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Chapter 2

Searching for Electric Dipole

Moments with Trapped Atoms

The observation of any permanent electric dipole moment (EDM) of a funda-

mental particle at the presently possible limits of sensitivity would be a sign of

physics beyond the Standard Model (SM). Consequently many different exper-

imental searches for EDM’s are currently underway. EDM’s violate parity and

time reversal symmetries (see Fig. 2.1). The assumption that the combination of

all three discrete symmetries CPT is conserved in nature together with the ob-

served breaking of the combined CP-symmetry yields values for EDM’s within the

Standard Model for all fundamental particles. They are not zero, however several

orders of magnitude below the sensitivity of any presently possible experimental

search.

The search for EDM’s in radium isotopes is one of the major goals of the

TRIµP programme at the Kernfysisch Versneller Instituut (KVI) of the Univer-

sity of Groningen. The TRIµP facility is operational and can produce short-lived

radioactive isotopes [22–35]. In particular, 213Ra has been made in a precursor

experiment [36] to determine production cross sections. In subsequent experi-

ments also a number of neighboring isotopes to 213Ra have been produced at the

TRIµP facility [37]. Due to the high sensitivity of radium isotopes to EDM’s it

is important to survey the possible experimental methods, which could be used

to find such an EDM. In particular the uncertainties of the techniques, which are

currently employed in searches for nuclear EDM’s in 199Hg, can provide guidance

in the design of new experiments, e.g., in radium. Some of the main system-

atic uncertainties are expected to be reduced by changing to a new measurement

technique which uses ultracold trapped atoms. Trapped samples can have much
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6 Searching for Electric Dipole Moments with Trapped Atoms

longer interaction times as compared to atoms in, e.g., atomic beams. This can

be exploited to decrease the statistical and systematic uncertainties of precision

experiments. The approach within the TRIµP programme has two major in-

termediate goals (i) selecting a system with a high intrinsic sensitivity and (ii)

developing better experimental methods with reduced measurement uncertain-

ties.

2.1 Permanent Electric Dipole Moments

Two charges of opposite sign and the same absolute value, q, which are separated

by a distance, −→r , from each other, have an electric dipole moment

−→
d = q · −→r . (2.1)

Its direction points from the negative to the positive charge (see Fig. 2.1). A

more general definition of an electric dipole moment is the first moment of a

charge distribution, ρ(−→r ), i.e.,

−→
d =

∫
ρ(−→r )·−→r d3r, (2.2)

where −→r is the position vector relative to the center of mass of the system. The

dipole moment
−→
d of a fundamental particle has to be proportional to its spin,−→

I , since any contribution orthogonal to the spin direction will be averaged out

to zero. Further, in a quantum mechanical system there can be only one vectorial

quantity to which all other vectors describing the system such as the magnetic

moment and an EDM have to be proportional. Therefore any potential EDM

−→
d ∝ −→

I . (2.3)

Only particles with spin can have an EDM.

Already in 1950 Purcell and Ramsey discovered that the existence of a per-

manent electric dipole moment for a fundamental quantum mechanical object

implies that parity is violated [38]. Later it was realized that EDM’s also violate

T and CP [39,40]. Composed systems may have larger EDM’s compared to their

individual constituents due to features of the internal structure or CP violating

forces in the composed system. Large enhancements have been predicted in par-

ticular for atoms, e.g., radium (Ra) [15], plutonium (Pu) [19], mercury (Hg) [21],

xenon (Xe) [41], radon (Rn) [42], cesium (Cs) [43], ytterbium (Yb) [44], francium

(Fr) [45], gold (Au) [45], actinium (Ac) [46] and protactinium (Pa) [46].
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Fig. 2.1: Parity (P) and time reversal (T) transformations for a particle with an
EDM. The parity operator exchanges the charges and hence changes the direction
of the electric dipole moment, but leaves the spin

−→
I unchanged. The time reversal

operator changes the sign of the spin and leaves the charges in place. In both
cases the resulting particles would have an electric dipole moment opposite in its
direction with respect to the spin as compared to the original particle.

2.2 EDM’s and the Standard Model

The values for EDM’s, which can be derived within the SM, arise from known

CP-violation and are very small. They are below the scale of any present ex-

perimental sensitivities. In contrast, some extensions to the SM, which try to

address various not understood features in particle physics, provide for rather

large EDM’s. Theoretically predicted EDM values in models such as SUSY [6] or

LeftRight symmetry [7] are just below the current bounds on EDM’s (see Table

2.1). There is no preferred system to search for an EDM. In fact, one needs to

investigate different systems to identify any underlying mechanism for an EDM

(see Fig. 2.2).

2.2.1 Worldwide EDM Experiments

Searches for possible EDM’s have been and are being performed on a wide va-

riety of systems. These are atoms (Hg [21], Xe [41], Rn [42], Tl [47], Cs [48],

Ra [49,50]), fundamental particles (electron [51], muon [52] , tauon [53]), nucleons

(neutron [54], proton [55]), molecules (TlF [55], YbF [56], PbO [57]), molecular

ion (HfF+ [58]) and condensed matter systems (Gadolinium Gallium Garnet [59],
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Fig. 2.2: A variety of theoretical speculative models exist in which an EDM
could be induced in fundamental particles and composite systems through different
mechanisms. A combination of measurements can provide access to the underlying
sources of an observed EDM (from [64,65]).

Gadolinium Iron Garnet [60]). To date there is no experimental evidence for a

finite EDM in any system and experiments gave only upper bounds (see Table

2.1). An overview of the current activities to search for EDM’s can be found

in Ref. [64, 65]. An EDM in non-elementary systems can arise from EDM’s of

different fundamental particles and from CP odd or T odd parts in the interac-

tions between them. The origin of an EDM in a composed system is not obvious

from a single measurement of this quantity (see Fig. 2.2). The results from mea-

surements in different systems are complementary to each other and in general

a set of measurements will eventually enable the identification of the underlying

sources of an EDM.

The most sensitive experiments yielding EDM limits were performed in com-

posite systems, e.g., atoms and molecules. Theory will be needed to connect

any future observed finite EDM with the underlying source of symmetry viola-

tion (see Fig. 2.2). The theories are layered in terms of the energy scales of

the interactions. In some cases there are attenuations of the dipole moments,

which are expressed in the values of, e.g., Schiff moments. In other cases large

enhancement factors can be expected, e.g., in some atoms and polar molecules.
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Particle Experimental Limits SM New Physics

Method [e cm] factors factors

to go to go

e Thallium beam < 1.6× 10−27 1011 ≤ 1

[51]

µ Tilt of precession < 2.8 · 10−19 108 ≤ 200

[52] plane in anomalous

magnetic moment

measurement

τ Electric form factor in < 4.5 · 10−17 107 ≤ 1700

[53] e+e− → ττ

events

n Ultra cold neutrons < 2.9 · 10−26 104 ≤ 30

[54]

p 120kHz thallium < 3.7 · 10−23 107 ≤ 105

[55] spin resonance

λo Spin precession in < 3.0 · 10−17 1011 109

[61] motional electric field

νe,µ Inferred from magnetic < 2 · 10−21 - -

[62] moment limits

ντ Z decay width < 5.2 · 10−17 - -

[63]
199Hg Spin precession in < 2.1 · 10−28 ≤ 105 various

[21] external E and B field

Table 2.1: Limits on the EDM’s of different fundamental particles and the systems
in which they have been determined. The factors between the established limits
and the SM predictions as well as the predicted values from extensions to the SM
are included. This table has been adapted from [64,65].
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The largest known atomic enhancement factor for a nuclear or electron EDM was

predicted for radium. For polar molecules enhancement factors of up to 106 can

be expected. However the experimental exploitation of that appears to be very

difficult and could not be demonstrated sufficiently well yet. The most sensitive

measurements for molecules in terms of statistical uncertainty have been reported

for YbF molecules [56]. However, no stringent limit for an EDM has been pub-

lished yet, because the ongoing analysis of systematic uncertainties which could

mimic an EDM signal.

At present the best experimental limit on a nuclear EDM was determined with
199Hg. The upper bound of a possible EDM is 2.1·10−28 e cm (95% c.l.) [21]. The

value for a nucleon EDM in the SM is 10−33 e cm, which is 5 orders of magnitude

below the experimental limit. Nevertheless, some SM extensions are compatible

with a nucleon EDM within a factor of 30 of the present experimental limit. The
199Hg experiment is still in progress and the reduction of systematic uncertainties

due to the measurement process is at the center of the attention.

2.2.2 Principle of an EDM Measurement

A possible principle for an EDM measurement was first described by E.M. Purcell

and N.F. Ramsey [38] and most experiments are based on that idea. A particle

with magnetic moment −→µ = µ · −→I precesses in a magnetic field1,
−→
B , if the spin

−→
I

is orthogonal to the field, i.e.,
−→
I ⊥ −→

B . In an additional electric field,
−→
E , parallel

or antiparallel to
−→
B , i.e.,

−→
E ↑↑ −→B or

−→
E ↑↓ −→B , an extra torque acts on a particle

with an EDM
−→
d [21]. The interaction Hamiltonian, Hem, in the electromagnetic

field is

Hem = ~ ω = −−→µ · −→B −−→d · −→E = −(µ
−→
B + d

−→
E )·

−→
I

|−→I |
, (2.4)

where ω is the precession frequency of the spin
−→
I . An EDM d of a spin I = 1/2

system, such as 213Ra in the atomic ground state, can be determined by measuring

the difference of the two precession frequencies, ω1 and ω2, for the two different

relative orientations of the electric
−→
E and magnetic

−→
B fields (see Fig. 2.3).

ω1 =
(2µ |−→B |+ 2d |−→E |)

~
, (2.5)

ω2 =
(2µ |−→B | − 2d |−→E |)

~
, (2.6)

1Because in this work only vacuum environment is of importance, the magnetic induction−→
B is used synonymously for the magnetic field.



2.2 EDM’s and the Standard Model 11

d

1

B2
=

E2d+
�

1

µ

F = 1/2

m
F 

=1/2

m
F 

= -1/2

�
1

�
2

d
µ

2

B2
=

E2d−
�

2

2
=

E

( )
1

d
4

-�

(a) (b)

(c)

EB EB

Fig. 2.3: Principle of an EDM measurement, where a spin 1/2 particle is al-
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fields orthogonal to its spin, respectively magnetic field. EDM manifests itself as
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∆ω = (ω1 − ω2) =
4d |−→E |
~

. (2.7)

The difference frequency, ∆ω, is proportional to the EDM d and the absolute

strength of external electric field |−→E |

d =
~ ∆ω

4 |−→E |
. (2.8)

The signature of the permanent electric dipole moment is a linear dependence

of the energy splitting ω1 and ω2 of the levels corresponding to the two electric

field
−→
E orientations and hence of ∆ω on the electric field strength |−→E |. It can be

distinguished from induced dipole moments, which show a quadratic dependence

on the electric field [66]. The challenge of a precise experiment is an accurate

measurement of the precession frequencies ω1 and ω2.

2.3 Radium Isotopes

Atomic radium has intrigued theorists in recent years in connection with its

sensitivity to symmetry violations. It appears to be the most sensitive system

in a survey of atomic parity and time reversal symmetry violations in heavy

elements [67]. Different symmetry violating effects have been calculated with high

precision. The discussion here is restricted to EDM’s, although radium isotopes

could also be candidates to measure parity non-conservation in atoms, i.e., the

weak charge or anapole moments [18]. A number of theoretical calculations have

been performed by several groups to calculate the enhancement of a nuclear EDM

and an atomic EDM induced by the nucleus or the electrons in different radium

isotopes [15–19,68–70].

2.3.1 Schiff Moments

The EDM of a nucleus might have two contributions: one is due to EDM’s

of individual nucleons and the other arises from the charge distribution in the

nucleus. In a classical picture the Schiff moment,
−→
S , is defined as a radially

weighted dipole moment due to nuclear charge distribution [71]. For nuclei with

spin I = 1/2 the Schiff moment is [16]

−→
S =

1

10

∫
ρch(

−→r )

(
r2 − 5

3
r2
ch

)
−→r · d3r, (2.9)
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where ρch(
−→r ) is the nuclear charge density, r2

ch is the mean square charge radius.

An atomic EDM arises from the interaction of electrons with the Schiff moment−→
S . The interaction with electron can weaken or enhance a nuclear EDM de-

pending on details of the atomic level structure. Sanders has separated the Schiff

moment in three different parts [72]

1. EDM’s originating from the difference of the r.m.s. distribution of nucleon

EDM’s and nuclear charge,

2. a nucleon EDM due to the charge distribution which vanishes for a spherical

distribution,

3. contributions arising from the relative separation between the center of the

neutron and proton distributions inside a nucleus.

For heavy atoms the spin dependent electron-nucleon interactions as well as the

neutron-neutron and neutron-proton interactions are enhanced due to the large

number of nucleons. This effect deforms the nucleus and the second part of the

Schiff moment becomes the largest contribution in atomic radium. The Hamil-

tonian, HSchiff
edm , due to the Schiff moment S is [18]

HSchiff
edm = 4π S

−→
I

|−→I |
· ∇ρ(r), (2.10)

where 4π∇ρ(r) is the electron part of the operator HSchiff
edm .

2.3.2 Magnetic Quadrupole Moments

The nuclear interaction with the nuclear magnetic quadrupole moment (MQM)

also induces an atomic EDM in the 7s6d 3D2 state of radium. For isotopes with

nuclear spin I ≤ 1 the MQM is zero. The MQM can be as large as the Schiff

moment [18].

2.3.3 Degenerate States of Opposite Parity

States of opposite parity are mixed in an external electric field. The electric field

due to a fundamental EDM can polarize the composed system and the resultant

EDM will be modified. The polarizability of a systems is inversely proportional

to the energy difference between the states of opposite parity. The EDM, d3D2
,
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of the 7s6d 3D2 state is [18]

d3D2
=

< 7s6d 3D2| − e r |7s7p 3P1 > < 7s7p 3P1|HSchiff
edm |7s6d 3D2 >

E(7s6d 3D2)− E(7s7p 3P1)
, (2.11)

where −e r is the electric dipole operator and HSchiff
edm is the EDM operator due

to the Schiff moment (see Eqn. 2.10). This yields an EDM in radium which is

about 105 times larger than the one for 199Hg [18].

The interaction of an electron EDM, de, with the electric field produced by

the nucleus induces also an atomic EDM. The relativistic nature of the nucle-

ons produces an instantaneous electric field effective to the electrons although

the classical shielding theorem is still true. In radium the two close lying op-

posite parity states with identical angular momentum 7s6d 3D1 and 7s7p 3P1

mix stronger due to this interaction compared to the 7s6d 3D2 and the 7s7p 3P2

states. In the 7s6d 3D1 state the EDM is [18]

d3D1
=

< 7s6d 3D1| − e r |7s7p 3P1 > < 7s7p 3P1|H̃edm|7s6d 3D1 >

E(7s6d 3D1)− E(7s7p 3P1)
, (2.12)

with the Hamiltonian, H̃edm, due to the interaction of the electron EDM, de, with

the atomic electric field
−→
E . The Hamiltonian has a form [18]

H̃edm = − deβ(
−→∑

· −→E ), (2.13)

where β is the Dirac matrix and
−→∑

is the relativistic spin operator. Detailed

calculations show that the EDM in the 7s6d 3D1 state of radium is enhanced by a

factor 5370 [18] compared to the electron intrinsic EDM de. Similar enhancement

factors for francium and gold isotopes are 910 and 260, respectively [45].

Furthermore, in some isotopes near the valley of stability, e.g., 223Ra and
225Ra, the interference between known octupole and quadrupole deformations

leads to states of opposite parity in the nucleus. This causes enhancement factors,

which have been estimated to be between 50 and 500 [16,17,19].

2.4 Uncertainties of EDM Measurements

The present limits on EDM’s are not only due to experimental statistical uncer-

tainties of the measurements but also to systematic uncertainties due to limited

control over experimental parameters. In an experiment of the Ramsey and Pur-

cell type any tiny unnoticed fluctuation of the electric field
−→
E or the magnetic
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field
−→
B adds to the uncertainties of the difference frequency ∆ω measurement (see

Eqn. 2.7). The 199Hg EDM experiment at the University of Washington, Seattle,

USA has reached the best sensitivity so far on a ∆ω measurement, which is less

than 1 nHz [73]. The reported EDM limit of 199Hg is 2.1(0.49)(0.40)·10−28 e cm,

where the first uncertainty is the statistical error and the second is due to sys-

tematic uncertainties. The statistical and systematic uncertainties are of the

same size. Any improvement of this result requires a better understanding of the

contributions to the systematic uncertainties. The main sources of uncertainties

are [74]

• Statistical uncertainty

The statistical uncertainty, δω, of the measurement of ∆ω is the ratio of

the mean deviation of the measured precession frequency to the signal to

noise ratio, (S/N). The mean deviation of the precession frequency depends

on the inverse of the spin coherence time, τ , i.e., ∂ω = 2π
τ

. The observable

quantity is measured from an ensemble where a particle flux, F, is observed

over a period, T, which leads to a particle number uncertainty of
√

F T and

(S/N) =
√

F T. Hence the statistical uncertainty of a precession frequency

measurement is

δω =
∂ω

(S/N)
=

2π

τ · √F T
. (2.14)

Thus, the statistical uncertainty for an EDM is

4d =
h δω

2π 4E
=

h

4Eτ
√

F T
. (2.15)

EDM measurements use an ensemble of atoms and extend over longer time

periods for a better statistics. Any inhomogeneity of the electric field over

the sample region and over the period of the measurement introduces a

finite distribution of spin precession frequencies.

• Motional magnetic fields

In measurements in atomic beams or in gas cells the particles are distributed

over a range of velocities. Due to the motion of atoms in the external electric

field
−→
E they experience a different magnetic field

−→
B′ than the external

magnetic field
−→
B . For an atom of velocity −→v the total magnetic field is [75]

−→
B′ =

−→
B +

−→
E ×−→v

c
, (2.16)
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where c in the speed of light. Neglecting the term quadratic in c gives the

strength of the magnetic field [75]

|−→B′| = |−→B |+
−→
E ×−→v

c
·
−→
B

|−→B |
. (2.17)

The motional magnetic field vanishes for parallel or antiparallel electric and

magnetic fields, i.e.,
−→
E ↑↑ −→B or

−→
E ↑↓ −→B . However, the contribution is odd

under reversal of both
−→
E and

−→
B fields. Any small angle ϑ between the

−→
E

and the
−→
B fields leads to a nonzero contribution to the frequency difference

∆ω, which scales with sin ϑ [74]. In order to suppress this systematic effect

two counter-propagating atomic beams in the very same
−→
E and

−→
B fields can

be used [75]. The problem is then shifted to the difference in the velocity

distributions of the atoms in the two beams.

• Ripples in the magnetic field

A fluctuation in the driving current of the coils produces ripples in the

magnetic field
−→
B . The typical magnetic field strength in an EDM exper-

iment is of order 50 mG. A current fluctuation at the ppm/s level would

dominate all other systematic uncertainties. Also magnetic shielding of

the experimental region from the surrounding magnetic fields may not be

ideal. All this adds uncertainties to the measurement of the Larmor pre-

cession frequencies ω1 and ω2 and hence it influences into the precision of

EDM searches. A continuous magnetic field monitoring is therefore indis-

pensable. Typically atoms which are known to have negligible EDM’s but

magnetic moments are used as co-magnetometers in the same volume.

• Leakage current

The leakage current from the electric field plates can produce an additional

magnetic field. This current contributes to the systematic uncertainties

of the magnetic field. For the EDM measurement of 199Hg the reported

leakage current is 0.6 pA. The systematic error contribution was estimated

to 0.14·10−28 e cm, which is about 1/3 of the total systematic error [21].

• Quadratic Stark shift

An applied dc electric field
−→
E introduces a shift in the atomic energy levels

[66], which is known as the Stark shift. The corresponding frequency shift

∆νStark = −1

2

|−→E |2 α

h
, (2.18)
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depends on the polarizibility, α, of the atom and the square of the magni-

tude of the electric field strength. The polarizibility of an atom α is unique

for a particular energy state. For the ground state of 199Hg the frequency

shift due to an electric field of |−→E | = 10 kV/cm is ∆νstark < 2 nHz [21].

• ac stark shift

The levels of atoms experience an ac Stark shift, ∆νac, in an electromagnetic

field. The shift is linearly proportional to the intensity of the laser light and

the precise system dependent expressions are available elsewhere for many

systems of interest, e.g., mercury [74].

The individual contributions to the overall uncertainty are all of the same

order of magnitude. A further reduction of uncertainties requires improvements

of the EDM measurement technique.

2.5 EDM Measurement with Trapped Sample -

Trapping of Barium as a Precursor

Improvements on the uncertainties may be possible with trapped samples of

atoms. In an experiment where atoms under investigation are supplied in a

beam of flux F the number of incoming particles, N, over a duration T is

N =

∫ T

0

F dt. (2.19)

In a trapping experiment the observation time is given by the trap lifetime of the

sample, i.e., T = τtrap. In an atomic beam the characteristic time is the time of

flight through the experimental region, T = τTOF, and in a gas cell the time scale

can be long compared to τtrap and τTOF. In a trap or in a beam the observation

time is larger than the spin coherence time τ , but in a gas cell typically the

observation time is smaller than τ .

The average velocity of trapped atoms is about three orders of magnitude

lower than the velocity of atoms in an atomic beam. The strength of the motional

magnetic field will thus be negligible for trapped samples. In a gas cell the average

velocity of atoms is zero, but asymmetric collisions with the cell walls introduce

a motional magnetic field [21].

The volume of a trapped sample is about three orders of magnitude smaller

than the volume of the experimental region in a gas cell or in an atomic beam.



18 Searching for Electric Dipole Moments with Trapped Atoms

The strengths of an external electric field
−→
E and a magnetic field

−→
B can be

expected to be more homogenous over a small volume. The orientation of the

spin
−→
I of individual particles relative to the electric field

−→
E would be isotropic

in a trapped sample which reduces the mean deviation ∂ω of the spin coherence

time τ .

Leakage currents can be expected to be suppressed in the vicinity of a trapped

sample in an ultra high vacuum environment. Electric fields up to |−→E | ' 100

kV/cm can be applied, which is beyond the technical possibilities of most other

experimental principles. The signal of an EDM would be proportional to |−→E | and

therefore bigger.

In particular for rare isotopes an efficient collection trap is advantageous for

exploiting a large fraction of the atomic flux. An advanced setup with a trapped

sample of a radium isotope will be indispensable for a competitive EDM search.

Radium atom trapping has been reported [76] recently. However, in this experi-

ment a trapping efficiency of only 7 · 10−7 for the rare isotopes could be achieved

sofar, due to peculiarities in the atomic level scheme of radium. The efficiency

needs to be improved significantly for a future precision experiment.

The development of the necessary techniques for cooling and trapping can

better be performed with an atomic species of similar atomic level scheme which

is sufficiently abundant and not radioactive. The similarities in the level schemes

of radium and barium (see Figs. 1.2 and 1.1) provide the opportunity to use

barium as a precursor for developing an EDM experiment. In particular the

methods for efficient laser cooling and trapping can be worked out as the first

step in an EDM search project. A new EDM measurement scheme with trapped

atoms can then be developed with the stable barium isotopes as well. Although

barium isotopes exhibit no strong enhancement factors for possible EDM’s, a

trapped barium sample will be a powerful tool to study systematic uncertainties

and limitations of such new experimental searches for EDM’s.




