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Enhancement of nuclear Schiff moments and time-reversal violation in atoms
due to soft nuclear octupole vibrations
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Parity and time invariance violating (P,T-odd! nuclear forces produceP,T-odd nuclear moments, for ex-
ample, the nuclear Schiff moment. In turn, this moment can induce electric dipole moments~EDMs! in atoms.
We estimate the contribution to the Schiff moment from the soft collective octupole vibrations existing in many
heavy nuclei. Two possible mechanisms are considered, mixing of the ground state of an odd-A nucleus with
the octupole phonon state, andP,T-odd admixture to the single-particle wave function of the valence nucleon.
We found practically the same contribution to the Schiff moment as that of the static octupole deformation
calculated earlier. This confirms a suggestion that the soft octupole vibrations can replace the~controversial!
static octupoles in development of the collective Schiff moments. The values of atomic EDM predicted for
223,225Ra and 223Rn are enhanced by factors 102–103 compared to experimentally studied spherical nuclei
199Hg and 129Xe.
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I. INTRODUCTION

A discovery of the static electric dipole moment~EDM!
of an elementary particle, atom, or atomic nucleus wo
reveal@1# the simultaneous violation of the invariance wi
respect to spatial inversion (P) and time reversal (T ). The
best limit on nucleon-nucleon interactions violating par
and time invariance (P,T-odd forces!, as well as quark-quark
P,T-odd interactions, has been obtained from the meas
ment of the atomic EDM in199Hg @2# calculated in Ref.@3#.
According to the Schiff theorem@1,4,5#, the nuclear EDM is
screened by atomic electrons. The EDM of an atom w
closed electron subshells is induced by the nuclear Sc
moment@6# that is defined as a mean square radius of
dipole charge distribution with the contribution of the cen
of charge subtracted,

S5
e

10F ^r 2r &2
5

3Z
^r 2&^r &G . ~1!

Here ^r n&[*r(r )r nd3r are the moments of the nuclea
charge density operatorr. The expectation values of th
P-odd vector operatorŝr r 2& and ^r & do not vanish due to
the P,T-odd contribution to the charge density whi
^r 2&/Z5r ch

2 is the nuclear mean square charge radius.
As a consequence of the rotational invariance, the e

tence of the nonzero Schiff moment requires a nonz
nuclear spinI ,

S5^S•I &
I

I ~ I 11!
. ~2!

The existence of the pseudoscalar expectation value^S•I &
evidently requires parity violation.P violation alone is insuf-
ficient since, in the case of unbrokenT invariance, this ex-
pectation value vanishes~it changes sign in the time-reverse
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state with the opposite projectionI z while the scalar value
cannot depend on projections!. However, joint action ofP
and T violation can be enhanced by theP violation due to
P-odd T-even weak interactions.

In a search for nuclear structure mechanisms of the
hancement, it was pointed out in Ref.@7# that some actinide
nuclei have a level of opposite parity and the same spin c
to the ground state, and this may enhance the level mix
and the resulting nuclear EDM. In Ref.@6# a similar sugges-
tion was put forward for the enhancement of the Schiff m
mentS. It was noticed in Ref.@8# that, in contrast toP-odd
T-even forces, the parity doublets present for a static p
shaped deformation can be directly mixed byP,T-odd
forces. This mixing might be enhanced because of close
trinsic structure within the doublet and relatively small e
ergy splitting. As shown in Refs.@9,10#, nuclei with static
octupole deformation may have enhanced collective Sc
moments up to 1000 times larger than the Schiff moment
spherical nuclei. An additional enhancement factor appe
in this case due to the large static intrinsic Schiff moment
the body-fixed frame which is proportional to the collecti
octupole moment. A recent more microscopic considerat
for 225Ra @11#, taking into account core polarization effect
confirmed, up to a factor of 1.5–2, the physical reliability
such enhancement. The remaining uncertainties are
nected with the choice of the forces forming the mean fi
and time-odd residual forces, theoretical limitations of t
current description of nuclear structure, exact nature
T-violating interaction, and so on. However, the presence
the enhancement mechanism seems to be established. A
same time, the recent calculations along similar lines a
with a similar level of uncertainty for a presumably spheric
nucleus 199Hg @12# do not reveal any octupole-related e
hancement.

It was suggested in Ref.@13# that the soft octupole vibra
tions observed in some regions of the nuclear chart may
©2003 The American Physical Society02-1
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duce an enhancement similar to that due to static octu
deformation. This would make heavy atoms containing s
nuclei with large collective Schiff moments attractive for f
ture experiments in search forP,T-violation; experiments of
this type are currently under progress or in preparation
several laboratories. Below we perform the estimate of
Schiff moment generated in nuclei with the soft octupo
mode and show that the result is nearly the same as in
case of the static octupole deformation. We consider
simultaneously acting mechanisms, mixing of the grou
state of the odd-A nucleus with the one-phonon octupo
state ~‘‘core excitation’’! and mixing of the single-particle
wave function of the valence unpaired nucleon with levels
opposite parity through the dynamical octupole deformat
~‘‘particle excitation’’!. Our analytical estimates are based
well known general properties of nuclear structure rat
than on specific assumptions concerning the model par
eters.

II. COLLECTIVE NUCLEAR SCHIFF MOMENT

Consider a nucleus with two levels, ground stateug.s.&
and excited stateux&, of opposite parity and close energie
Eg.s. and Ex , respectively. LetW be aP,T-odd interaction
capable of mixing these unperturbed states. Assuming
the mixing matrix elements ofS andW are real, we can write
down the Schiff moment emerging in the actual mix
ground state as

S52
^g.s.uWux&^xuSug.s.&

Eg.s.2Ex
. ~3!

However, as it was explained in Ref.@6#, in the case of
mixing of closely lying single-particle states one should n
expect a large enhancement. For example, in a simple
proximate model, where the strong nuclear potential is p
portional to nuclear density and the spin-orbit interaction
neglected, the matrix element^g.s.uWux& contains the single-
particle momentum operator and is proportional to (Eg.s.
2Ex) so that the small energy denominator cancels out.
mentioned above, the collective Schiff moments in nuc
with static octupole deformations may be by two to thr
orders of magnitude stronger than single-particle moment
spherical nuclei.

The mechanism generating the collective Schiff mom
is the following@9,10#. In the ‘‘frozen’’ body-fixed frame the
intrinsic collective Schiff momentSintr can exist without any
P,T-violation. However, in the space-fixed laboratory fram
the nucleus has a certain angular momentum rather than
entation, and this makes the expectation value of the Sc
moment vanish in the case of noP,T-violation. Indeed, the
intrinsic Schiff moment is directed along the nuclear ax
Sintr5Sintre, and in the laboratory frame the only possib
correlation ^e&}I violates parity and time reversal invar
ance. TheP,T-odd nuclear forces mix rotational statesuI ,
6& of the same spin and opposite parity and create an a
age orientation of the nuclear axise along the nuclear spinI ,
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KM

I ~ I 11!
, ~4!

where

a5
^I 2uWuI 1&

E12E2
~5!

is the mixing amplitude of the states of opposite parity,K
5uI•eu is the absolute value of the projection of the nucle
spin I on the nuclear axis, andM is the spin projection onto
the laboratory quantization axis. The observable Schiff m
ment in the laboratory frame is then related to the intrin
moment as

Sz5Sintr^ez&5Sintr

2aKM

I ~ I 11!
. ~6!

To estimate the intrinsic Schiff moment, we use the st
dard description of the surface of an axially symmetric d
formed nucleus in the body-fixed frame in terms of the m
tipole deformation parametersb l ,

R~u!5RF11(
l 51

b lYl0~u!G . ~7!

In order to keep the center of mass at the origin we have
fix b1 @14#:

b1523A 3

4p(
l 52

~ l 11!b lb l 11

A~2l 11!~2l 13!
. ~8!

We assume that the center of the charge distribution c
cides with the center of mass, so that the electric dip
moment vanishes,e^r &50, and hence there is no screenin
contribution to the Schiff moment@no second term in Eq
~1!#. We also assume a constant density forr ,R(u). The
intrinsic Schiff momentSintr is then@9,10#

Sintr5eZR3
3

20p (
l 52

~ l 11!b lb l 11

A~2l 11!~2l 13!

'
9

20pA35
eZR3b2b3 , ~9!

where the major contribution comes from the productb2b3
of the static quadrupole,b2, and octupole,b3, deformation
parameters. Forb2;b3;0.1 and Z588 ~Ra! we obtain
Sintr;10e fm3. The estimate of the Schiff moment in th
laboratory frame@K5M5I in Eq. ~6!# gives @10#

S5Sintr

2aI

I 11
;0.01

I

I 11
eb2b3

2ZA2/3
hG

mr0~E12E2!
,

~10!

where hG is the strength constant of theP,T-odd nuclear
potential, traditionally introduced with the aid of the Ferm
weak interaction constantG, R5r 0A1/3, A is the nuclear
mass number, andr 0'1.2 fm is the internucleon distance
2-2
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For the isotope 225Ra, where E12E2555 keV and I
51/2, this analytical estimate gives the Schiff momentS
;500 in units 1028h e fm3 ~even bigger value is given b
Ref. @11# but we have already mentioned that uncertainties
parameters and limitations of theoretical approaches lead
factor ;2 accuracy of the numerical results!; for 223Ra
(E12E2550 keV,I 53/2) S;1000. The numerical calcu
lation @10# givesS5300 for 225Ra, 400 for223Ra, and 1000
for 223Rn. To indicate the accuracy of the calculation w
should note that the difference between the values obta
for the Woods-Saxon potential~presented above! and Nilsson
potential is within a factor of 2@15#.

The values we obtained are few hundred times larger t
the Schiff moment of a spherical nucleus such as HgS
521.4). An additional enhancement of the atomic ED
appears due to the greater nuclear charge in Ra and Rn
close atomic states of opposite parity@16,17#. Accurate
atomic calculations of the EDM for atoms of Hg, Xe, Ra, R
and Pu have been performed in Ref.@18#.

T- and P-odd nuclear forces can also produce enhan
collective magnetic quadrupole@19# and octupole@20# mo-
ments. Although these moments cannot induce the EDM
the ground state of the closed-shell atoms such as Xe,
Rn, and Ra, they can contribute to the EDM of metasta
excited states or of the ground states in open-shell atom

Note that the Schiff momentS in Eq. ~10! is proportional
to the squared octupole deformation parameterb3

2. Accord-
ing to Ref. @13#, in nuclei with a soft octupole vibration
mode the dynamical octupole deformation is of the order
^b3

2&;(0.1)2, i.e., the same as the static octupole deform
tion in pear-shaped nuclei. This means that a numbe
heavy nuclei can have large collective Schiff moments
dynamical origin. An estimate of these moments is the m
subject of the present paper.

III. SCHIFF MOMENT PRODUCED BY SOFT OCTUPOLE
VIBRATIONS

A fully microscopic calculation of the Schiff moment i
odd-A actinides, even with the aid of simplifying model
such as the particle-plus-rotor model@21#, is very compli-
cated, requires also the solution of the random phase
proximation for the soft octupole mode in adjacent eve
even isotopes, and contains many uncertainties in the ch
of the parameters. For our purpose of estimating the ma
tude of the effect we use below simple analytical argume

The intrinsic nuclear octupole moment in the body-fix
frame is given by@14#

Ointr5eE rr 3Y30d
3r'

3

4p
eZR3b3 . ~11!

The intrinsic Schiff momentSintr , Eq. ~9!, is then

Sintr5
3

5A35
Ointrb2 . ~12!

This relation allows us to approximately express the ma
elements of the Schiff moment operator in odd-A nuclei with
03550
n
a

ed

n

nd

,

d

in
g,

le

f
-

of
f

in

p-
-
ice
i-

s.

x

static axially symmetric quadrupole deformationb2 in terms
of the matrix elements of the octupole operator which can
extracted from the observed probabilities of the octup
transitions in an even-even neighbor. In a similar way, a
characteristic of the effective dynamic deformation para
eterb3 in a soft nucleus, it is convenient to use the rms va
extracted from the reduced octupole transition probabi
B(E3) @22#,

B~E3!0→35u^1uOintru0&u2'S 3

4p
eZR3D 2

^b3
rms&2. ~13!

Here u1& is a low-lying collective~‘‘one-phonon’’! octupole
excited state.

To find theP,T-odd Schiff moment~3! we need to know
the matrix elements of theP,T-odd nucleon-nucleon interac
tion. To the first order in the velocitiesp/m, the P,T-odd
interaction can be presented as@6#

Ŵab5
G

A2

1

2m
„~habsa2hbasb!•“ad~ra2rb!

1hab8 @sa3sb#•$~pa2pb!,d~ra2rb!%…, ~14!

where$,% is an anticommutator,G is the Fermi constant o
the weak interaction,m is the nucleon mass, andsa,b , ra,b ,
and pa,b are the spins, coordinates, and momenta, resp
tively, of the interacting nucleonsa andb. The dimensionless
constantshab and hab8 characterize the strength of th
P,T-odd nuclear forces; experiments on measurement of
EDMs are aimed at extracting the values of these consta

In the context of our problem one can envisage two e
cient mechanisms generating the observableP,T-odd effects.
First, the octupole component of theP,T-odd field produced
by the valence nucleon can excite the soft octupole excita
in the core. For brevity we will call this mechanism co
excitation. The second mechanism suggested in Ref.@13#,
particle excitation, results from the dynamic octupole def
mation of the nuclear mean field that mixes the oppos
parity orbitals of the valence nucleon and leads to a non
nishing expectation value of theP,T-odd interaction in the
fixed-body frame. As we will show, the value of the Sch
moment induced by the second mechanism is practic
identical to that obtained earlier in Refs.@9,10# for the case
of static octupole deformation. We start with the estimate
the first mechanism.

A. Core excitation

Let us consider the interactionWab between the valence
nucleonb and the even-even core containing paired nucle
a. Under the assumption that the collective octupole exc
tion does not involve spins of the individual core nucleon
we will keep only the terms that do not contain spin ope
tors sa being related to the spin current of the extern
nucleon. Using the contact nature of interaction~14! and
taking the matrix element over the statecb of the external
nucleonb, we can present the operator acting onto the c
nucleons in the following form:
2-3
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Ŵa52
Ghba

A2

1

2m
@“a•cb

†~ra!sbcb~ra!#. ~15!

The operatorŴa contains the octupole component propo
tional to the operatorÔintr5r 3Y30 and responsible for the
collective excitation. To extract this component, we proj
out the octupole operator in the intrinsic frame,

Ŵa5CaÔintr1•••, ~16!

where the amplitude of this component, the contribution o
core nucleona to the octupole mode, is

Ca5
^ÔintruŴa&

^ÔintruÔintr&R

. ~17!

Here we omitted the electric chargee from the definition of
the octupole operatorÔintr since we assume that it acts bo
on protons and neutrons~an isoscalar octupole mode!. In the
collective transition to the excited octupole state the ma
element of the octupole operatorÔintr is enhanced. There
fore, we assume that we can neglect all terms in expan
~16! except for the one written down explicitly.

For calculating the projection constantC we assume tha
the amplitude of the octupole vibrations is small compared
the nuclear radius so that the operatorÔintr5r 3Y30 is acting
effectively only within the nucleus,Ôintr50 for r .R1d
whered!R is some small distance. This allows us to intr
duce the normalized ‘‘octupole’’ state const3r 3Y30 and con-
sistently define the projection procedure. In this case

^ÔintruÔintr&R5E
0

R

r 6Y30
2 d3r 5R9/9, ~18!

and

^ÔintruŴa&5
Ghba

A2

1

2mE cb
1~r !scb~r !•~“r 3Y30!d

3r

5
9A7

40A2p

Ghba

m
R2F. ~19!

Here we introduced the expectation value over the orbita
the external nucleon,

F5
^r 2@5nz

2sz2sz12nz~s•n!#&

~3/5!R2
, ~20!

where n5r /r is the unit vector,nz5cosu. Note that^r 2&
'3R2/5, thereforeF;1. In the case of223,225Ra, assuming
that the unpaired neutron is in the~asymptotic! Nilsson or-
bital 1/2@631# with sz511 or 21, we would get uFu
'0.3. For a purels stateu lm6& with ml5m,sz56(1/2),
this factor is given by
03550
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^ lm6uFu lm6&562
l ~ l 11!23m2

~2l 13!~2l 21!

^r 2&

~3/5!R2
. ~21!

Here the angular factor in front of^r 2&/(3R2/5) changes for
even l from 4/7 to 1/2 if m50 and from22/7 to 21/2 if
m51. For the realistic Nilsson wave functions with th
quadrupole deformation around 0.15 or 0.2, the spin-orb
coupling is important, and the wave function of the valen
neutron is a superposition of several spherical orbitalsu l ,m
71/2,61/2&. For example, the orbital 1/2@631# has seven
main componentsuNlmsz& of comparable magnitude, wher
N is the major oscillator quantum number,

u1/2@631#&' (
l 50,2,4,6

al u6l0 1/2&1 (
l 52,4,6

bl u6l121/2&.

~22!

Although the last item in the numerator of expression~20!
contains the matrix elements withDsz561 and is sensitive
to the interference of thesz56 components that might be
constructive or destructive, the quantityuFu is typically be-
tween 0.1 and 0.6. For the specific values of the parame
al and bl corresponding to the Nilsson wave functio
1/2@631# at b250.21, we come toF520.32, very close to
the asymptotic estimate.

Combining the equations above we obtain the effect
octupoleP,T-odd operator

Ŵoct5
^ÔintruŴa&

^ÔintruÔintr&R

Ôintr5
81

40
A 7

2p

GhbaF

mR7
Ôintr . ~23!

Using Eq. ~13! for the proton induced transition and sum
ming over proton and neutron contributions to the octup
excitationuoct&, we obtain the expression for the weak m
trix element in the body-fixed frame,

^g.s.uWuoct&5
81

40
A 7

2p

GhbF

mR7
AR3

3

4p
b3

rms, ~24!

where hb5(Z/A)hbp1(N/A)hbn , b5n for the external
neutron orb5p for the external proton.

The transition from the body-fixed frame to the laborato
frame for the vector Schiff moment gives, as in Eq.~4!, an
extra factorKM /I (I 11) that, for the ground nuclear stat
K5M5I , is equal toI /(I 11). Collecting all factors we
obtain the Schiff moment due to the octupole collective
brations:

S5
2I

I 11

^g.s.uWuoct&^octuSug.s.&
DE

, ~25!

S50.025F
I

I 11
eb2~b3

rms!2ZA2/3
hbG

mr0DE
, ~26!

whereDE5Eg.s.2Eoct, or, in appropriate numerical units,
2-4
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S5
Z

94S A

230D
2/3 b2

0.2S b3
rms

0.1 D 2 ~5/3!^r 2&

R2

50 keV

DE

I

I 11

3F~565031028!eh fm3. ~27!

The ratio of this dynamical~vibrational! octupole contribu-
tion Ssoft to the static octupole contributionSstat in the de-
formed case~10! is equal to

Ssoft

Sstat
52.5F

~b3
rms!2

~b3
stat!2

'
~b3

rms!2

~b3
stat!2

. ~28!

This means that the dynamical deformation due to lo
frequency octupole vibrations produces nearly the same
fect as the static octupole deformation. As seen from
~28!, the mechanism we consider is based essentially on
ratio of the dynamic amplitude (b3

rms)2 defined by the tran-
sition probability~13! in the even-even core~the latest com-
pilation of these probabilities can be found in Ref.@23#! to
the mixing energyDE in the odd-A neighbor. Although these
quantities are not rigidly inter-related, they are typica
changed synchronously due to a well known correlation
strong collectivity with lower excitation energies. In th
ground state of a harmonic oscillator the vibrational amp
tude is proportional tov21/2 so that^b2&}1/v, as it is in
average the case for both quadrupole and octupole low-ly
vibrations in nuclei@24,25#.

When doing numerical estimates for heavy nuclei we
sumeb3

rms5b3
stat50.1 @9,10,13#. This gives numerical value

~in the units of 1028h e fm3) for the Schiff moments of
223Ra and 225Ra, S5700 and 400, correspondingly;S
51000 @26# for 223Rn; and in the interval 100–1000 fo
223Fr, 225Ac, and other nuclei with the low octupole mod
DE,100 keV, i.e., close to the values@9,10# obtained in the
numerical calculations for the static octupole deformati
Our value for 239Pu with b250.223 andDE5470 keV is
S'180F, smaller than the estimatesS(Pu)5300S(Hg)
'420 presented in Ref.@13#.

It was also found in Ref.@13# that the contribution of the
octupole vibration to the199Hg Schiff moment is about hal
of its shell-model value. Strictly speaking, our formula is n
applicable for this case since199Hg, probably, has no quad
rupole deformation. However, for an estimate we can t
b250.1 assuming that a similar contribution may appear d
to the interaction with soft quadrupole vibrations. Nuc
225Ra and 199Hg both haveI 51/2. The octupole transition
energy in199Hg is unknown and was estimated as 3 MeV
Ref. @13#; almost certainly it is higher than 1.5 MeV. Th
octupole strength is known from Coulomb excitation
226Ra @27#, B(E3;01→31

2)51.14e2b3, while in the Pt-Hg
region there is a Coulomb excitation result@28# for 198Pt,
B(E3;01→31

2)50.08e2b3. With those representative num
bers, in the case of199Hg we lose a factor of;16 due to the
quadrupole deformation and octupole strength and at lea
factor of 30 due to the energy denominator. This gives
octupole contribution to the199Hg Schiff moment between
0.4 and 0.8. The shell-model contribution is21.4. This es-
timate shows that the octupole contribution should not p
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duce any dramatic changes in the199Hg Schiff moment~in
fact, this conclusion agrees with that of Ref.@13#!.

B. Particle excitation

In the previous consideration the orbital of the valen
nucleon in the mean field of a normal quadrupole deform
tion was fixed. In order to estimate the contribution of t
above mentioned second mechanism related to the mixin
single-particle orbitals by the octupole mode, we assume
the octupole component of the strong nuclear Hamilton
can be estimated in terms of octupole-octupole forces@14# as
b3V3, whereb3 acts on the core variables exciting octupo
vibrations whileV35 f (r )Y30 is the perturbation acting on
the valence nucleons. For the small amplitudeb3 , f (r ) is
proportional to the derivative of the mean nuclear potent
As pointed out in Ref.@13#, this interaction mixes the groun
state ul;0& of an odd-A nucleus~a valence particle on a
single-particle orbitall and the even-even core in the groun
state! with the excited statesun;1& that contain a particle in
an orbitaln of opposite parity and a phonon of the octupo
mode. To the first order in this mixing, the new ground st
is

u0̃&5ul;0&1(
n

cnun,1&. ~29!

The admixture coefficients are given by

cn5
^1ub3u0&~V3!nl

el2en2\v
, ~30!

whereel and en are single-particle energies whereas\v is
energy of the octupole core excitation. Similarly, the unp
turbed one-phonon stateul;1& also acquires new compo
nents being converted into

u1̃&5ul;1&1(
n

cn8un;0&, ~31!

where

cn85
^0ub3u1&~V3!nl

el2en1\v
, ~32!

and we omit the two-phonon admixtures irrelevant for o
purpose.

The statesu0̃& and u1̃& can be mixed by the effective
P,T-odd potentialW averaged, in distinction to the previou
case of Eq.~15!, over the core nucleons. For a convention
definition of angular wave functions, the matrix elements
b3 ,V3, andW are real, and the mixing matrix element is

^0̃uWu1̃&5^1ub3u0&(
n

2~el2en!

~el2en!21~\v!2
Wln~V3!nl

[^1ub3u0&^0̃uW0u0̃&, ~33!
2-5
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where the single-particle matrix elements can be renorm
ized by the pairing correlations. In the limit of a soft oct
pole mode, when (\v)2 is small compared to the typica
single-particle energy intervals (el2en)2 between the orbit-
als of opposite parity, the latter expression coincides with
result for the static octupole deformation found in Ref.@10#.
This leads to a conclusion that the second mechanism in
presence of the soft octupole mode provides the Schiff m
ment

S2'
2I

I 11

u^1ub3u0&u2

DE

9

20pA35
eZR3b2^0̃uW0u0̃& ~34!

that can be described by Eq.~10!, derived for the static oc-
tupole contribution, with the replacement of (b3

stat)2 by
(b3

rms)25u^1ub3u0&u2. It is easy to explain this result. For a
adiabatically slow vibrational motion, we can calculate t
weak and Schiff moment matrix elements at a fixed value
b3 and then average overb3. This conclusion holds for the
first mechanism as well. Indeed, keeping the linear inb3
terms, we can present the effectiveP,T-odd potentialW av-
eraged over the core nucleons asW5W01b3W3. This leads
to the following contribution of the octupole weak field:

S2'
2I

I 11

u^1ub3u0&u2

DE

9

20pA35
eZR3b2^0uW3u0&. ~35!

Here the expectation value is taken over the ground stal
of the valence nucleon (^0uW3u0&5^luW3ul&). Again, the
replacement of (b3

rms)25u^1ub3u0&u2 by (b3
stat)2 reduces the

dynamical problem to the static one. The final result for
first mechanism contribution was given in Eq.~26!.

IV. FROM NUCLEAR SCHIFF MOMENT TO ATOMIC EDM

Finally, we should calculate the atomic electric dipole m
ments induced by the nuclear Schiff moments.

The atomic EDM is generated by theP,T-odd part of the
nuclear electrostatic potentialw(r ). The potential produced
by the pointlike Schiff moment is usually presented in t
form @6# proportional to the gradient of thed function at the
origin,

w~r !54pS•“d~r !. ~36!

The natural generalization of the Schiff moment potential
a finite-size nucleus is@29#

w~r !523~S•r !
n~r !

B
, ~37!

where B5*n(r )r 4dr'R5/5, R is the nuclear radius, an
n(r ) is a smooth function which is 1 forr ,R2d and 0 for
r .R1d while d!R is some small distance;n(r ) can be
taken as proportional to the nuclear density. Potential~37!
corresponds to a constant electric fieldE inside the nucleus
that is directed along the nuclear spin,E}I . The interaction
2ew mixes electron orbitals of opposite parity and produc
EDMs in atoms.
03550
l-

e

he
-

f

e

-

r

s

In Ref. @18# we have performed atomic calculations of th
coefficientsk that define the atomic EDMd in terms of the
Schiff moments,

d5k310217S S

e fm3D e cm. ~38!

The factorsk rapidly grow with the nuclear charge that lea
to an additional enhancement in Ra,k528.5, and Rn,k
53.3, in comparison with the lighter electronic analog, H
k522.8, and Xe,k50.38.

We have estimated above the individual contributions
two possible mechanisms for the enhancement of orig
P,T-odd interactionsW by nuclear soft octupole degrees
freedom. The virtual core excitation and the mixing
single-particle states work in fact together and lead to
resulting enhancements of the same order of magnitude
principle, they may involve different parts of the interactio
W. The detailed calculation of the total result is subject
many uncertainties both on the fundamental and nuc
structure levels; this should be studied separately. Howe
there is no physical reason for expecting their strong can
lation. As we have seen in the consideration of the core
citation mechanism, the exact magnitude of the result
Schiff moment is quite sensitive to the details of the valen
single-particle wave function in the presence of spin-or
coupling, whereas the second mechanism is determ
mainly by the intruder orbits of opposite parity. With n
accidental cancellation, the resulting Schiff moment will
of the same order of magnitude as each of the contributio
Taking some conservative ‘‘minimal’’ values of the Schi
moments for the different methods of calculations~static
analytical, static numerical, soft analytical!, we obtain the
values of the atomic electric dipole moments given in Ta
I. This may be compared with typical values of the induc
dipole moment predicted for spherical nuclei,d54 and d
50.7 for 199Hg and 129Xe, respectively.

To conclude, we made analytical estimates for the nuc
Schiff moment in nuclei known as soft with respect to t
octupole excitation mode. We found a strong enhancemen
the average magnitude close to what was found for nu
having static octupole deformation. There are several fac
which contribute to this enhancement. Mainly, they are sm
energy interval between the opposite parity states and la
amplitude of vibrations in the case of the soft octupole mo
Effectively, the enhancement factor can be presented as c
3(E/\v)2, whereE is the intershell distance in spheric

TABLE I. Estimates for the nuclear Schiff momentSand atomic
electronic dipole momentd.

Nucleus S,1028hn e fm3 d,10225e cmhn

225Ra 300 2500
223Ra 400 3400
223Rn 1000 3300
2-6
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nuclei, v is the frequency of the octupole mode and co
.0.1. The value of the Schiff moment is typically 102–103

in units of 1028he fm3; it leads to the prediction of the en
hancement of the atomic EDM of the order of few hundr
as compared to spherical nuclei. The accuracy of our ana
cal estimates is expected to be on the level of a facto
Unfortunately, current microscopic calculations, being s
nificantly more complicated, have a similar magnitude
uncertainty.

A related idea should be explored in the future: it
known that some nuclei are soft with respect to both qu
rupole and octupole modes, see, for example, recent pre
tions for radioactive nuclei along theN5Z line @30#. The
light isotopes of Rn and Ra are spherical but with a s
quadrupole mode and therefore large amplitude of qua
pole vibrations. The spectra of these nuclei display long q
sivibrational bands based on the ground state and on
n
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et

d

;

ea

om
in
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octupole phonon, with positive and negative parity, resp
tively. These bands are connected via low-energy elec
dipole transitions. This situation seems to be favorable
the enhancement ofP,T-odd effects.
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