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Polarization associated with the coupling to isoscalar dipole compression mode
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The effect of core polarization on isoscalar dipole one-particle moments due to the coupling with isoscalar
giant dipole resonance~compression mode! is estimated. Numerical calculations with the core nucleus82

208Pb126

show that a small enhancement of one-particle moments is obtained, of which the magnitude depends sensi-
tively on relevant one-particle orbitals. The results are important for a microscopic understanding of the
electric dipole moments~Schiff moments! measured for nuclei in this mass region.

PACS number~s!: 21.10.Re, 21.60.Jz, 23.20.Js, 27.80.1w
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The most precise limit on the electric dipole moment
the ground state of an isolated atomic system is the valu
d,1.3310227 e cm obtained for the ground state of199Hg
@1#. A nonzero value for this electric dipole moment can on
occur through interactions which violate both parity cons
vation and time-reversal symmetry. The limit on the atom
dipole moment sets limits on the hadronic, semileptonic,
purely leptonicP-odd andT-odd weak interactions. The had
ronic part associated with the electric dipole moment of
199Hg nucleus manifests itself through the Schiff mome
which is the first nonzero term in the expansion of t
nuclear electromagnetic potential after including the scre
ing of the atomic electrons@2,3#. The Schiff moment can be
interpreted in terms of theP-odd andT-odd quark-quark in-
teraction only when the nuclear structure and nucleon st
ture aspects are understood. A limit which is not so prec
as in the case of199Hg has also been obtained for the dipo
moment of the203,205Tl atom @4#. The nuclear structure as
pects of these Schiff moments has to date only been b
upon qualitative models@5#.

The purpose of this paper is to initiate a microscopic
proach to the calculation of these Schiff moments within
framework of the nuclear shell model. In particular, in th
paper we study the core-polarization corrections to
single-particle Schiff moments. The operator for the Sch
moment is@3#
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^r 2&r i DY1m~ r̂ i !, ~1!

whereei is e for a proton and zero for a neutron. We calc
late the effective charges~core polarizations! associated with
the coupling of single-hole states in208Pb to the collective
excitation of the isoscalar giant dipole resonance~compres-
sion mode!, which is an excitation closely connected wi
the Schiff operator. This is an important element in the f
many-body calculation for199Hg and other nuclei around
208Pb. 199Hg, for example, would be treated as two prot
holes and seven neutron holes in a closed-shell configura
for 208Pb. The many-body aspects of this calculation w
require a large-basis shell model calculation. With the
wave functions the many-particle Schiff moment can be
duced to a linear combination of the single-particle Sch
0556-2813/2000/62~2!/024318~5!/$15.00 62 0243
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moments considered here. Such many-body calculations
205Tl were discussed in Ref.@6# where the 3s1/2 proton
single-particle contribution was found to dominate. The c
culations for 199Hg have not yet been carried out, but w
expect that the 3p1/2, 3p3/2, and 2f 5/2 neutron orbitals will
be the most important terms for the Schiff moment.

The weak interaction between nucleons enters in a sim
way as for the anapole moments@6#. For example, the Schiff
moment for the 3p1/2 neutron-hole state is related to th
weak interaction mixing ofns1/2 neutron states. In this cas
the matrix elementŝns1/2uSu3p1/2& are zero~since the neu-
tron charge is zero! and all of the contribution will come
from the core polarization of the protons in the core. For
proton-hole states, 3s1/2, for example, the Schiff momen
will arise both from the valence proton matrix elemen
^np1/2uSu3s1/2& and from core polarization. In the many
particle calculations for199Hg and 206Tl, one will also need
to include matrix elements of the type^nd3/2uSu3p1/2& and
^np3/2uSu3s1/2&.

Because of the large transition moments associated
collective excitations, the particle-vibration coupling giv
rise to important modifications in the effective one-partic
moments. It is known that the static polarization effect p
duced by an attractive coupling is generally in phase with
single-particle moment, while a repulsive coupling impli
opposite phase for the polarization effect and the sing
particle moment. In the case of electric quadrupole tran
tions we have sufficient experimental informations on t
properties of isoscalar and isovector shape-oscillation g
resonances~namely,DN'2 excitations!. Consequently, the
modifications coming from the coupling to both low (DN
'0) and high (DN'2) excitations have been well studie
For example, see Ref.@7#.

In the present paper we estimate the polarization due
the coupling with the isoscalar dipole compression mo
The observation of isoscalar compression giant dipole re
nance in208Pb is reported in Ref.@8#, though the extracted
total strength consumed by the observed peak atEx
522.5 MeV may contain some ambiguity. In the se
consistent Hartree-Fock~HF! plus RPA calculations of208Pb
a broad peak is obtained aroundEx525 MeV for both the
SGII and SkM* interaction. It is known that the peak pos
©2000 The American Physical Society18-1
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tion depends appreciably on the compressibility of
Skyrme interaction employed. In the calculations of Re
@9,10# in which the continuum effect is properly treated, t
energy of the broad peak shifts downward by about 2.5 M
due to the RPA correlation. In lighter nuclei the calculat
distribution of isoscalar compression dipole strength
comes much wider. Consequently, it is difficult to identi
the peak position or a corresponding collective mode@10#.

To our knowledge, the polarization effect due to the co
pling to any compression modes was never examined,
sumably because it is not of practical interests. The b
studied compression mode is certainly the isosca
monopole compression mode. Though the isoscalar mo
pole giant resonance is experimentally identified in vario
mass region of nuclei@11#, the modification of one-particle
moments associated with the coupling to the giant resona
can hardly be pinned down using presently available exp
ments. In contrast, the modification of isoscalar dipole m
trix elements betweenDN'1 one-particle orbitals assoc
ated with the coupling to isoscalar dipole giant resona
~compression mode andDN'3 excitations! can be of prac-
tical interests in connection with the Schiff moment d
scribed above. Moreover, it would be interesting to try
find the one-particle dipole strength by varying nuclear re
tions with different energies of various incident particle
since the population of excitation modes with a radial no
in transition densities may have a sensitive dependenc
reactions.

The isoscalar dipole transition operator is written as

Dm
l51,t505(

i
r i

3Y1m~ r̂ i !. ~2!

In the self-consistent HF plus RPA calculation the isosca
dipole strength coming from the center of mass motion
pears at zero excitation energy and, thus, should be c
pletely separated from excitations of physical significan
However, in actual numerical calculations there always
mains very small spurious component in the nonz
excitation-energy region, which in turn contributes consid
ably to the calculated matrix element of the operator~2!, see
Ref. @10#. One way to avoid obtaining the spurious~center of
mass! excitation strength is to use

dr tr~r !5r tr~r !2«
dr0~r !

dr
~3!

as the radial transition density instead of the originally c
culatedr tr(r ). In expression~3! the constant« is determined
so that the transition density~3! will give vanishing spurious
excitation strength. This procedure is equivalent to evalu
ing the strength function of the operator

D̄m
l51,t505(

i

A

~r i
32hr i !Y1m~ r̂ i !, ~4!

whereh5 5
3 ^r 2&, using the original transition densityr tr(r ).

We note that theD̄ operator has the same structure as
02431
e
.

V

-

-
e-
t-
r
o-
s

ce
ri-
-

e

-

-
,
e
on

r
-
-

.
-
o
-

-

t-

e

Schiff moment operator in Eq.~1!. The energy weighted sum
rule for the operator~4! is obtained as

(
k

\vku^kuD̄m
l51,t50u0&u25

A\2

8pM S 11̂ r 4&2
25

3
^r 2&2D .

~5!

In practice, it is very difficult to obtain a reliable estimate
the polarization by using the result of the self-consist
RPA calculations of isoscalar dipole compression mod
This is because the spurious~center of mass! excitation
strength at nonzero excitation-energy appears due to a
merical inaccuracy and, consequently, the corresponding
dial transition density does not exactly have ther depen-
dence of the second term of Eq.~3!. Also, a small lower-
lying strength, which is spurious, may contribute apprecia
to the polarization. We note that no appreciable amoun
isoscalar compression dipole strength has ever been obse
in the low excitation-energy region of208Pb.

Thus, in the present work we use a more schematic mo
simulating the result of HF plus RPA calculations. A Wood
Saxon potential is constructed, of which the one-parti
level scheme is similar to that of the HF calculation with t
SkM* interaction. Then, assuming that the whole stren
~5! is consumed by one collective mode at a given\v, we
construct the RPA wave function and evaluate the polar
tion effect on isoscalar dipole one-particle moments. T
particle-vibration coupling is written as

HPV5ch~r !(
m

Ylm* alm , ~6!

where the constantc is later determined so that the RP
solution at\v consumes the sum-rule strength. The fo
factor h(r ) is written as

h~r !5S 10r 13r 2
]

]r
2

5

3
^r 2&

]

]r D r0~r ! ~7!

which except for a small correction term is obtained@12,9#
from the assumption of the presence of only one collect
mode that consumes the whole sum-rule strength.

The RPA amplitude of the hole (nhj hl h) and particle (j l )
configuration is obtained by solving the inhomogeneous
ferential equation

d2w j

dr2
2

l ~ l 11!

r 2
w j1

2m

\2
@E2V0~r !#w j

5
2m

\2
c^n51uaun50&^ j hiY1i j &h~r !f j h

2
2m

\2 (
e j ^eF

f j^~ j j h!1
21uHPVun51&, ~8!

where

rRj h
~r ![f j h

~r !, rX j
( j h)

~r ![w j~r !,

and rY j
( j h)

~r ![w j~r ! ~9!
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andE56\v1e j h
for forward- and backward-going ampl

tudesXj
( j h)(r ) and Yj

( j h)(r ) @13,14#. In Eq. ~8! the phonon
number of the isoscalar giant dipole resonance~compression
mode! is expressed byn, while the potentialV0(r ) consists
of the Woods-Saxon and spin-orbit potential plus Coulo
potential in case of protons. The second term on the rig
hand side of Eq.~8! is needed to fulfill the requirement tha
the solutionw j should be orthogonal to single-particle wa
functionsf j of all occupied orbits with the angular mome
tum j. The solutionw j (r ) is constructed so as to have th
proper asymptotic behavior corresponding to the sign
value ofE. Solving the inhomogeneous equation for all po
sible (j l ) in connection with all occupied orbits (nhj hl h), we
sum up the solution and obtain the radial transition density

r tr~r !5(
p,h

1

A3
^ j iY1i j h&@Xj

( j h)
~r !1Yj

( j h)
~r !#Rj h

~r !.

~10!

The reduced transition probability is calculated as

B~01→12!53F E
0

`

r 3r tr~r !r 2 drG2

. ~11!

We note that in our RPA calculation all excitations of t
particles in the ground state, which can contribute to
compression giant dipole resonance, are included and the
no truncation of the configuration space.

The core polarization effect on one-particle moments
expressed by Fig. 1, in which the wavy line denotes
isoscalar dipole (l51) compression vibration. The polariz
ability x is the ratio of the contribution by Figs. 1~b! and 1~c!
to the one by Fig. 1~a!, and expressed by@see the analogou
expression~6-218! in Ref. @7##

x52
^ j 1uh~r !u j 2&

^ j 1ur 32
5

3
^r 2&r u j 2&

c^n51uaun50&

A3

3u^n51uD̄m
l51,t50un50&u

3
2

\v

~\v!2

~\v!22~e j 1
2e j 2

!2
. ~12!

FIG. 1. Core-polarization effect on one-particle operators. T
dashed line with a cross mark expresses the external field in Eq~4!,
while the wavy line denotes the isoscalar dipole (l51) compres-
sion vibration. The one-particle matrix element is expressed in~a!,
while the diagrams in~b! and ~c! represent the core-polarizatio
effect which renormalizes the one-particle bare operator in~a!.
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In the present case only one phonon exhausts the whole
rule. Writing expression~12! as

x[x0

~\v!2

~\v!22~e j 1
2e j 2

!2
, ~13!

the quantityx0 is called as static polarizability.
In the self-consistent HF plus RPA calculation with th

SkM* interaction @10# of 208Pb the lowestDN'3 unper-
turbed particle-hole (p-h) excitations, in which the particle
state is either a bound or resonant state, start slightly ab
Ex527 MeV, while the peak of the calculated RPA streng
appears atEx525 MeV. It is difficult to obtain parameters o
a Woods-Saxon potential, which produces both thep-h ex-
citation energies and root-mean-square radius that are sim
to the result of the HF calculation. We make a comprom
by taking the Woods-Saxon parameters; radius parametr
5r c51.18 fm, diffusenessa50.60 fm, and spin-orbit poten
tial parameterl532. See, for example, Ref.@15# for param-
eters of Woods-Saxon potentials. Thep-h excitations in this
Woods-Saxon potential start at 25.7 MeV, while the calc

e

FIG. 2. Calculated radial transition density~3! of the isoscalar
dipole compression vibration of82

208Pb126 as a function of radial
coordinate.

FIG. 3. Radial dependence of the operators appearing in
numerator and denominator of Eq.~14! in the case of82

208Pb126.
8-3
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TABLE I. Calculated static polarizabilityx0 in Eq. ~13!, the ratio~14!, and the radial matrix elements o
the operators,r 3 and r 32

5
3 ^r 2&r , for some selected neutron and proton orbitals in82

208Pb126.

n1 j 1 n2 j 2 u^ j 1ur 3u j 2&u u^ j 1ur 32
5
3 ^r 2&r u j 2&u Ratio in Eq.~14! x0

in fm3 in fm3 in fm25

Neutron 4s1/2 3p1/2 234 66.5 20.062 0.015
3s1/2 3p1/2 168 20.3 20.83 0.21
2s1/2 3p1/2 64 46.1 20.78 0.20
1s1/2 3p1/2 12 8.7 21.52 0.38
3d3/2 3p1/2 250 32.3 10.43 20.11
2d3/2 3p1/2 140 15.3 20.61 0.15

Proton 3p1/2 3s1/2 153 30.3 20.67 0.17
2p1/2 3s1/2 108 13.3 20.44 0.11
1p1/2 3s1/2 35 29.3 20.85 0.21
3p3/2 3s1/2 150 26.9 20.67 0.17
2p3/2 3s1/2 115 16.3 20.48 0.12
n
-
on
e
u
.
m

ed

he
d
P

ity
ea
in

he

h
io

e
e
e

gly
es-
d in

the
eu-

ts
ile

nts
nce
e

-
u-

nts
nce
an

of
ling

n
of
r, it

s
nts
pic
nd

he
en-

7.
lated root-mean-square radius of208Pb is 5.23 fm, which is
smaller than the HF value, 5.55 fm. If one uses the ‘‘sta
dard’’ parameters@7# of Woods-Saxon potential which pro
duce the observed root-mean-square radius or the HF
thep-h excitations withDN'3 start at 22.1 MeV. Since th
reported energy of the giant resonance is 22.5 MeV, the
perturbedp-h excitation energies of 22.1 MeV are too low
We estimate the polarizability assuming that the whole su
rule strength is consumed by an RPA solution at\v
523.5 MeV, which is pushed down by 2.2 MeV compar
with the lowest-lying DN'3 p-h excitations. We have
checked that the value of polarizability estimated in t
present note is rather insensitive to the details of Woo
Saxon parameters, as far as the energy shift by the R
correlation is taken to be slightly larger than 2 MeV.

In Fig. 2 we show the calculated radial transition dens
while in Fig. 3 the radial dependence of the operators app
ing in the numerator and denominator of the first factor
Eq. ~12!

^ j 1uh~r !u j 2&

^ j 1ur 32~5/3!^r 2&r u j 2&
~14!

is plotted. In Table I the calculated static polarizability, t
ratio ~14!, and matrix elements ofr 3 and r 32 5

3 ^r 2&r are
given for some selected neutron and proton orbitals. T
dynamical factor, namely the second factor in express
~13!, may make the actual polarizabilityx larger than the
static polarizabilityx0 by a factor of 1.1–1.3 for theDN
'1 pairs of orbitals in Table I. For the operator for th
Schiff moment~1! the effective charge, which includes th
polarization charge estimated in the present note, becom

ee f f55 S 11
Z

A
x De for protons,

Z

A
xe for neutrons.

~15!
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The calculated polarizability is small, but it depends stron
on the combination of particle orbitals because of the pr
ence of radial node in the relevant operators as exhibite
Fig. 3. Both matrix elements appearing in Eq.~14! are often
the result of cancellation between the contributions from
inside and outside of the nucleus. For example, for the n
tron (4s1/2, 3p1/2) pair the sign of the total matrix elemen
is the same as that of the contribution from the outside, wh
for the proton (2p1/2, 3s1/2) pair it is the same as that from
the inside.

We note that in the RPA calculation most compone
contribute coherently to the isoscalar giant dipole resona
~compression mode!, while a few components, for exampl
the neutron (nh53,l h51)→( l 52) excitations such as
3p1/2→d5/2 and 3p1/2→d3/2, make a destructive contribu
tion. The static polarizability calculated in the related ne
tron pairs of orbitals, such as 3p3/2→3d5/2 and 3p1/2

→3d3/2, has a negative sign. The fact that a few compone
do not make a coherent contribution to the giant resona
shows that the present compression mode is not really
ideal collective mode.

In conclusion, we have estimated the modification
one-particle isoscalar dipole moments due to the coup
with the isoscalar giant dipole resonance~compression
mode!. Corresponding to the attractive particle-vibratio
coupling, the renormalization is in phase with most
one-particle moments. The magnitude is small, howeve
depends sensitively on particle orbitals involved. A
discussed in the Introduction, the type of matrix eleme
studied in this paper are required for a microsco
calculation of the electric dipole moments of nuclei arou
208Pb in order to extract information of theP odd and
T odd strength of the hadronic weak interaction from t
very precise limits which have been determined experim
tally.
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