionally, these models clearly show that significant

correlations among different CP measurements can be expected, and that knowledge of

these correlations is essential to unraveling the origin of the effects once they are found.

If dn  is not seen at levels just beyond current empirical limits, one would arrive at the

important conclusion that something quite special is going on.

In the following discussion of models we focus on dn , but it is perhaps worth noting that

the EDM of atoms (see below) and of the electron are also relevant.  In many models de

is predicted to lie at least an order of magnitude below dn .  The reasons for this are the

smaller chirality flip and weaker gauge couplings for leptons [28].  However, there is a

great deal of model dependence and in the absence of experimental information, de  or dn

may be favored by the specific choice of parameters.  In parallel to our efforts to improve

the experimental sensitivity to dn , ambitious attempts to improve on the electron EDM

measurements are being vigorously pursued (see e.g., [29] in which a factor of 10
4
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improvement in statistical sensitivity is being sought in a measurement on an excited

metastable state of PbO).  Based on experience with these theoretical models, and the

current empirical limits, one may infer that new experiments to measure de  or dn  would

have to exhibit about the same improvements in sensitivity over existing measurements to

be competitive.

Left-right symmetric gauge models [30] have many intriguing features such as the highly

symmetric starting point that motivates them.  Although many potential dynamical

sources of CP violation exist, the EDM in these models is driven by WL − WR  mixing, the

scale of which is set by the mass of the WR .  These models are interesting for us because

they show that it is possible, through WL − WR  mixing, to have ′ ε  agree with neutral

kaon decay, yet have dn  large enough to be observable (at the level of O(10
–27

) e⋅cm [2]).

The electron EDM can be naturally in the range of 10
–26 to 10

–28
 e⋅cm [28].  The most

strict limits on the relevant parameters in these models [31] have been determined from

measurement of the EDM of diamagnetic atoms (atoms with paired electrons such as
129Xe  and 199Hg ).  Diamagnetic systems are sensitive to CP violating effects

predominantly through the nuclear force rather than through de  (see, e.g., Eq. (II.6),

below).

CP violation in the CKM matrix of the SM is envisioned to occur “minimally” via the

complex couplings of the Higgs to the fermions.  A class of non-minimal models arises in

the Higgs sector through CP violation generated from spontaneous symmetry breaking.

There is considerable latitude in constructing these models, since the Higgs sector

represents the largest area of unknown physics of the SM and lacks direct experimental

support.  One may discuss the EDM in these models in terms of the following

classification: (1) Higgs exchanges which generate an EDM for individual quarks dq  or

leptons.  Such direct one-loop contributions with charged Higgs, tend to give a large dn

incompatible with experimental upper limits, if one insists that the empirical value of ε
also originates entirely within this sector [32].  Thus, for these models to be viable, one

must arrange for ε  to arise in part (or entirely) from other sources (such as the CKM

phase).  (2) CP odd gluonic operators which induce a dn .  Since the contribution of these

operators is suppressed by successively higher powers of MH  with increasing operator

dimension, the operator most likely to give the dominant contribution to dn  (excluding

G ˜ G , which is related to θ  as discussed earlier) is G2 ˜ G .  Estimates for the resulting dn

suggest values dn ~ O(10−26) e⋅cm [33,34].  (3) Quark color-electric dipole moments,

d
q

QCD , (two-loop effects) that lead to large dn  with values close to the current upper

bound [33,35,36].  The corresponding two-loop contribution to de  is obtained by

replacing gluons in the color-electric dipole operator by electroweak gauge bosons and
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attaching them to a lepton.  This yields de  ~ few 10
–27

 [33,35-38] which is just at the

present experimental bound.  Recognizing that this classification is actually quite general

and applicable in particular to supersymmetric theories [38a], the EDM of the neutron

and the paramagnetic atom Tl can be expressed in terms of quantities appearing in this

classification as [39]

dn =1.6(
4

3
dd −

1

3
du) + O(10−1)dq

QCD + O(1)(θ /10−9)dn
1995

   (II.5)

dTl = −600de + O(10−4 )dq + O(10−3 )dq
QCD + O(10−3)(θ /10−9)dTl

1995  .

Corresponding relationships exist for the diamagnetic atoms; a typical result is

            dXe =10−3 de + O(10−4 )dq + O(10−3)dq
QCD + O(10−1)(θ /10−9 )dXe

1995  .   (II.6)

In these expressions, the contribution from strong CP violation involving theθ -term, has

been expressed in terms of the current upper bounds (  d Tl

1995 ≤ 6.6 10−24
 e-cm,

  d Xe

1995 ≤1.4 10−26
 e-cm, and   d n

1995 ≤ 0.8 10−25
 e-cm).  A recent analysis [40] within the

context of the MSSM has shown that the measurement [41] of the EDM of199Hg  may be

providing the most reliable constraint on CP violating phases.

Thus, one cannot rule out the possibility that non-minimal Higgs models will lead to

values for dn  and de  that are observable with the improvements in sensitivity planned in

next-generation experiments.  These models may also make significant contributions to

other CP violating observables, such as the transverse polarization in Kµ3  decay, without

necessarily having much effect on kaon decays.  They are especially worthy of attention

since Higgs dynamics also appears to be capable of providing sufficient CP violation to

generate the BAU of today’s Universe at the electroweak scale.

There is one very elegant theoretical scheme in which scalars such as Higgs arise quite

naturally—namely supersymmetry (SUSY).  Here, scalars arise as superpartners of

fermions.  In the MSSM, only two new observable CP-violating phases emerge: one is

analogous to the usual CKM phase, whose effect is felt throughout various sectors of the

theory, and the other is a phase reflecting soft SUSY breaking.  The latter is severely

restricted already by the experimental bound on dn , which makes this phase irrelevant to

neutral kaon decay [2].  However, within the broad framework of non-minimal SUSY

models, including GUTs, there are numerous new sources of CP violation to be found in

complex Yukawa couplings and other Higgs parameters that may have observable effects
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on dn  and de  [2,39,42,43].  While large effects emerge in beauty decays, there are

sizable deviations from the CKM expectations.  Within each scenario there can be

numerous non-trivial correlations among the CP observables, rare decay rates, and gross

features of the particle spectrum; for example, in the SO(10) GUT, dn  and de  scale as

1/m 2 with the scale m of supersymmetry breaking, whereas the µ → eγ  rate scales

as1/m 4   [42].

E. Summary and Conclusions

We have seen that there is ample reason to expect a non-zero value for the neutron

electric dipole moment, with many theories predicting values lying within the six-orders

of magnitude window between the current limit and the value allowed by the Standard

Model.  We conclude that experiments able to explore the next two orders of magnitude

would make a significant contribution to the search for New Physics.
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Chapter III.  STATUS OF EXISTING NEUTRON EDM MEASUREMENTS

The history of neutron EDM measurements is closely interwoven with our evolving

knowledge of discrete symmetries in physics.  In 1950, when parity was considered an

inviolable symmetry, Purcell and Ramsey [1] pointed out  the need to test this symmetry

via detection of a neutron EDM.  They then carried out a pioneering experiment [2,3]

setting an upper limit at 5 × 10
–20

 e⋅cm for neutron EDM.  The role of the baryon (proton,

neutron, hyperons) EDM in testing parity symmetry was extensively discussed in the

seminal paper of Lee and Yang [4], who cited the yet-unpublished neutron EDM result

from Smith, Purcell, and Ramsey [2,5].

The discovery of parity violation in 1957 [6–8] prompted Smith et al. to publish their

neutron EDM result [3].  By this time, however, it was recognized [9,10] that time-

reversal invariance would also prevent the neutron from possessing a non-zero EDM.

Since no evidence of T violation was found even in systems that exhibited maximal

parity violation, a non-zero neutron EDM was regarded as highly unlikely.  However,

Ramsey [10a] emphasized the need to check time-reversal invariance experimentally.  He

also pointed out that Dirac’s magnetic monopole violates both P and T symmetry.  The

experimental activities on the neutron EDM lay dormant until CP violation, directly

linked to T violation via the CPT theorem [11–13], was discovered in 1964 [14].

The interest in the neutron EDM was greatly revived when a large number of theoretical

models, designed to account for the CP-violation phenomenon in neutral kaon decays,

predicted a neutron EDM large enough to be detected.  Many ingenious technical

innovations have since been implemented, and the experimental limit of neutron EDM

was pushed down to 10
–25

 e⋅cm, a six order-of-magnitude improvement over the first

EDM experiment.  Unlike parity violation, the underlying physics for CP and T violation

remains a great enigma nearly 40 years after its discovery.  As discussed in Chapter II,

improved neutron EDM measurements will continue to provide the most stringent tests

for various theoretical models and to reveal the true origins of CP violation.

Table III-A lists the results from all existing neutron EDM experiments.  In Fig. III-1 the

neutron EDM upper limits are plotted versus year of publication.  The different symbols

in Fig. III-1 signify different experimental techniques.  The experimental techniques fall

into three categories.  Category I, which consists of only two experiments, utilizes

neutron scattering to probe the effect of the neutron EDM.  The strong electric fields

encountered by polarized neutrons in scattering from electrons or nuclei, could affect the
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Table III-A.  Summary of Neutron EDM experiments.

Ex. Type
(Lab)

v
(m/sec)

E
(kV/cm)

B
(Gauss)

Coh. Time
(sec)

EDM
(e ⋅ cm )

Ref.
(year)

Scattering
(ANL)

2200 ~ 10
15

— ~ 10
–20

< 3 × 10
–18

[1,16]
(1950)

Beam Mag. Res.
(ORNL)

2050 71.6 150 0.00077 (–0.1 ± 2.4) × 10
–20

< 4 × 10
–20

 (90% C.L.)
[3]
(1957)

Beam Mag. Res.
(ORNL)

60 140 9 0.014 (–2 ± 3) × 10
–22

< 7 × 10
–22

 (90% C.L.)
[22]
(1967)

Bragg Reflection
(MIT/BNL)

2200 ~ 10
9

— ~ 10
–7

(2.4 ± 3.9) × 10
–22

< 8 × 10
–22

 (90% C.L.)
[17]
(1967)

Beam Mag. Res.
(ORNL)

130 140 9 0.00625 (–0.3 ± 0.8) × 10
–22

< 3 × 10
–22

[23]
(1968)

Beam Mag. Res.
(BNL)

2200 50 1.5 0.0009
< 1 × 10

–21
[26]
(1969)

Beam Mag. Res.
(ORNL)

115 120 17 0.015 (1.54 ± 1.12) × 10
–23

< 5 × 10
–23

[24]
(1969)

Beam Mag. Res.
(ORNL)

154 120 14 0.012 (3.2 ± 7.5) × 10
–24

< 1 × 10
–23

 (80% C.L.)
[25]
(1973)

Beam Mag. Res.
(ILL)

154 100 17 0.0125 (0.4 ± 1.5) × 10
–24

< 3 × 10
–24

 (90% C.L.)
[28]
(1977)

UCN Mag. Res.
(PNPI)

• 6.9 25 0.028 5 (0.4 ± 0.75) × 10
–24

< 1.6 × 10
–24

 (90% C.L.)
[31]
(1980)

UCN Mag. Res.
(PNPI)

• 6.9 20 0.025 5 (2.1 ± 2.4) × 10
–25

< 6 × 10
–25

 (90% C.L.)
[32]
(1981)

UCN Mag. Res.
(ILL)

• 6.9 10 0.01 60–80 (0.3 ± 4.8) × 10
–25

< 8 × 10
–25

 (90% C.L.)
[36]
(1984)

UCN Mag. Res.
(PNPI)

• 6.9 12–15 0.025 50–55 – (1.4 ± 0.6) × 10
–25

< 2.6 × 10
–25

 (95% C.L.)
[35]
(1986)

UCN Mag. Res.
(ILL)

• 6.9 16 0.01 70 – (3 ± 5) × 10
–26

< 12 × 10
–26

 (95% C.L.)
[41]
(1990)

UCN Mag. Res.
(PNPI)

• 6.9 12–15 0.018 70–100 (2.6 ± 4.5) × 10
–26

< 9.7 × 10
–26

 (90% C.L.)
[38]
(1992)

UCN Mag. Res.
(ILL)

• 6.9 4.5 0.01 120–150 (–1 ± 3.6) × 10
–26

< 6.3 × 10
–26

 (90% C.L.)
[47]
(1999)



19

Fig. III-1.  Upper limits of neutron EDM plotted as a function of year of publication.  The solid circles
correspond to neutron scattering experiments.  The open squares represent in-flight magnetic
resonance measurements, and the solid squares signify UCN magnetic resonance experiments.

scattering amplitudes if the neutron has a non-zero EDM.  The second and third

categories both involve magnetic resonance techniques.  In the presence of a strong

external electric field, a finite neutron EDM would cause a shift of the magnetic

resonance frequency.  From 1950 to mid 1970s, thermal or cold neutron beams have been

used in the measurements (category II).  Since early 1980s, all neutron EDM experiments

have utilized bottled UCNs (category III), which provide the most sensitive

measurements to date.
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A) Neutron EDM from Neutron Scattering

The upper limit of the neutron EDM was first determined in 1950 by Purcell and Ramsey

[1] from an analysis of earlier experiments of neutron-nucleus scattering [15,16].  In

these experiments, the strength of the neutron-electron interaction was deduced from the

interference between the neutron-nucleus and neutron-electron scattering.  If the observed

neutron-electron interaction strength is attributed entirely to the neutron EDM (dn ), an

upper limit of dn ≤ 3 × 10
–18

 e⋅cm is obtained.

An alternative method to extract the electron-neutron interaction is to scatter electron

beam from nuclear targets.  Indeed, precise e-d and e-
3
He scattering data have been

obtained at various electron accelerators.  However, we are not aware of any attempt to

extract upper limits of neutron EDM based on these data.  Since the electron-neutron

interaction is dominated by the electric and magnetic form factors of the neutron, any

effect due to neutron EDM is probably too small to be observed.

Another technique to search for the neutron EDM is the Bragg reflection of thermal

neutrons from a single crystal.  The scattering amplitude of thermal neutrons comes

mainly from the nuclear interaction.  However, the Coulomb field exerted by the

positively charged nucleus on the incident neutron can provide additional contributions.

First, it produces an effective magnetic field of Ev
vv ×  in the neutron rest frame.  The

neutron magnetic moment interacts with this magnetic field (Schwinger scattering)

leading to the following contribution to the scattering amplitude:

( )( )( ) ,nPcotf1cZeMc
2

1
f

,fif
2

nSch

SchSch

vv
hh ⋅−=′

′=

θµ (III.1)

where   
v 
P  is the polarization vector of the neutron,   

v 
n  is the unit vector normal to the

neutron scattering plane, and θ is the neutron scattering angle.  µn  is the neutron

magnetic moment and f is the electron screening factor.  The Schwinger scattering

amplitude is purely imaginary and is proportional to   
v 
P ⋅

v 
n .  The effect of Schwinger

scattering is maximal when the neutron polarization is perpendicular to the scattering

plane.  If the neutron polarization lies in the scattering plane, then fSch  = 0.
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If the neutron has a non-zero EDM, the Coulomb field of the nucleus would lead to an

additional potential )r(Ed)r(V nd

vv
⋅−= , where   

v 
d n  is the neutron EDM.  The scattering

amplitude contributed by this interaction is

( )
,ePcscd

f1Ze
f

,fif

nd

dd
vv

h
⋅−=′

′=

θ
ν

(III.2)

where   
v 
e = (

v 
′ k − ′ k ) / 2k sinθ .    

v 
k  and   ′ 

v 
k  are the wave vectors for the incident and

scattered neutron, respectively.  Similar to the Schwinger scattering, the neutron EDM

interaction also gives rise to an imaginary scattering amplitude.  However, fd  is maximal

when the neutron polarization vector   
v 
P  lies on the scattering plane and is aligned with   

v 
e 

(note that fSch  = 0 in this case).  This is an important feature that allows the isolation of

the fd  contribution.

In measurements at MIT  and BNL, Shull and Nathans [17] attempted to determine the

fd  term by measuring Bragg reflection of polarized neutrons off a CdS crystal.  If the

neutron polarization is in the plane of scattering, then fSch  does not contribute and the

Bragg reflection intensity I is given as

I ~ F2V ~ a2 + ′ a − ′ f d( )2[ ]V  , (III.3)

where a and ′ a  are the real and imaginary parts of the nuclear scattering length,

respectively.  F is the crystal structure factor and V is the effective volume of the crystal.

Upon a reversal of the polarization direction of the neutron beam, ′ f d  flips sign and the

fractional change in the intensity becomes

∆I I = 4 ′ a ′ f d a2 + ′ a 2( ) . (III.4)
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Equation (III.4) shows that it is important to find a crystal with a large value of ′ a / a .  In

general, however, the value of ′ a / a  is very small.  In a few special cases, when there is a

resonance absorption cross section of the order of 10
4
 barns, ′ a / a  ~ 1.  In particular, a

cadmium crystal has a = 0.37 × 10
–12

 cm and ′ a  = 0.6 × 10
–12

 cm.  Shull and Nathans

selected the CdS crystal for their Bragg reflection measurement, because at the [004]

orientation of the crystal, a = aCd − aS , and the real part of the scattering length from S

largely cancels that from Cd (aS  = 0.28 × 10
–12

 cm and ′ a S  is negligible).  Following a

three-month run with 4 × 10
8
 neutrons counted, they obtained [17] an upper limit for the

neutron EDM as 5 × 10
–22

 e⋅cm.

An important limitation of the crystal reflection method is the difficulty to align the

crystal orientation (hence the scattering plane) with the polarization direction of the

incident neutrons.  Any residual misalignment would allow the Schwinger scattering to

contribute to ∆I in a fashion similar to neutron EDM.  A rotation of the crystal-detector

assembly by 180° around an axis in the beam direction in principle can isolate the effect

of Schwinger scattering, provided that there is no residual magnetic field which does not

rotate with the apparatus (such as earth’s magnetic field).  The limit on dn  of the Shull

and Nathans experiment is consistent with a misalignment angle of 1.6 ± 1.0 mrad.

It is likely that the Bragg reflection technique can be further refined to achieve better

sensitivity.  In particular, Alexandrov et al. [18] suggested that a crystal made of tungsten

isotopes enriched with 
186

W has several advantages over the CdS crystal.  First, tungsten

has a higher Z than cadmium, leading to a twofold gain in fd .  Second, the real part of the

scattering length of the tungsten crystal can be made practically zero by fine-tuning the
186

W concentration.  As shown in Eq. (III.4), this leads to a larger effect in ∆I.  Third, the

imaginary part of the scattering length of tungsten is roughly a factor of 150 smaller than

that of CdS.  This implies a much larger effective volume V for tungsten, since the

penetration depth L of the Bragg reflection is proportional to (a2 + ′ a 2 )–1/ 2 .  Putting

together all these factors, it was estimated that the running time could be reduced by a
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factor of 500 to achieve the same statistical accuracy as obtained in the CdS experiment.

However, such improvement is not sufficient to make it competitive with respect to the

magnetic resonance method, to be described in the next subsection.

Another type of crystal diffraction experiment has been suggested which can increase the

effective neutron interaction time by a factor of ~100.  It requires neutrons incident at the

Bragg angle on a large perfect crystal oriented in the Laue arrangement.  Neutrons will

experience multiple Bragg reflections resulting in a wave traveling along the Bragg

planes.  The intensity of the transmitted neutrons will exhibit an oscillatory pattern along

a direction perpendicular to the Bragg planes.  Such interference fringes, called

Pendellösung (Pendulum) by Ewald in his study of X-ray diffraction, were first observed

for neutron beams by Shull [19].  Since the location of the fringe is highly sensitive to the

neutron scattering amplitude, a non-zero neutron EDM would generate a shift of the

fringe pattern, provided that a non-centrosymmetric crystal (such as BGO) is used.  If one

selects nuclei with low neutron absorption, a large crystal (several centimeters thick)

would allow neutrons to be transmitted with little loss.  This corresponds to an

observation time of  ~ 10
–5

 seconds which is 100 times longer than for the Bragg

reflection method.  The expected statistical sensitivity has been estimated to be around 3

× 10
–25

 e⋅cm per day, very competitive to any other technique.  Unfortunately, the crystal

needs to be aligned to an accuracy of 10
–7 

radian, a difficult if not insurmountable

problem.

B) Neutron EDM from In-Flight Neutron Magnetic Resonance

The method used in this type of measurement is similar to the magnetic resonance

technique invented by Alvarez and Bloch [20] for a neutron magnetic moment

measurement.  Essentially, transversely polarized neutrons traverse a region of fixed

uniform magnetic field   
v 
B 0  and a static electric field   

v 
E 0  parallel to   

v 
B 0 .  The neutrons

precess at the frequency

hν = −2µB0 − 2dnE0  , (III.5)
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where µ is the neutron magnetic dipole moment and dn  is the neutron EDM.  Upon
reversal of the electric field direction, the precession frequency will shift by

h∆ν = −4dnE0  . (III.6)

Therefore, by measuring the precession frequency with the electric field parallel and
antiparallel to the magnetic field, the neutron EDM can be determined as

dn =
h∆ν
4E0

 . (III.7)

The neutron precession frequency can be accurately measured using the technique of

separated oscillatory fields developed by Ramsey [21].  Oscillating magnetic fields of

identical frequency are introduced at each end of the homogeneous-field region.  Spin-

flip transitions are induced in the neutron beam when the frequency of the applied

oscillatory magnetic field approaches the neutron precessing frequency.  The fraction of

neutrons emerging from the spectrometer with their spins flipped depends sensitively on

the frequency of the oscillating field.  The goal of the neutron EDM experiment is to

accurately determine the shift of the resonance frequency when the direction of the

electric field is reversed.

Following the pioneering work of Purcell et al. at Oak Ridge in 1950, various

improvements of the experimental techniques have been introduced and similar

experiments were carried out at Oak Ridge [22–25], Brookhaven [26], Bucharest [27],

Aldermaston, and Grenoble [28].  Table III-A lists some characteristics of these

experiments.  The 1977 measurement [28] at the Institut Laue-Langevin (ILL), Grenoble

represented a four order-of-magnitude improvement in sensitivity over the original Oak

Ridge experiment.  This was accomplished by minimizing the statistical and systematic

errors.  We will now discuss the factors contributing to the statistical and systematic

errors for this type of experiment.

Equation (III.7) shows that dn  is proportional to ∆ν , given as

∆ν = ∆N dN / dν( ) , (III.8)

where N is the number of neutron counts per cycle and dN / dν  is the slope of the

resonance curve.  To achieve maximal sensitivity, the oscillator frequency is set near the

steepest slope of dN / dν .  In this case, (dN / dν )/ N  is proportional to the neutron time-
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of-flight between the two RF coils and to the neutron polarization P.  The flight time is

simply 〉〈v/L , where L is the distance between the RF coils and 〉〈v is the mean neutron

velocity.  ∆N is proportional to (φn t  )1/2, where φn  is the flux of neutrons and t is the

total running time.  Taking these factors into account, one obtains the following relation

for the statistical uncertainty in dn :

( )[ ]21
n0n tLPEvd φ〉〈∝∆  . (III.9)

To obtain maximal sensitivity, the experiment needs to maximize the electric field E0 ,

the distance L, the neutron polarization P, and the neutron flux φn .  In addition, the mean

neutron velocity 〉〈v  needs to be minimized.  Table III-A lists these parameters for

various experiments.

Many sources of systematic errors have been identified and the dominant ones are:

• The Ev
vv ×  effect.

• Fluctuation of the magnetic field.

The Ev
vv ×  effect, also called the motional field effect, refers to the additional magnetic

field   
v 
B m  viewed from the neutron rest frame,

0m Ev
c

1
B

vvv
×=  , (III.10)

where     
v 
v  is the neutron velocity in the lab frame.  If the electric field   

v 
E 0  is not

completely aligned with the magnetic field   
v 
B 0 , then   

v 
B m  would acquire a non-zero

component along the direction of   
v 
B 0 .  Upon reversal of the electric field direction, this

component will also reverse direction and produce the same signature as would a neutron

EDM.  An apparent EDM resulting from the motional field effect is

( )[ ] ( ) θλπµµ sincv4d cNnn =  , (III.11)

where µN  is the nuclear magneton, θ is the angle between the B and E fields, and λc  is

the Compton wavelength of the proton.  Equation (III.11) shows that for a cold neutron of

100 m/sec, a misalignment angle of 1.5 × 10
–3

 radians would lead to an apparent neutron

EDM of 10
–23

 e⋅cm.

Careful attention has been given to alignment of the B and E fields.  A tight geometric

tolerance was imposed to make the magnetic pole faces parallel to the electric plates.  In
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one experiment [26], the magnetic pole faces also serve as the electric field electrodes.

Stray ambient magnetic fields could also contain components perpendicular to the E

field, and the spectrometer needs to be surrounded by several magnetic shields.  By

rotating the entire spectrometer by 180° around a vertical axis, the Ev
vv ×  effect can be

isolated.

The applied magnetic field needs to be spatially homogeneous and temporally stable.

Since neutrons follow different paths in the spectrometer, any spatial non-uniformity

would degrade the sharpness of the resonance.  The temporal stability is even more

critical.  In particular, any systematic variation of the magnetic field correlated with the

reversal of electric field must be minimized.  It can be shown that in order to achieve a

sensitivity of 10
–24

 e⋅cm for dn , the allowable magnetic noise correlated with the electric

field reversal must be below a few nano Gauss.  A shift of the magnetic field can be

caused, for example, by the breakdowns in the electric field.  The current pulse associated

with the spark could permanently magnetize small portions of the pole faces, and the

direction of such magnetic field is correlated with the polarity of the electric field.

Another type of spurious magnetic field correlated with the electric field is the leakage

current.  Fortunately, for neutron beam experiments, the bulk of the leakage current

occurs outside the spectrometer and does not pose a problem.

As shown in Table III-A, the most sensitive neutron beam (Category II) experiment [28],

obtained:

dn = 0.4 ±1.5( )×10−24 e ⋅ cm  , (III.12)

where the total error contains a systematic error of 1.1 ×  10
–24

 e⋅cm.  The dominant

contribution to the systematic error is the Ev
vv ×  effect, even though the misalignment

angle is determined to be as small as 1.1 ×  10
–4

 radians.  The limitations from Ev
vv ×

effect and from the magnetic field fluctuation can be removed by using bottled UCN, to

be discussed next.

C)  Neutron EDM with Ultra-Cold Neutrons

There are two major limitations in the search for neutron EDM using thermal or cold

neutron beams.  First, the Ev
vv ×  effect imposes stringent requirements on the alignment of

the  
v 
E  and   

v 
B  fields, as discussed earlier.  Second, the transit time of neutron beams in the

magnetic spectrometer is relatively short, being 10
–2

 seconds roughly.  This leads to a



27

rather large width of the resonance curve and implies the necessity to measure very small

variations of the neutron counts.  Therefore, any systematic effects associated with the

reversal of the electric field would have to be reduced to extremely low levels.  These and

other limitations are responsible for the fact that the best upper limit for neutron EDM

achieved with the cold neutron beam at ILL is 3 ×10
–24

 e⋅cm even though the statistical

uncertainty is at a lower level of ~ 3 ×10
–25

 e⋅cm.

In 1968 Shapiro first proposed [29] using UCN in searches for neutron EDM.  The much

lower velocities of UCNs will clearly suppress the     
v 
v ×

v 

E  effect.  The amount of

suppression is further enhanced in an UCN bottle, which allows randomization of the

neutron momentum directions.  Another important advantage is that the effective

interaction time of UCN in a storage bottle will be of the order 10
2
–10

3
 seconds, a factor

of 10
4
–10

5
 improvement over the neutron beam experiments.  This significantly improves

the sensitivity for EDM signals relative to EDM-mimicking systematic effects.  An

important price to pay, however, is the much lower flux for UCN relative to that of

thermal or cold neutron beams.

A series of neutron EDM experiments using UCN has been carried out at the Petersburg

Nuclear Physics Institute (PNPI) and at the ILL.  Although there are many similarities in

the approaches of these two groups, important differences do exist.  In the following, we

summarize the pertinent features and results of these experiments.

C.1)  UCN Measurements at PNPI

Immediately following Shapiro’s original proposal [29], preparation for an UCN neutron

EDM experiment started at PNPI in 1968.  The first version of the experiment, reported

in 1975 [30], used a single-chamber “flow-through” type spectrometer with separated

oscillating fields.  An uncooled beryllium converter provided low flux of UCN and the

width of the magnetic resonance curve corresponds to an effective storage time of ~ 1

second.  The large dispersion of the UCN transit time through the Ramsey-type

oscillating fields causes significant broadening of the resonance line width.  The

sensitivity of this experiment turned out to be ~ 2 ×  10
–22

 e⋅cm per day and was not

competitive.

Several significant improvements were subsequently introduced leading to the first

competitive result from the PNPI group [31].  First, a beryllium converter cooled to 30°K

resulted in a 10 - 12 fold increase of the UCN flux.  Second, an adiabatic method using
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inhomogeneous magnetic field was implemented to rotate the neutron spin by 90°.  This

solved the dispersion problem encountered in the Ramsey method and the effective

storage time was increased to 5 seconds.  Third, a “differential double-chamber”

spectrometer replaces the original single-chamber spectrometer.  A common magnetic

field was applied to the two adjacent identical chambers, while the applied electric fields

in the two chambers have opposite signs.  Upon reversal of the polarity of the electric

field, the resonance frequency shift due to the neutron EDM, would be opposite in sign

for the upper and lower chambers.  In contrast, fluctuation of the common magnetic field

will cause similar frequency shifts in both chambers.  This enabled one to reduce the

effect of the magnetic field instability.  Finally, neutrons of opposite polarization

direction were analyzed at the exit of each chamber with two separate detectors

simultaneously.  This allowed a two-fold increase in the count rates and also provided

useful checks on systematic effects.

In the 1980 paper of the PNPI group [31], the UCN flux at the spectrometer input was ~

1.2 ×  10
4
 neutrons per second.  A constant magnetic field of 28 mG and an electric field

of ~ 25 kV/cm were applied to the double-chamber of ~ 20 liters each.  The uniformity of

the magnetic field within the chambers is within (1–2) ×  10
–5

 Gauss.  To achieve

magnetic field stability, a passive three-layer magnetic shield provided a shielding factor

of 10
3
.  An active system consisting of a flux-gate magnetometer and Helmholtz coils

was used to compensate and stabilize the external magnetic field.  Another active system

for stabilizing the magnetic field inside the shields was realized with the aid of an optical-

pumping quantum magnetometer.  From six different sets of measurements, the mean

square deviation of the results is consistent with the expected statistical error, suggesting

that the systematic error is negligible.  The result, dn  = (0.4 ± 0.75) × 10
–24

 e⋅cm, implied

|dn | < 1.6 × 10
–24

 e⋅cm at 90% confidence level.

In 1981, the PNPI group reported a new measurement [32] of neutron EDM.  The major

improvements included a new source of UCN based on a 150-cm
3
 liquid hydrogen

moderator [33] and a new coating for the chambers allowing total internal reflection for

more energetic UCNs.  The UCN intensity at the output of the spectrometer was

improved by a factor of 7 to 8.  From four different sets of measurements, they obtained

[32],dn  = (2.3 ± 2.3) × 10
–25

 e⋅cm.  At 90% confidence level, |dn | < 6 × 10
–25

 e⋅cm.  In

1984, an updated result of dn  = – (2 ± 1) × 10
–25

 e⋅cm was reported by Lobashev and

Serebrov [34].  This implied |dn | < 4 × 10
–25

 e⋅cm at 95% confidence level.

Major modifications for the PNPI experiment were reported [35] in 1986.  In previous

PNPI experiments, UCNs flowed continuously through the magnetic resonance
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spectrometer with an average transit time of ~ 5 seconds.  At this time the ILL stored

UCN experiment [36] reported a confinement time of ~ 60 seconds. The PNPI group

modified their spectrometer to allow prolonged confinement of the UCNs.  They

achieved a confinement time of ~ 50 seconds.  A new universal source of cold and

ultracold neutrons [37] was also used which provided a 3–4 times increase in UCN flux.

The longer confinement time put more stringent requirement on the stability of the

magnetic field, and two cesium magnetometers were positioned near the chambers for

active stabilization of the magnetic field inside the spectrometer.  The result of this

experiment was dn  = – (1.4 ± 0.6) × 10
–25

 e⋅cm, implying |dn | < 2.6 × 10
–25

 e⋅cm at 95%

confidence level.

The most recent PNPI measurement was reported in 1992 [38], and a detailed account of

this experiment was presented in a later paper [39].  The experimental setup was

essentially the same as before [35], with minor modifications such as adding the fourth

layer of the magnetic shield and adding the third cesium magnetometer near the

chambers.  The experiment consisted of 15 runs comprising a total of 13,863

measurement cycles.  Each measurement cycle included filling the chambers with

polarized UCN (30–40 s), confinement (70–100 s), and discharge and counting (40 s).  A

2-second-long oscillating field pulse was applied at the beginning and at the end of the

confinement time.  The intensity of the uniform magnetic field was 18 mG, and the mean

electric field was 14.4 kV/cm.

The result based on the analysis of the yields in the four neutron counters was dn  = (0.7 ±

4.0) × 10
–26

 e⋅cm.  From the analysis of the readings of the upper and lower

magnetometers, a non-zero false EDM was found.  Note that there should be no false

EDM if the magnetometers faithfully measured the effective mean magnetic fields in the

chambers.  This false EDM was attributed to inhomogeneous magnetic pick-ups of

various origins, including possible magnetization of the magnetic shield by sparks and

spurious magnetic field generated by neighboring experimental apparatus affected by the

reversal of the electric field.  No correlation between dn  and the leakage current was

found, showing that the leakage current was not a main source of the systematic effect.

The amount of false EDM registered by the magnetometers suggested that a systematic

correction of – (1.9 ± 1.6) × 10
–26

 e⋅cm needs to be applied to the measured EDM value.

Therefore, the final result was

dn = 2.6 ± 4.0 stat( )±1.6 syst( )[ ]×10−26 e ⋅ cm . (III.13)
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This result was interpreted as |dn | < 1.1 × 10
–25

 e⋅cm at 95% confidence level.  Systematic

errors appeared to limit the sensitivity of this experiment to few 10
–26

 e⋅cm.

C.2)  UCN Measurements at ILL

Following the completion of the neutron EDM measurement [28] using the neutron beam

magnetic resonance method, the interest at ILL shifted to the use of UCN [40], which

would bypass the limitation imposed by the   
v 
v ×

v 
E  effect.  Unlike the PNPI group, the

ILL group started out with the UCN storage bottle technique and did not use the less

sensitive flow-through technique.  The first ILL result was published in 1984 [36], which

demonstrated the feasibility of measuring neutron EDM with stored UCN.  A 5-liter

cylindrical chamber contained polarized UCN of a density up to 0.05 per cm
3
, and

neutrons precessed for 60 seconds in a uniform magnetic field of 10 mG and an electric

field of 10 kV/cm.  In contrast to the PNPI experiment, only one UCN storage chamber

was implemented.  Moreover, only a single detector was used to determine the number of

neutrons having opposite polarization directions at the end of each storage cycle.  From

data collected in 136 one-day runs, a result of dn  = (0.3 ± 4.8) × 10
–25

 e⋅cm was obtained.

Only statistical error was included, since the readings from three rubidium

magnetometers showed negligible systematic effect.

The sensitivity of the ILL measurement was significantly improved in a subsequent

experiment reported in 1990 [41].  A new neutron turbine [42] increased the UCN flux by

a factor of 200 and a density of 10 UCN per cm
3
 was achieved in the neutron bottle.  The

electric field was raised to 16 kV/cm and the leakage current was reduced from 50 nA to

5 nA.  Following a three-year running period over 15 reactor cycles, the weighted

average of these 15 data sets was dn  = – (1.9 ± 2.2) × 10
–26

 e⋅cm, with a rather poor χ 2

per degree of freedom of 3.1.  At this level of statistical accuracy, the difficulty of

monitoring the magnetic field in the neutron bottle by the rubidium magnetometers,

which were no closer than 40 cm to the axis of the bottle, became a dominant source of

systematic error.  After taking this uncertainty into account, the final result was reported

to be dn  = – (3 ± 5) × 10
–26

 e⋅cm, implying |dn | < 1.2 × 10
–25

 e⋅cm at the 95% confidence

level.

To overcome the systematic uncertainty caused by magnetic field fluctuations in the

UCN bottle, Ramsey suggested [43] the use of comagnetometers for EDM experiments.

The idea was to store polarized atoms simultaneously in the same bottle as the neutrons.

Fluctuation of the magnetic field will affect the spin precession of the comagnetometer

atoms, which can be monitored.  The ILL collaboration selected 
199

Hg as the



31

comagnetometer.  Effects from the 
199

Hg EDM are negligible, since earlier experiments

[44–46] showed that the EDM of 
199

Hg was less than 8.7 × 10
–28

 e⋅cm.

The most recent ILL experiment [47] used a 20-liter UCN bottle containing 3 × 10
10

/cm
3

polarized 
199

Hg.  The UCN precession time was 130 seconds, roughly a factor of two

improvement over previous experiment.  However, the maximum electric field in this

UCN bottle is only 4.5 kV/cm, roughly a factor of 3.5 lower than before.  The UCN flux

also appeared to be a factor of four lower than in the earlier experiment.  Data were

collected over ten reactor cycles of 50 days’ length, and the 
199

Hg comagnetometer was

shown to reduce effects from magnetic field fluctuations significantly.  The result of this

experiment was dn  = (1.9 ± 5.4) × 10
–26

 e⋅cm.  A much improved χ 2  per degree of

freedom of 0.97 was obtained for 322 measurement runs, and this was interpreted as an

evidence for negligible systematic effects.  An upper limit on the neutron EDM of |dn | <

9.4 × 10
–26

 e⋅cm was obtained at the 90% confidence level.  When this result was

combined with the result from the earlier ILL experiment [41], an improved upper limit

of 6.3 × 10
–26

 e⋅cm was obtained.  However, the method used to combine these two

results was recently criticized by Lamoreaux and Golub [48], who argued that the two

measurements should be treated independently.

The ILL experiment demonstrated the advantage of using a comagnetometer for reducing

a dominant source of systematic error.  It is conceivable that the sensitivity to the neutron

EDM can be improved to a level better than 10
–27

 e⋅cm, provided that a more intense

UCN flux together with a suitable comagnetometer, become available.  In this proposal,

we present a new approach for accomplishing this goal.
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Chapter IV.   PROPOSED MEASUREMENT — OVERVIEW

This experiment is based on a technique to measure the neutron EDM, which is

qualitatively different from the strategies adopted in previous measurements (see Chapter

III).  Chapter IV provides an overview of the general strategy, however, many crucial

technical details that are essential to the success of the measurement are deferred until

Chapter V.

The overall strategy adopted here[1a], is to form a three component fluid of neutrons and
3He atoms dissolved in a bath of superfluid 4He at ~300 mK.  When placed in an

external magnetic field, both the neutron and 3He magnetic dipoles can be made to

precess in the plane perpendicular to the B field.  The measurement of the neutron

electric dipole moment comes from a precision measurement of the difference in the

precession frequencies of the neutrons and the 3He atoms, as modified when a strong

electric field (parallel) to B is turned on (or reversed).  In this comparison measurement,

the neutral 3He atom is assumed to have a negligible electric dipole moment, as expected

for atoms of low atomic number [1a].

A. General Features

1. Frequency Measurement

As discussed in Chapter III, over the forty-year history of experimental searches for the

neutron EDM, dn , a number of different techniques have been employed.  However, in

the last two decades the measurements have focused on the use of UCN constrained to

neutron traps.  The primary method is to study the precession frequency of neutrons with

aligned spins in the plane perpendicular to a static magnetic field, B0 .  Application of a

static electric field, E0 , parallel (anti-parallel) to B0  can change the Larmor precession

frequency, νn ,  in proportion to the neutron EDM, dn .  The precession frequency is:

νn = − 2µn B0 ± 2dnE0[ ] h ≡ ν0 ± ∆ν 2( ) (IV.1)

where the minus sign reflects the fact that µn < 0 .

Thus the frequency shift, ∆ν , as the direction of E0  is reversed, is:

hEd4 0n−=∆ν  , (IV.2)
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In the case of B0  = 1 mG and E0  = 0, the Larmor precession frequency is

Hz92.20 =ν .  With E0  = 50 kV/cm, and using a nominal value of
dn  = 4 × 10–27 e cm, the frequency shift, as the electric field is reversed, is:

0
71066.0Hz19.0 νµν −×==∆  . (IV.3)

Note that for the current measurement, it is the absolute frequency shift,  ν∆ , that is

critical, not the fractional frequency shift.  For a known electric field, Eo, the uncertainty

in dn is:

o
n E4

hd
νδδ ∆= (IV.4)

2. Statistical and Systematic Errors

The immediate challenge of an EDM measurement of ∆ν  is to generate as large an

electric field as possible in the presence of a weak B field, and to measure a precession

frequency shift with an absolute uncertainty νδ∆  at the sub µHz level.  Other issues

include production of a large neutron sample size as well as having a precise knowledge

of the spatial and temporal properties of B0  and E0 .

Consider a measurement sequence in which N0  neutrons are collected in a trap over a

time T0 , followed by a precession measurement for a time Tm.  This measurement cycle

can be repeated m times for a total measurement time: t = m Tm.  A single cycle takes a

time: To + Tm and the time to perform m cycles is: m (To + Tm).

From the uncertainty principle we have

NT2

1

mπ
νδ ≥∆ per cycle

The statistical contribution to the uncertainty in the EDM for the set of m measurements
is:

cme
tNTE

4

mNTE

4

m0m0

hh =≥σ .           (IV.5)

Here N < No  is the effective number of neutrons contributing to or detected in the

measurement.  Equation IV.5 is useful since it gives a lower bound on the statistical error.

In practice it only gives an order of magnitude estimate for the statistical error of a

generic experiment due to the ambiguity in the value of N.  For the experiment discussed

here, we do the proper analysis of the statistical error in Section V.H.
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Consider the parameters typical of this proposed LANSCE measurement as discussed

below: E0  = 50 kV/cm, To = 1000 sec, Tm = 500 sec, N = 4.0 × 106 neutrons /

measurement cycle and m = 5.7 × 103 repeated cycles (1500 sec / cycle and 100 days of

live time).  Three other parameters, also discussed below, characterize the three neutron

loss mechanisms:

Beta decay: sec,887=βτ  wall losses  sec,1200wall=τ
and n - 3He absorption  sec5003 =τ

Using Eq. (IV.5) with the overestimate, N = No, gives for one standard deviation

uncertainty: 2810−≥σ e cm.  See however, the more realistic calculation (including shot

noise) given in Section V.H, which gives a 2σ limit of 9 x 10
-28

 e cm.

One can compare this result to the error on the 1990 Smith [1], ILL measurement where

they achieved:
26

n 1053d −×±−=  e cm.

where the error is from both statistical and systematic contributions.  For the more recent

Harris [2], ILL measurement they achieve:

dn  =  – 1 ±  3.6 x 10 – 26 e cm.

For statistical errors, note that the quality factor, )NT(E m0 in Eq. (IV.5), gives a relative

reduction in  σ by a factor of 50 to 100 at LANSCE, in comparison to the Smith [1] ILL

measurement and to the Harris [2] ILL measurement.

The challenges in designing this trapped UCN experiment were to maximize N0 , Tm,

and E0 .  In addition it is crucial to develop uniform, stable, and well measured B0  and

E0  fields over the sample volume since these are a major source of systematic errors.

The method developed to measure the errors related to B0  are discussed below.  More

generally, issues related to systematic errors, such as v x E effects, pseudo-magnetic

fields, gravitational effects, spatial differences in UCN/ 3He distributions, etc., are

discussed in detail in Section V.H.

In the technique adopted here, there are three critical issues that are addressed in this

overview:

1. Optimize the UCN trap design for large No, long trap lifetime, and large E0 .
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2. Make a precision measurement of the Bo field, averaged over the neutron trap

volume and valid for the neutron precession period.

3. Make a precision measurement of the neutron precession frequency, νn .

The overall layout of the experimental apparatus is shown in Fig. IV.1

B. Neutron Trap Design

We use the strategy for loading the trap with UCN suggested first by  Golub [3].  It relies

on using UCN locally produced inside a closed neutron trap filled with ultra-pure, super-

fluid 4He, cooled to about 300 mK  When this neutron trap is placed in a beam of cold

neutrons (E  = 1 meV, v = 440 m/s,  λ = 8.9 Å, see section V.A) the neutrons interacting

with the superfluid may be down-scattered to E < 0.13 µ eV, v < 5 m/s with a recoil

phonon in the superfluid carrying away the missing energy and momentum.

The properly averaged UCN trapping (production) rate [4], as discussed in Section V.B,

gives a nominal trapped UCN production rate, P, of
P  ~  1.0 UCN/ cm3 sec

In order to minimize neutron absorption by hydrogen, deuterated polystyrene coatings

have been developed for the surfaces of the trap (see discussions in [5]).  The goal for the

mean life of a neutron in a trap filled with pure 4He and operated at 300 mK is about 500

sec as a result of losses by neutron beta decay and neutron wall interactions.

In 0T  = 1000 sec of UCN production, the neutron density will reach nρ  ~ 500 UCN/cm3

in the 4He.  Note that at other facilities with more intense sources of cold neutrons this

density could be considerably higher.  This UCN production technique and the UCN

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

Golub [3], and at the neutron lifetime experiment now in progress at NIST

 [6] (see Section V.B).

The details of the proposed geometry for the target region of the experiment are shown in

Figs. IV.1 and IV.2, with two trap volumes, one on each side of the high-voltage central

electrode.  Thus two orientations of the electric field for a fixed B field will be measured

simultaneously.  Superfluid 4He is a very good medium for high electric fields (see [7]

and section V.E) and experience has shown that the deuterated polystyrene surfaces are

very stable under high E fields [5].  Independent bench tests are planned in order to
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evaluate the trap performance under these conditions.  The goal is to operate at an E field

strength of 50 kV/cm (about four times greater than other recent EDM measurements).

Fig IV-1.  Experimental cryostat, length ~ 3.1 m.  The neutron beam enters from the
right.  Two neutron cells are between the three electrodes.  Scintillation light from the

cells is monitored by the light guides and photomultipliers.

Properties of the magnetic and electric fields are discussed in Section V.E.  The region in

the cryostat but outside the UCN cells (see Fig. IV-1) will also be filled with 4He because

of its good electrical insulating properties.  Note: The 4He fluid in the region outside the

two UCN cell volumes will contain 3He atoms at normal concentrations (see below).

Any UCN produced there will be absorbed in coatings on the vessel wall to prevent wall

activation.
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C. Measurement of the B Field with a 3He Co-Magnetometer

Knowledge of the B field environment of the trapped neutrons is a crucial issue in the

analysis of systematic errors in the measurement.  The 4He-UCN cells will sit in the

uniform B field of a Cos Θ magnet with a nominal strength of 1 mG (up to 10 mG).  The

B field must be uniform to 1 part in 1000 (see Section V.E).  These features of the B field

must be confirmed by direct measurement in real time.

The magnetic dipole moment of 3He atoms is comparable to that of the neutron (see

Table I-B) such that the 3He magnetic dipole moment is only 11% larger than that of the

neutron.  In addition, the EDM of the 3He atom is negligible due to the shielding from

the two bound electrons [1a] i.e. Schiff shielding [8].  These properties make 3He an

excellent candidate as a monitor of the B field in the volume where the UCN are trapped,

or if B is stable, as a reference for precession frequency measurements.

To exploit this, the pure 4He superfluid is modified by adding a small admixture of

polarized 3He (with spins initially aligned with the Bo field).  The amount is ≈ 1 x

10+12 atoms / cm3 and fractional density of X = 0.4 x 10-10.  This mixture is prepared

in a separate reservoir and then transferred to the neutron cells.  The result is a three-

component fluid in the cell with densities: nρ  = 5.0 x 10+2/ cc, 3ρ  = 0.8 x 10+12 / cc, and

4ρ  = 2.2 x 10+22 / cc.

The UCN cells will be adjacent to SQUID coils mounted in the ground electrodes as

discussed in Section V.F and V.H.  The spins of the ensembles of 3He and neutrons are

aligned (see below) and are initially parallel to the B0  field.  An “RF coil”, positioned

with its axis perpendicular to B0 (see Section V.E), is then used to rotate the neutron and
3He spins into the plane perpendicular to B0 .  We discuss the resulting n-3He interaction

below.

As the spins of the 3He atoms and the neutrons precess in this plane, the SQUID coils

will pick up the signal from the large number of precessing 3He magnetic dipoles; the

corresponding neutron signal from 500 UCN/cm3 is negligible.  Analysis of this
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Fig IV-2.  Two cell design with light guides which connect to the photomultiplier tubes

outside the cryostat.  Each cell has a nominal volume of 4 L.

sinusoidal signal will directly measure the 3He precession frequency, 3ν , and thus the

magnetic field, B0 , averaged over the same volume and time interval as experienced by

the trapped UCN’s.

3

3
0 2

B
µ

ν−=  . (IV.6)

In summary, the addition of the 3He atoms to the measurement cells and the SQUIDs to

the electrodes, provides the opportunity for a direct measurement in situ of the B field

averaged over the cell volumes and the time period of the measurement.

D.     Measurement of the UCN Precession Frequency

Knowledge of the neutron EDM depends on a precision measurement of the change in

the neutron precession frequency for the two orientations of the electric field.  Consider

N0  UCN trapped in a cell.  Because the magnitude of the precession frequency shift,

∆νn , due to the interaction of the neutron EDM with the electric field, is extremely small,
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<1 µ Hz, it is imperative to measure it with great precision.  The technique adopted here

is to make a comparison measurement in which νn is compared to the 3He precession

frequency, ν3.  The technique relies on the spin dependence of the nuclear absorption

cross section for the reaction:

764tpHen 3 ++→+  keV. (IV.7)

The nuclear absorption reaction products (and the neutron beta decay products) generate

scintillation light in the 4He fluid, which can be shifted in wavelength and detected with

photomultipliers.

The absorption cross section is strongly dependent on the initial spin state of the reaction:

   Spin State Cross Section, σabs, barns [10]
(v = 2200 m/sec) (v = 5 m/sec)

J = 0 ~ 2 x 5.5 × 10+3 ~ 2 x 2.4 × 10+6

J = 1 ~ 0 ~ 0

There are two options here.  In option A, where the cell is irradiated with an unpolarized
cold neutron beam, we take σabs = 2.4 x 106 b as the average 3He absorption

cross section for UCNs.  The mean life of the neutron in the trap due to 3He absorption

alone,   τ 3 ,  is given by:

[ ] [ ]thermalabs3UCNabs33 vv/1 σρσρτ ==  . (IV.8)

The 3He density,   ρ 3 , is adjusted to give   τ 3  = 500 sec.  This corresponds to:

12
3 1085.0 +×=ρ  3He / cm3.

The net neutron mean life in the trap is 250 sec, due about equally to losses by 3He

absorption and by neutron beta decay/ wall losses.

In this scheme, the only neutrons which survive are those with spins parallel to the

polarization vector of the 3He (and aligned with the Bo field).  In the process, half the

neutrons in the trap have been lost.  We are assuming here 100% 3He polarization and

that there is no polarization loss in the traps.
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An alternative approach, option B, is to pre-select the cold neutron beam according to

spin direction, with an upstream spin selector, and to direct neutrons of each of the two

transverse spin orientations to each of the two cells.  Although there may be flux losses in

the spin selector apparatus, the subsequent loss of neutrons to 3He absorption in a cell

will only occur if there is not perfect 3He or neutron-beam polarization or if there is loss

of polarization in the cell as time passes.  Over all this approach makes the measurement

less sensitive to the 3He polarization in the cells (see Section V.D).

As noted, there are three neutron loss mechanisms in the cells which lead to: τβ = 887

sec, τ3 = 500 sec, τcell ~ 1200 sec.  During the precession process in the cell, as a result

of all three loss mechanisms, the net neutron mean life is: 1/Γavg = 250 sec.  On the other

hand, during the UCN production phase in which a cold polarized beam of neutrons is

aligned with the polarized 3He in the cell, there are no absorption losses and the mean

neutron life in the cell is 500 sec.  Effects due to time dependent polarization changes in

the cell are neglected in this discussion (section V.C and V.H).  This second strategy,

option B, is being evaluated and is discussed in Section V.A.

To start the precession process, independent RF coils are used to reorient the neutron and

the 3He spin directions into the plane perpendicular to B0  where they both precess

about B0 , initially with their spins parallel.  Thus the aligned 3He and UCN components

are trapped in the cell and continue to precess for up to a time, Tm, at which point the cell

is flushed so a new measurement cycle can begin.

However, because the magnetic dipole moments of the neutron and 3He are slightly
different :

11.1nHe3 =µµ  ,

the 3He spin vectors will gradually rotate ahead of the neutron spin vectors and destroy

the alignment.  As the precession continues, the absorption process will alternately appear

and disappear.

This absorption process can be observed as scintillation light generated by the recoiling

charged particle reaction products in the 4He superfluid.  The scintillation light is emitted

in a broad spectrum centered at 80 nm, and is easily transmitted to the wall of the cell

where a deuterated  tetraphenyl butadiene-doped polystyrene surface will absorb it and

re-emit it at 430 nm.  This wave-shifted light can be collected with light pipes and

transmitted to photomultiplier tubes outside of the B field region (see Section V.C).
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The net scintillation light signal, )t(Φ , due to a constant background, bgdΦ , beta decay, and
3He  absorption, and with polarizations P3 and Pn,, can be written as (see V.H):

Equation IV.9

where we neglect the loss of both neutron and 3He polarization during the measurement

period.  Here Γavg  is the overall neutron loss rate for the cell including both wall losses

and neutron beta decay as well as absorption.  The neutron scintillation rate has a time

dependence coming from both the decaying exponential factor and the sinusoidal

dependence on: n3 νν −  = 0.3 Hz.

The resulting photomultiplier signal gives a direct measure of the neutron precession rate,

nν , when combined with a knowledge of 3ν .

In summary, the introduction of 0.8 × 10+12 polarized 3He atoms/cm3 into a cell

containing 5 × 10+2 UCN/ cc allows one to directly measure the average Bo field and to

confirm the polarization of the UCN.  It also permits a direct and precise measurement of

the orientation of the UCN spin relative to the 3He spin as they precess over a time

interval, Tm = 500 sec (two neutron mean cell life times).  It is this time-dependent

absorption sinusoidal light signal which must be carefully analyzed for changes in its

period as the E0  field is reversed.

For this two component fluid of neutrons and 3He dissolved in the 4He super-fluid we
measure:

033 B2µν −=  , (IV.10)

obtained from the SQUID signal, and

[ ] hdE2B2 n00nn +−= µν  , (IV.11)

obtained from the combination of the scintillation light and the SQUID signals.
Thus analysis of the shape and the time dependence of the scintillation light signal,

throughout the precession period, is critical to the precision of the EDM measurement.

Note that when Eo = 0, the two measurements (SQUID and scintillation signals) can be

crossed checked since they should both give the common value of Bo.  Alternatively, for

a stable Bo field and when Eo �����WKH�648,'�PHDVXUHPHQW�SURYLGHV�D�UHIHUHQFH�FORFN
against which a shift in the scintillator spectrum can be measured.
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E. Discussion of Errors

The most vexing problem in the design of a neutron EDM measurement is the control of

systematic errors.  This is amply illustrated by the discussion of previous neutron EDM

measurements reviewed in Chapter III.  This overview addresses only a few aspects of

the problem; the details are deferred to the main discussion in Section V.H.

1. Statistical Errors

The gross analysis of the statistical errors presented above, equation IV.5, suggests that

the proposed technique gives an improvement in the figure of merit )NT(E om0  by a

factor of 50 – 100 over recent UCN measurements at ILL.  Subsidiary measurements

planned for LANSCE, involving cell fabrication tests, cold neutron flux measurements,

and maximum usable E field tests, will verify whether this gain can be fully realized.

2. Systematic Errors

The analysis of systematic errors is a challenging and detailed exercise and is at the heart

of a successful EDM measurement.  The major concerns are related to knowledge of the

magnetic and electric fields (since both time-dependent field strengths and nonparallel E

and B fields, have the potential to produce a false EDM signal), any differences in the

two cells, and any contribution of background sources to the scintillation light spectrum.

The 3He-precession measurement allows the magnetic field to be sampled in time and

space throughout the precession period and over the volume of the UCN traps.  The

major limitations come from the quality, stability, and background of the SQUID signals.

Bench tests of the performance of the SQUID coils at these low temperatures and in the

LANSCE noise environment are in progress as discussed in Section V.F.  The goal is a

Bo field uniform to 0.1 % over the cell volume.

The electric field properties are equally critical.  The goal for the electric field uniformity

is < 1 % as discussed in Section V.E.  In order to achieve the high fields consistent with

the dielectric properties of the superfluid 4He medium, a program for performing bench

tests of the maximum useable electric field is being developed.  Issues of leakage currents

and sparks are critical and in the end will dictate the upper limit at which the applied

voltage can operate.
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Other issues, related to the properties of the cold neutron beam, pre-selection of the

neutron spin, and the role of gamma-ray and neutron induced backgrounds, are discussed

in Sections V.A and V.C.  The optimum sequence in the measurement cycles in order to

cancel systematic shifts in the data also has to be evaluated.

F.  Measurement Cycle

By way of clarification and review, we describe the measurement sequence over the 1500

sec measurement cycle, as currently envisioned, with some additional details included.

1. Cold neutron beam preparation.  Cold neutrons (v= 440 m/s, 1 meV) from the

LANSCE liquid-hydrogen moderator, are transported by neutron guides through a

frame overlap chopper,  To chopper, and a Bi filter.  This system (see Section V.A)

filters out unusable neutrons and gamma rays.  In addition the beam is divided into

two guides that transport the cold neutrons downstream and through the cryostat wall

to the two cells.  We are currently evaluating techniques to install a spin filter in the

guide (option B in the above discussion) to permit pre-selection of the neutron spin

state.  Spin rotators make both beams have their spins aligned with the 3He atoms in

the measuring cells.  The technology to divide the beam is available, but the cost in

loss of flux and beam line floor space is still being evaluated.  The splitter is

discussed in Section V.A and Appendix A.

For the purposes of this discussion of the measurement cycle, we assume that the

beam is split into two components matched to the neutron cell sizes and that the beam

spin filter is implemented.  We further assume that Eo and Bo are on and stable

during the entire cycle.

2. 4He and polarized 3He transfer to the cells. – START OF A 5-STEP CYCLE.
During a previous measurement phase (step 5 below), polarized 3He (~99%

polarization and density fraction X ~ 10-10) from an atomic beam apparatus, is mixed

with ultra-pure superfluid 4He in a reservoir separate from the target cells.  Now, with

the beam shutter closed, the mixture is transferred to the measurement cells.  A small

holding field continues to be used to maintain the polarization during the transfer,

 < 10 sec.  The 3He polarization is selected in the polarized source to be either
parallel or anti-parallel to the magnetic field, Bo, generated by the cos Θ magnet.

The 3He spin vectors are the same in both cells, but, by construction, the electric
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fields are opposite of each other, regardless of the sign of the potential on the high-
voltage electrode.

3. Cold neutron beam irradiation and production of the UCN in the cells.  The

beam shutter is opened, allowing the cold neutrons to irradiate the cells, some of

which produce UCN.  The two cells, each filled with superfluid 4He (2.2 x

1022/cm3) and polarized 3He (0.8 x 10+12 /cm3), are irradiated for To = 1000 sec.

A trapped sample of UCN is built up with a production rate of P = ~ 1 UCN / (cm3

sec).  The mean life of these neutrons in the cells is ~ 500 sec due to both beta decay

and wall losses alone.  Assuming that the initial sample of neutrons has been fully

polarized, the large n-3He cross section in the J = 0 state will reduce only slightly the

population of neutrons during the UCN collection process.  Neutrons properly aligned

with the 3He will suffer no absorption losses.  The number density produced in To =

1000 sec grows to ρn ~ 500  UCN/ cm3 (actually 430/ cm3 when corrected for beta

decay and cell losses) in each of two cells of volume = 4000 cm3 per cell.  At the end

of the UCN fill period, the beam shutter is closed.

4. Rotation of both magnetic moments into the transverse plane.  The spin vectors

are rotated into the plane perpendicular to Bo and Eo by pulsing an “RF” coil at 3.165

Hz for 1.58 sec (see Section V. E).  Both the neutrons and the 3He start to precess

about Bo in order to conserve angular momentum.

5. Precession Frequency measurements.  The critical precession frequency

measurement occurs over the next Tm = 500 seconds.  At the start of the

measurement there are 4 x 10+6 neutrons in the two traps.  The SQUID detectors

measure the 3He precession, ν3,  at about 3 Hz over a set of 1500 signal periods.  The

scintillator detection system measures  ν3 – νn = 0.3 Hz over a set of 150 signal

periods.  The neutron sample continues to decrease with a mean life of 250 sec due to

all loss mechanisms and is reduced to 116 UCN/cm3, i.e. a total of 0.5 x 10 +6

neutrons at the end of the measurement cycle.  As discussed in detail in Section V.H,

this corresponds to a sensitivity of

σ  ~ 7 x 10 –26 e cm in one cycle.
In parallel with the precession measurement, the mixing reservoir is refilled with pure
4He and polarized 3He in the correct proportions.

6. Empty the cells.  Valves are opened to drain the cells in about 10 sec,

and the 3He-4He mixture is sent to a recovery reservoir for purification.
END OF THE CYCLE, return to step #2.
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7. Repeated cycles.  A single cycle takes about To + Tm = 1500 sec plus some transfer

times.  The cycle can be repeated about m = 5.7 x 10 3 time in 100 days, which gives

a two σ limit of  < 9 x 10 –28 e cm in one hundred days.

Over this 100-day period one expects to follow a program of electric field reversals,

spin reversals, magnetic field reversals, etc. to study and remove systematic effects.

Altogether this measurement involves the interplay of many technical and practical

issues: polarized UCN and 3He production, precision measurements of frequencies, UCN

trap design, electric and magnetic field measurements, etc.  These issues are discussed in

detail in the following segment, Chapter V.
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V. EXPERIMENTAL DESIGN ISSUES

V.A. LANSCE Pulsed Cold Neutron Beam

The UCN production rate in the superthermal LHe source depends upon the neutron

beam spectral density d2Φ / dλdΩ  at 8.9 Å, as is discussed in chapter V.B.  Neutrons

with a different wavelength than 8.9 Å will not downscatter to make UCNs but instead

will pass through the apparatus or will be scattered and absorbed by surrounding

materials. Some of betas and gamma rays from the decay processes can then interact with

the liquid helium in the measurement cells, producing scintillation light that affects the

signal-noise ratio of the EDM measurement. To reach its goal, the EDM experiment

requires the maximum flux of 8.9-Å neutrons from the source and beamline.  The

monochromatism,   ∆λ /λ , of the 8.9 Å beam should be ~1%.  The beam should be highly

polarized with a minimum of fast neutrons or high-energy gamma-rays. Its phase space

should match the UCN production cells.

V.A.1. Cold Moderator of the LANSCE Spallation Source

At the LANSCE spallation neutron source, 800-MeV proton pulses, at the rate of 20 Hz,

interact with the tungsten target producing fast neutrons that are partially moderated by a

super-cooled hydrogen gas moderator. The EDM experiment will be mounted behind the

n+p→d+γ experiment on a new cold neutron beamline, flight path 12, at the Lujan

Center. This beamline views the new upper tier cold hydrogen moderator. The calculated

performance of this coupled moderator, including the time and energy spectra of a

neutron pulse, are described in Ref. [1].  Figure V.A.1. shows the calculated average

moderator brightness as a function of the neutron energy (the energy of the 8.9 Å neutron

is about 1 meV) for hydrogen with an ortho-para ratio of 1. The brightness is obtained

from the MCNPX moderator model calculations [1,2] that have been scaled according to

experimental results from the flight path 11A cold moderator [3].

V.A.2. Beamline of the EDM experiment

The beamline for the EDM experiment will be built as an extension from the n+p→d+γ
experiment on the flight path 12. The beamline of the n+p→d+γ experiment that is under

construction is shown in figure V.A.2. The neutron guide of the n+p→d+γ beamline ends

21 m from the moderator. For the EDM experiment, a section of neutron guide will be

installed through the n+p→d+γ cave. At the end of the cave, a Bi filter will be mounted,

and it will be followed by a t0 chopper located in place of the n+p→d+γ beam stop.
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Downstream of the chopper, the 8.9-Å neutrons will be split to two beams, polarized in

opposite directions, and guided to the measurement cells that are located at 31 m from the

moderator. The floor plan of the EDM beamline and the experiment is shown in figure

V.A.3.

Fig. V.A.1.  Calculated average brightness of the coupled-hydrogen moderator, with an

ortho-para ratio of 1, viewed by flight path 12.

V.A.3.  Cold Neutron Beam Line

The n+p→d+γ beamline has three main components inside LANSCE experimental room

1 (ER1).  The first is a 4-m long neutron guide that is placed inside the biological shield

and that starts at about 1.3 m from the moderator surface.  The second is an external, 2-m

long guillotine-type shutter system that contains a neutron guide and is placed next to the

biological shield.  And the third is a two-blade frame-definition chopper that is located at

9.3 m from the moderator. The heavy integrated radiological shielding that contains all

the ER1 beamline components is not shown in figure V.A.2. After the chopper, a guide

that ends at 21 m from the moderator transports the neutrons to the n+p→d+γ  cave. The

straight supermirror coated guide has the inner cross section of 9.5 cm × 9.5 cm and the

relative reflectivity of m = 3 (m = 1 is the reflectivity of 58Ni coated guide). The glass

neutron guide is held in a steel vacuum tube. There is considerable uncertainty in the

brightness given in Figure V.A.1, and we prefer to use the flux plotted in Figure V.A.4 as
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a function of time-of-flight (TOF) on Flight Path 12, 24.3 m from the source. The neutron

transport calculations were scaled from measurements on Flight Path 11 assuming an

average proton current of 150 µA.  The arrow indicates the TOF of 54.5 ms for 8.9-Å

neutrons at 24.3 m. The flux of 8.9-Å neutrons is 1 x 105 neutrons/ms/pulse/cm2  = 5.4 x

107 neutrons/meV/cm2/s = 1.2  x 107 neutrons/Å/cm2/s.

Figure V.A.2 A 3D-model view of the n+p→d+γ beamline at the Lujan Center.

V.A.4.  Frame-Definition Chopper

An advantage of a spallation neutron source is that TOF can be used to select the neutron

energy. At low neutron energies a frame-definition chopper is used to select the TOF

window of interest. Figure V.A.5. shows an evolution of the flight of the 8.9 Å neutrons

from the source to the EDM experiment in three 50-ms wide frame. A two-blade frame

definition chopper (FDC) is located at 9.38 m from the moderator. For a 45-cm radius

aluminum chopper blade rotating at 20 Hz, it takes 1.88 ms to sweep across the 9.5 cm ×
9.5 cm guide. If the phase of FDC blade is selected so that the guide is fully open when

the 8.9Å neutrons have reached the chopper, the 3.76-ms chopper opening corresponds

Spallation source
and moderator

Shutter

Frame-definition
chopper

End of the neutron
guide at 21 m

Beam stop
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Fig. V.A.3. Floor plan of the EDM experiment on flight path 12 at the Lujan Center.
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Fig. V.A.4.  Neutron flux plotted as a function of TOF at the end of the neutron guide of

Flight Path 12, 24.3 m from the moderator. The next proton pulse comes at 50 ms. The

arrow indicates a TOF of 54.5 ms corresponding to 8.9-Å neutrons at 24.3m and

corresponds to a flux of 5.4 x 107 neutrons/meV/cm2/s.

to neutron energies from 0.88 to 1.25 meV.  When the chopper is closed, the neutrons

will be absorbed by a 0.01 inch thick Gd coating on the aluminum plate. This thickness of

Gd is sufficient to allow only 0.1% of 100-meV neutrons to be transmitted. At lower

neutron energies the neutron-Gd capture cross section increases as 1/v, where v is the

neutron velocity. The brown bands in figure V.A.5. represent the TOF of the fast

neutrons down to 100 meV. Most of these neutrons will not be absorbed by the Gd

coating and have to be removed from the beam in another way.  Figure V.A.5 also

indicates the locations of the n+p→d+γ cave, the Bi filter, the t0 chopper in the n+p→d+γ
beam stop, and the EDM experiment.

V.A.5 Bismuth Filter for Fast Neutrons

A polycrystalline Bragg scattering filter will remove most of the fast neutrons and

gamma rays from a neutron beam. The Bragg filter becomes transparent at wavelengths

greater than 2d, where d is the lattice parameter of the filtering material.  The cut-off

wavelength of Bi is about 6.8 Å. The cut-off is sharp if the filter is cooled to low
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temperatures. A filter length of 20 cm transmits only neutrons with energies less than 1.7

meV (6.8 Å). Figure V.A.6. shows the 20-cm long Bragg-scattering bismuth filter

constructed for use in the experiment. The Bi block is cooled with a cryo-cooler to 14 K.

This filter system was tested during the 2001-test run in the flight path 11A, and the

results obtained relative to transmission data are presented in figure V.A.7. The data are

neutron counts measured by a 6Li-glass scintillator. The long wavelength neutron

spectrum was measured through a 0.031-inch diameter hole in a Cd sheet. The fast

neutron transmission through the Bi filter was obtained by using a piece of a 6Li-loaded

plastic sheet in the front of the hole to remove the low energy neutrons. The absorber was

especially effective on the neutrons from the previous frame, which arrived after the

second proton pulse, at the detector positioned at 23 m.  From these transmission

measurements we can conclude that the transmittance of the short wavelength neutrons

through the Bi filter is about 2% and that the filter has no significant effect on the 8.9 Å

neutron flux.

20 40 80 100 120 140

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

0

np->dγ  cave

t0 chopper in np->dγ  beam stop  

EDM experiment

Time of flight  (ms)

Frame definition chopper at 9.38 m

60

8.9 A

Fig. V.A.5. Timing diagram of the 8.9-Å neutrons from the source to the EDM

experiment.
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Fig. V.A.6   The cryogenic Bragg scattering Bismuth filter.

V.A.6.  Fast Neutron and Gamma Ray Backgrounds

A proton pulse interacting with the tungsten target in the spallation source creates a high-

intensity gamma ray and fast neutron burst that decays in a few milliseconds. In addition

to the gamma rays and fast neutrons, activated beam line components create an additional

small constant gamma ray background. The fast neutrons and gamma rays in the beam

can be removed without affecting the flux of the long wavelength neutrons of interest

with a t0 chopper. The rotor of a typical Lujan t0-chopper is made from 30-cm thick heavy

material like Inconel or tungsten. To minimize the opening and closing times of the

chopper, they normally run at two or three times the repetition rate of the neutron source.

With the t0-chopper located in the n+p→d+γ beam stop, there is about 2 ms separation

between the 8.9-Å neutrons and the tail of the fast neutron pulse, and therefore the high

rotational rate of the chopper will need to be reserved.


