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Abstract
Nuclear anapole moments of '*3Cs, 203205T}| ?WPb,I 20°B; are
treated in the single-particle approximation. Analytical results are ob- 1 Introduction
tained for the oscillator potential without spin-orbit interaction. Then
the anapole moments are calculated numerically in a Woods-Saxon The existence of parity nonconservation (PNC) in atoms is firmly estab-
potential which includes spin-orbit interaction. The results obtained lished at present (see, e.g., Ref. [1]). To be precise, only the nuclear-spin-
demonstrate a remarkable stability of nuclear anapole moment calcu- independent PNC effects in heavy atoms have been observed up to now.

Ixkinks (0 She SEtPONHEN APPECEE, Just these effects are enhanced as Z2Q. The last enhancement factor, the

so-called weak nuclear charge @ which is numerically close to the neutron
number N = A — Z, is due to the fact that in the nuclear-spin-independent
phenomena all the nucleons act coherently.

As to the atomic PNC effects dependent on nuclear spin, they evidently
lack this coherent enhancement and are therefore much smaller. There are
strong reasons to expect that these effects are dominated by contact electro-
magnetic interaction of electrons with nuclear anapole moment (AM) [2, 3].

Anapole is a new electromagnetic moment arising in a system without
centre of inversion [4]. It exists even in such a common object as a chi-
ral molecule in a state with nonvanishing angular momentum [5]. Nuclear
anapole moment is induced by PNC nuclear forces.

The electromagnetic PNC interaction of electrons with nuclear AM is con-
venlently characterized in the units of the Fermi weak interaction constant
G = 1.027 x 107>m~2 % by a dimensionless parameter k. (Its definition is
given in the next section.) A closed analytical expression has been obtained
(©Budker Instilute of Nuclear Physics for this constant [3] within the nuclear shell model under some extra simpli-

e dnﬁtriev@ini:- R fying assumptions. In particular, for 133Cs this model prediction is (at the
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numerical value of the eflective PNC nuclear constant accepted in the paper
quoted)
5Cs) =038 (1)
More reliable numerical calculations with the Woods-Saxon potential includ-
En]g the spin-orbit interaction result at the same PNC nuclear constant in
3
w0y = 0,25, (2)
The constant #('**Cs) has been calculated also in Ref. [6]. In that paper
only the 7-meson-exchange contribution to the P-odd nuclear forces has been
included. This contribution constitutes roughly a half of the strength of these
forces according to the estimates accepted in Ref. [3] (the second half is due
mainly to the P-odd p-exchange). No wonder therefore that the number
0.14 obtained in Ref. [6] for £(**3Cs) constitutes roughly a half of the total
result (2). (In Table 1, containing the summary of theoretical results, in the
corresponding entry we indicate in brackets what to our guess would be the
result of Ref. [6] if the p-exchange were included.)

Table 1: Effective constants x for heavy nuclei

Nucleus 133 Cs ZUE,EGETI EDQBi 207 Pb
Analytical result [3] 0.08¢, 1lgs" “h1Ye, —0.08g,,

Its value at g, = 4 [3] 0.33 0.44 0.45

Numerical result [3] 0.06¢, 0.09¢, 0.08g, —-0.09¢,

Its value at g, = 4 [3] 0.25 0.38 0.31

[6] 0.14(0.28) - - -

(7, 8] 0.24 (0.24)  (0.24) .

This work, analytical,

gp = 4.5 0.33 0.42 0.45  —0.09gn + 0.005
This work, numerical,

gp = 4.5 0.26 0.40 0.29  —0.10g, + 0.004

Later numerical calculations with the oscillator potential [7] led at the
same value of the P-odd nuclear constant gp to
x(1%3Cs) = 0.24. (3)

Less satisfactory is the agreement between the results for the AM of 209B;
obtained in Refs. [3, 7]. As to the AM of 203:2057| the disagreement, be-
tween the predictions made in Refs. [3, 8] is even stronger. (The values of

k(20%205T7), k(29°Bi) at the same magnitude of g, as accepted in Ref. [3] is
not explicitly given in Refs. [7, 8]. So, in the corresponding entries of Table 1
we present in brackets our extrapolation of x(*9%29°T1), x(?°°Bi), obtained
in Refs. [7, 8], from their values of g, to that accepted in Ref. [3].)

Experiments aimed at the detection of nuclear AM in cesium, thallium,
lead, bismuth are underway in many groups. The first evidence of a nuclear-
spin-dependent P-odd effect has been seen already in cesium [9]. The result
of this experiment is

x(133Cs) = 0.72(39). (4)

Therefore, detailed theoretical investigation of various contributions to nu-
clear AM looks quite relevant.

The present paper is organized as follows. In the next section we describe
the constant-core-density approximation which leads to a closed analytical ex-
pression for nuclear AM, and introduce some necessary notions and relations.
Then we consider somewhat more sophisticated model which still allows for
an analytical treatment. This model gives some idea about the corrections to
the above leading approximation. But the most essential part of the paper is
devoted to serious numerical calculations using a realistic description of the
core density. The nucleon wave functions and Green’s functions are obtained
with a Woods-Saxon potential which includes the spin-orbit interaction. The
contribution of the current generated by the spin-orbit interaction (omitted
in Ref. [3]) is taken into account. As distinct from Refs. [7, 8], the spin-orbit
interaction itself is treated beyond the perturbation theory.

Though the deviations of the contact and spin-orbit currents from naive
potential expressions are included, but in all other respects we restrict through-
out the present paper to the single-particle approximation, that of a valence
nucleon above a spherically-symmetrical core. The many-body effects are cer-
tainly of importance for nuclear anapole moments. We shall consider them
in future publications.

2 The leading approximation
for nuclear anapole moment

PNC interaction in a system (atomic nucleus is now of interest to us) mixes
opposite parity states of the same total angular momentum and creates in it
a spin helical structure [1, 4]. In this way such a system with nonvanishing
magnetic moment acquires a specific configuration of magnetic field, of the
type created by the toroidal winding. This is what is called anapole [4].



The AM vector can be conveniently defined as [1, 2, 3]

G=—n f div?j(7) (5)

where E(F ) is the current density operator. The vector-potential produced

by the AM is

A7) = ~[38 - V(@ V)] — a@5(7). (6)

We omit in the last expression the term V(@ V)1/(47r), which can be obvi-
ously eliminated by a gauge transformation.

When calculating the AM of a heavy nucleus we restrict ourselves to

the shell model and one-particle approximation (both in what we will call
the leading approximation and beyond it). We shall assume that the nuclear
spin [ coincides with the total angular momentum of an odd valence nucleon,
while the other nucleons form a core with the zero angular momentum. The
effective P-odd potential for an external nucleon can be presented as follows:

W= T 2—' alpp(r) + P(“')P] (7)
Here ¢ and p’ are respectively spin and momentum operators of the valence
nucleon, p(r) is the density of nucleons in the core normalized by the condition
Jdrp(r) = A (the atomic number is assumed to be large, A > 1). The
numerical value of the dimensionless constant g, in the case of an external
proton is perhaps close to 4 — 5 (see. below). For an external neutron the
corresponding constant g, is smaller, most probably g, < 1.

The leading approximation for the AM of a heavy nucleus corresponds to
the assumption that the density p(r) is constant throughout the space and
coincides with the mean nuclear density py. This approximation, first used in
Refl. [10], is reasonable if the wave function of the external nucleon is mainly
localized in the region of the core. The Schrodinger equation for the external
nucleon

[~5=A + U(r) + W) = BY(F) (8)

to first order in W for p(r) = pg = const has the elementary solution

V2

Here to(# ) is the unperturbed wave function of the external nucleon. It
might seem that now interaction (7), which is equivalent to the electromag-

netic interaction with a constant vector-potential A = —(G/v2)(g/e)po?,

) 6 S g el (9)

should not result in any physical effects at all. However, the spin part of the
current density

F(7) = 29 x (o), 1)

(42 is the nucleon magnetic moment) does work due to the noncommutativity

of the o-matrices, even in this approximation. Simple calculations using
formulas (5), (9) and (10) yield

P Ggpo 2mep (r?) KT
V2 m I(I+1)
K =(I+1/2)(=)2, (11)
Here I is the orbital angular momentum of the external nucleon. As to its

mean square radius (r?), it coincides to good accuracy with the squared
charge radius of the nucleus

r2 = (3/5)R? = (3/5)r3A*3, ro=12 fm. . (12)

It is useful to present also the effective local AM operator which, acting
in the space of nonperturbed wave functions (), produces the result (11).

This operator is
2
& ng“ vk e B P (13)

~TH

Setting po = (4773 /3)~!, we finally obtain from (11)

PLg el ot SR
Bl nE S b
V2 107 mrg I(I+1) (14)

The A-dependence of the AM is very natural. Indeed, since the anapole
corresponds to the magnetic field configuration induced by a toroidal winding,
the AM value should be proportional to the m'lgnetic flux, i.e., to the cross-
section area of the torus. This is the origin of (r?) in formula (11) and of
A3 in (14).

Let us turn now to the PNC problem in atoms. The Hamiltonian of the
interaction of an electron with vector-potential (6) can be presented as

TRPRNTNEY « TN 1. 1
Hy=a 5(!’)_—@{(1_'_1}55(1‘) - (15)

(—e is the electron charge, & are the Dirac matrices). The Fermi constant G
serves as the natural unit for the AM, that arises in first order in the weak



interaction, and has the dimension em?. In this unit a convenient charac-
teristic of the nuclear AM for the atomic PNC problem is the dimensionless
constant k. According to (14) it equals (3]

9 ap 93
ey e iy L o : 16
* = 109 mro ()

The enhancement ~ A%/3 compensates to a large degree the small fine struc-
ture constant @ = 1/137. That is why the nuclear AM is perhaps the main
source of the nuclear-spin-dependent PNC effects in heavy atoms (2, 3]. The
constants x for nuclei of experimental interest, as given by simple analytical
formula (16), are presented in Table 1. Their numerical values for Cs, Tl,
Bi correspond to g, = 4, the number assumed in Ref. [3]. In the next line
of Table 1 the results of numerical calculations [3] are presented at the same
g. Those calculations were performed using a realistic description of the
core density p(r). The wave function and the Green’s function of the va-
- lence nucleon were calculated with a Woods-Saxon potential which included
the spin-orbit interaction. The crude analytical calculation is obviously in
reasonable agreement with that numerical one.

3 Analytical treatment of nuclear AM in a sin-
gle particle oscillator potential.
Contact current contribution

Our analysis of various contributions to nuclear AM beyond the leading ap-
proximation we will start from a more realistic model which still allows for an
analytical treatment. The model consists in the use of the oscillator potential
for the valence nucleon and in neglect of the spin-orbit interaction.

Let us consider at first the spin current contribution to the AM. Substi-
tuting expression (10) into formula (5) and integrating by parts, we transform
the corresponding AM operator to the following form:

&

- o ﬂ — —
8,2 0a % d (17)
When using the oscillator potential
1
Uir)==5= (18)

for the valence nucleon, its tadius-vector transforms to

F=-—lH,7 (19

where H is the valence nucleon Hamiltonian. Substituting this expression
into the standard second-order perturbation formula for AM

i, = Ly ret 5~ AH, FX AinHnlW10) + OIW ) ([ H, 7 x 310) 5
m2w? = E’ﬂ — En y
we reduce it by means of the completeness relation to
- o8 B wiio
as; = —im({]”}) X0, ‘PVJHU) ' (21)

With the explicit form (7) for the weak interaction Hamiltonian-W this for-
mula can be rewritten after elementary transformations as

. Gg 2xeu KT 1

a; =

1 i +1)
2 ! !
Ao NI D) it e sp G — s v ). &)

Let us note here that previously the oscillator-potential model was used
in Ref. [11] for the investigation of other P-odd nuclear effects. Then it
was applied in Ref. [12] to estimate the contribution of core excitations
and to rederive formula (14) (which follows indeed from expression (22) at
p(r) = po = const when taking into account the oscillator-potential version
of the virial theorem: (0|p?/m|0) = (0]mw?r?|0)).

We pass over now to the orbital contribution to the AM. As it was demon-
strated in Ref. [2], the AM of a charged particle in a spherically symmetrical
potential can pe presented in the following form:

i 1. - KE 2 . -
= i (= Py 2 meron = T O - 0. (23)

Here 79, is the P-odd admixture of an intermediate state |n) to the initial

one |0) (this coefficient is purely imaginary), rg, is the matrix element of r
between those states, j° is the contact current operator:

0 _ -
e =te|lWr| = ——p7. :
Je = ie[W, 7] —pd (24)



Therefore, to take into account within the simple-minded potential approach
the orbital contribution for a proton we should substitute g — 1/3 for u in
formula (22) and add to that expression the following contact term:

Gg2rxe KI 1, ,

In the case of a valence neutron formula (22) needs obviously no modification
within the same model.

However, in fact the contact current contribution both for a valence proton
and neutron looks differently. Indeed, let us start from the weak interaction
Hamiltonian for the outer nucleon a(a = p, n) constructed from corresponding
two-body operators (see, e.g., book [1]):

w® = {mZ({ JabTa — J0a08) - (Pa — P1), 6(Fa — 7))} (26)

+ guldax @) V(7 - 73))

where the notation { , } means anticommutator. After averaging this
expression over the core nucleons we obtain formula (7) with

VA N

U= yapz ¥ .‘}'anz- (27)

The “best values” [13] of weak coupling constants in the one-meson-exchange
approximation lead to the following numbers for the constants discussed [3,

14, 15]:
Gpp = Gnn = 1.9, @gpn = 0.9, gnp = -2.2, (28)

and correspondingly to
g=g, =45 (29)

for the valence proton in Cs, Tl, Bi, and
g=ga <1 (30)

for the valence neutron in 2°“Pb. Here the constants dpp» Inn, gp and g, are
effective ones, they include, already the exchange terms for identical nucle-
ons. These constants include also additional suppression factors reflecting
long-range and exchange nature of the P-odd one-meson exchange as well
as the short-range nucleon-nucleon repulsion. Their values agree with those

10

obtained in Refs. [17, 18] and differ from those given in Ref. [19] since we
include into the p-meson exchange the suppression due to the short-range
repulsion.

The electromagnetic interaction can be introduced by changing 5= p—
eA(7). The current density operator is then a derivative of a Hamiltonian

over A(F) This is equivalent to change one power of a momentum operator
Pa = €46(" — 73) in Hamiltonian. This procedure leads to the following
expression for the contact current density operator:

jo= WO, eaii 67 - )} = L RA6F-7), (31

where

%a T S o
Je (:F'J = ﬁada ;(Eﬂ - e;,)g._.,;,&(r — T'a). (32)

For the valence protons e, = e and this operator reduces to

- %_ 25(5— B (33)

j2 = _ﬁ?ﬁ&%?;“?; Tp)- (34)

After averaging formulae (33), (34) over the core nucleons we get the following
effective contact currents for the valence proton and neutron:

- G e N
B e bk -;_"-'[] '.“1
}f“ﬁmgP“Ap(r)a_J" +Jes (35)

: G e
5::1 > —E—QPPAP( r)o;

- G e Z
3? i __\/'_'E_gﬂpAP(r)ﬂ' (35)

They differ obviously from the naive ones, 33 for a valence proton (see (24]
and zero for a valence neutron. TEChI’llCd.ll}‘ it is convenient to retain previous,

naive results for anapole moments, supplementing them with the following
correction terms:

arl = —x(0]r?510), (37)

11



! = —x(0|r*77|0) (38)

for valence proton and neutron respectively. In this way we get the following
" closed expression for the AM of a nucleus with a valence proton:

o Lo G age - R S,
ot s At AL
< Olopliplzp — /() — gt 0+ )

%[2,9 o el ( ; T372) p'(0r + m‘,—;ll)]} (39)

1
= g = 5z)rpl0);

g = gppZ[A =08, (r’) = (N +3/2)/mw

where NV is the oscillator principal quantum number. In the case of a valence
neutron the result is

P

G 27e KI

Fon V2 m I(I+1)(r2}
< Qlaainl2p = 77/ %) = gy O+ <)
gL (1 = ==)r?pl0); (40)

2K

gn = gnpNJ/A = —1.3.

To get the numerical values of nuclear AMs we assume for the core density
a step-like profile f(r):

p(r) = pof(r) = pob(R — 7). (41)

As to the mean square radius of the valence nucleon (r?), it is natural to
identify it in the shell model with the nuclear magnetic mean square radius
(r2). The empirical data on the latter (referring unfortunately to lighter
nuclei only) are presented in Table 2. The observation is that in the 1'Cagy,
with a valence neutron, (rZ) is close within the error bars to the value

predicted by the oscillator model. Meanwhile for nuclei with odd proton,

12

Table 2: Mean squared magnetic radii

Nucleus {raoin 33 AY® PN +3/2)

YCa0  15.92(0.48) [22]  10.27 15.61

5S¢ 12.67(1.57) [23)  10.93 16.11

: Vas  12.89(0.72) [23]  11.88 16.79
Cozr  13.99(1.05) [23]  13.09 17.62

45S8c21, %1Va3, %°Cogy, its value is much better approximated by the naive
formula (12).

For further calculations it is natural to go over to the usual dimensionless
oscillator variable [20]

S LA
z=rfp?, p = (mw)"" = 2(3)'2341°, (42)

Then the expectation values entering egs. (39), (40) reduce to

T(n+1+3/2) [¥

(0] £(r)]0) = S 20373) ), dee "zT12FY(n 1 +3/2,2), (43)

F(n+1+3/2) ¥ :
(Ol £(r)I0) = p* n(f}«.ma//z))/n dze=*z¥3/2F(—n, 14 3/2,2), (44),

1 : (i

- smresrme.+ Lo - (45)
o F(n+1+43/2 i

= AN T3nT +)3/2)‘E HEXIOAF(=n,1 4 3/2,X)

X (d‘; + "g;;))e-ff?x”?ﬁ(—n,n 3/2,X):

Here X = Rﬂfipﬂ = (5/4)(3/2)/3AY/3 = 1.434Y/3, F(a,b, z) is a degenerate
hypergeometric function, n = (N —1)/2.
We are interested in the following nuclei:

13



Bl fad. K24 N=4 n=0 A=7505
I IT=4Hi 120, K==, N=4, na=3 X =84
Bi T @il Vel 'K =5, N =" n=0""X =§5492

Ph Iwmili il K=1,'"V"Nah""5=2 "X =88b;

For Cs and Bi where n = 0 the integrals entering expectation values
(43), (44) are nothing else but well-known (and tabulated, see, e.g., [21])
incomplete gamma-functions, I'(I+3/2, X),T'(14+5/2, X) respectively. In the
case of Tl and Pb those expectation values can be also reduced to incomplete
gamma-functions.

The numerical results for nuclear AMs, obtained in this model, are pre-
sented in Table 1. For Cs, Tl and Bi, at the same value of g,, they are about
10% smaller than those of the leading approximation. The correction to the
spin current contribution constitutes about -4% in Cs and Bi, -7% in TI.
The total contribution of the convection and contact currents is negative in
cesium, thallium and bismuth. As to lead, the contact current contribution,
though nonvanishing, is very small numerically.

4 Nuclear AM in Woods-Saxon potential.
Spin-orbit current contribution

Though being convenient for analytical treatment, the step-like density profile
and oscillator model for a single particle potential are however too crude.
Moreover, the above analytical model does not take into account the spin-
orbit interaction which is, as we will see below, quite essential for numerical
results. So, in this section we will describe a numerical treatment of a much
more realistic description of a nucleus based on the Woods-Saxon potential
including spin-orbit interaction and on a more realistic description of nuclear
density.

The profiles of both density and the central part of nuclear potential are
known to be similar and well described by a Fermi-type function

1
1+ exp(

f(r) = (46)

ey o
ra)
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So, the total single-particle potential U(7) has been chosen in a standard
Woods-Saxon form

df(r) =
dr

where Ug(r) is the Coulomb potential of a uniformly charged sphere. In order
to study stability of AM calculations against variations of the single particle
potentials we shall use several sets of the Woods-Saxon potential parameters
[20, 25].

The solution of eq. (8) can presented in a form similar to (9)

U = Vo f(r) + U= L2 (05) + Uo(r), (47)

8 = Val) + 89() = (Rolr) = 129 (@) SR1)) Wim (), (48)
where Qi (1) is a spherical spinor, i = 7/r. The correction 6y is of the
parity opposite to that of the initial state 9. The radial function §R(r) is
normalized in such a way that without spin-orbit potential and for constant
density it is (see (9))

6 R(r) = rRo(r). (49)

This correction can be expressed via the Green’s function Gy (r,r') of the

unperturbed radial Schrodinger equation for the orbital angular momentum
P=2lI-E

1 - d
§R(r) = —— [ rdr (EFG”:(T, YRo(r') = Grpe(r, v ) Rn(r)

m

211

& )) 7). (50)

After presenting the Green’s function through two linearly independent so-
lutions of the radial Schrodinger equation we get

u ;}? 9 2
ore) = M2 [ 40 (@000 - o) (60
+ D)) S

g u“?(r)/' dr! (uﬂ,-](?' Jug(r') — u”,)(r-) o(r")

T 0




where ug(r) = rRo(r); u()(r) and u(®(r) are solutions regular at the origin
and at the infinity respectively. Those last two solutions are normalized to
the unit Wronskian: u(Du(2) — 4(1)rgy(2) = 1,

The results of this calculation of the §R for 1hgyy proton state in 2°°Bj
together with the leading approximation (49) are shown in Fig.1. In the same
picture we demonstrate how 8 R is influenced by the spin-orbit potential, as
well as by the deviation of the density from a constant one. The real form
of 8 R differs considerably from the leading approximation, due mainly to the
spin-orbit interaction. As to the realistic density profile, it makes R slightly
smaller as compared to the constant density approximation.

All contributions to the anapole moment can be expressed via the radial

correction 8. The spin current term can be obtained from eq. (11) by
substituting

oo
(6R|r|Ro) = / r2dr SR(r)rRo(r). (52)
0
for {r?). So, this contribution to the dimensionless anapole constant equals
ks = 219 L2 (S R|r|Ry). (53)

To obtain the convection current contribution we substitute corresponding
current density operator

> € o - —

Jcmv(f‘) s _zﬁ Z{Vp,ﬁ(f—fp)} (54)
P
into formula (5) which gives

Eﬂﬂﬂﬂ - _ﬂ-(&":bl{%: TE}I%L’B} (55)

oy d. K

i a0 B A -
Reony = —Tg—== (6R|r (dr + < )| Ro). (56)

When calculating the contact current contributions it is convenient again
to split it into the "naive” part arising from a single particle potential (and
vanishing for a valence neutron) and the part which is due to the current
densities (35), (36). .

The contribution of the total contact current (35) to the AM can be
expressed via radial matrix element as

s it b AR (R i b
Ke = K, ¥ RS, K.='¥p m(l 5T N, =0, 1 (57)
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where gp = gp, g3 =0, and gj ,, were defined in (39), (40).

One more term in AM originates from the momentum dependence of
spin-orbit interaction. As it will be seen below, this is the mnst-signiﬁ.cant
correction to the leading approximation. The spin-orbit term in a single
particle potential (47) for a proton generates the electromagnetic current

density

3 df(r) . =
3P = 1e[U(7), 7] = elis 5 X . (58)

For an outer neutron the corresponding current density vanishes. The spin-
orbit contribution to the proton AM and to & is respectively:

i G

a, = ZNﬁeyﬂnUu(ﬁerzf’(ﬁ(ﬁ'ﬁ) — &)|Ro) = (59)
G e KT
- Qwﬁﬂgpulf;,(éﬂir f |Ru)-———I(I+I),
Kk, = 2magpoUis(6R|r* f'| Ro). (60)

However, as it was the case with the contact current, this is not the
complete result. The true spin-orbit current must be obtained from two-
particle spin-orbit interaction which can be written as

1 - = — =1 = - '
UP = 5 S U (o= 30) - (Fat @) x V8 = 7). (61)
ab

Averaging it over nuclear core we obtain the spin-orbit part of the single-
particle potential (47) with

gooniuis iy
Uis = (Uripz + Ui, E) Po- (62)

The spin-orbit interaction constants were fitted in Ref. [26]:
UPP = UM = 36.6 MeV - fm®, U = Ul = 1343 MeV - fm®.  (63)

A word of caution is proper here. We will understand expression (61) as a
local limit for an operator of a nucleon-nucleon interaction with the proper
tensor structure. For the identical nucleons the exchange interaction dou-

bles the direct one. The values of Ul", U'"® presented in (63) are just those
doubled, effective constants.

17



The spin-orbit current density from the interaction (61) is

A
")

g = 13 [UP, eatul 6(F— 7a) = (64)

I

a
D U eab(F— ) (Ga + 63) x V(7 — 7).
ab

This expression for the two-particle spin-orbit current density was used earlier
in the description of magnetic propertics of a nucleus in [24]). Including
the spin-orbit current into the theoretical description of nuclear magnetic
moments and magnetic transition amplitudes improves the agreement with
experiment,

In the current density generated by the pp part of operator (61) the ex-
change and direct contributions cancel each other, i.e., the contact spin-orbit
pp interaction does not generate a current at all. Then, averaging expression
(64) over the core nucleons and separating the single particle contribution
(58), as in the case of the contact current, we get the following effective
spin-orbit current for the v-ilence proton:

N df(r)
A dr

P

Jt, = €U po =i+ 7h; (65)

Tl{e correction j':.ls to the ”naive” spin-orbit proton current is relatively small
being suppressed by a factor
ZUir
ZUlP + NUT
as compared to the potential part. This factor constitutes —0.16 for cesium
and —-0.15 for thallium and bismuth.

It is _notewnrthy that even for a valence neutron the spin-orbit current does
not vamsh. It is generated by the neutron-proton interaction and equals

T

i = —eUpr 2 p(r) ¥ x (8 (5w() (66)

This expression is similar to the spin current density (10) and renormalizes
n an obvious way the magnetic moment of an outer neutron.

It is convenient to single.out in the sum of all contributions to the effective
constant &

ﬁ:ﬁs+ﬂﬂ+ﬁ},+ﬁmm+ﬁg+ﬁi=r:ﬂ+ﬁ:},+ﬁ:§, (67)
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the "naive” potential one x°. The corrections to it k], and &} in fact go
beyond the single-particle approximation. The single-particle contribution
can be written in a more compact form, analogous to (23):

; 2. o . O - -
@ = (1= ), + 3 - TOPR-ATD0. (69
This expression was used to check the accuracy of our numerical calculations

which turned out very high.
To study the stability of AM calculations under the variations of the

single-particle potential we performed them for two sets of the Woods-Saxon
potential parameters (47). In both sets the radii and diffuseness parameters,
R and a, are the same for the profiles of central and spin-orbit parts of

potential.
The first set is [20]:

R=R;, =12TAY3 fm, a=a;, =0.67 fm,

N-2
) MeV, Uy, = -0.35Us, (69)
where the signs + and — refer to neutrons and protons respectively.
The second set [25] has somewhat different parameters, but gives as good
fit to the single-particle level positions. It is:

Uo = (51 + 33

= 1.24A1/3 I, a=n, =005 7m,

N;Z)MEV, Ui, =-U.263(1+2N;Z)Uu (70)

In both cases we assume the same values of the density parameters [20]:

Up = (~53.3+33.6

R=111A4Y3 fm; a=054 fm po=0.17T fm™3. (71)

The results of calculations obtained for both sets are listed in Table 3.
The main contribution to AM, as expected, comes from the spin current. The
variation of the parameters of potential changes this term by 3 — 6%. The
next in magnitude term is due to the potential part of spin-orbit current, it
constitutes about 30% of the spin current contribution.

In the calculations based on the sets of parameters (69) and (70) the
LS-potential was not consistent with the two-particle LS-interaction (61).
So, the potential LS-contribution to the AM was calculated in two ways.
First, starting from the LS-potential itself. Second, it was obtained from the
spin-orbit potential constructed from the two-particle interaction (61) — (63).
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Table 3: Different contributions to the effective constant x

Nucleus 133 Cs 203,205 Tl 209 Bi 207 Pb
2 0.317  0.485 0.376 -0.099¢,
iy 0.301  0.463  0.349 -0.095g,,

Ko 0.310  0.497  0.353 -0.099¢,
f, ¥ -0.088 -0.120 -0.126 &5 o

P 0014  0.018  0.019 -0.006g,,
6x0, ¥ 0.003 0019 -0.003 0

Bl . . 001 008 | Bl 0

Keono ) -0.019  -0.055  -0.019 0

K2 % 0.048  0.064  0.070 0

k3% -0.007  -0.008  -0.009 0.004

& Y 0.268  0.396  0.309 -0.105g, + 0.004
k 2 0.258  0.383  0.298 -0.101g, + 0.004
g 3 0.257  0.396  0.289 -0.105¢, + 0.004

) The potential parameters from Ref. [20] (see eq. (69)).
2 The potential parameters from Ref. [25] (see eq. (70)).
3) The consistent LS-parameters (see eq. (72)).

The difference between second and first ways of calculation is listed as §«?
in Table 3. It is only natural to perform a consistent calculation, choc:sinlé
the amplitude of LS-potential in accordance with (62), (63), and its radius
and diffuseness parameters the same as those of nuclear density. In this way
we come to the third, LS-consistent, version of the potential:

N-2
A

R, = 1.114'3 fm, a;, =054 fm, Uy, = (14.5F8.3 N—;’Z} MeV. (72)

R=127A"3 fm, a=067fm, Us=(-51+33

) MeV,

Wt: kept the central potential parameters as in (69) because it gave smaller
0k, The calculation based on this version of the potential give 6x? = 0.

It is noteworthy that the sum of all contributions to AM is less sensitive
to a specific potential than each of them taken separately. Its variation does
not exceed 5% when going from one set of parameters to another.

We believe that the results obtained with the LS-consistent potential are

20

the most reliable ones. They are presented in the last line of Table 1.

5 Discussion of the results

Let us discuss now why the present results differ from those obtained in
Refs.[3, 7, 8].

As distinct from Ref. [3], we have included now the contribution of the
spin-orbit current which turns out quite essential.

On the other hand, the Woods-Saxon potential used here for numerical
calculations is more realistic than the oscillator one used for those calculations
in Refs. [7, 8]. Then, in Refs. [7, 8] the spin-orbit interaction is treated
perturbatively, while in the present work it is treated exactly. Let us note
here again that the oscillator potential without spin-orbit interaction allows
one to get an exact analytic solution for the AM, as it has been done in
Section 3 of the present work.

To summarize the comparison we wish to say that the above arguments
can serve as serious grounds to consider the numerical results of the present
work to be the most reliable ones for the single-particle approximation.

However, accurate quantitative predictions for nuclear AM’s cannot be
made without proper treatment of nuclear many-body effects. As to the core
excitations by the weak interaction Hamiltonian (26), their contribution to
nuclear AM has been demonstrated to be small [12]. However, the problem
of the configurations mixing caused by usual P-even residual nucleon-nucleon
interaction is here much more serious than in the case of nuclear magnetic
moments (or the second neutral current constant [7]). The point is that in
the last cases it is the specific, kinematical, nature of the operator & which
allows one to restrict with a reasonable accuracy to the excitations within a
spin-orbit doublet only. As to the AM, even if the multiconfiguration problem
could be reduced to the calculations with the effective operator (13) (which
demands a special proof by itself), that operator is coordinate-dependent
and in this sense resembles more the magnetic octupole operator than the
magnetic dipole one. And many-body effects can renormalize M3 operator
much more strongly than M1 operator. A drastic example in this respect
is 209Bi where the one-particle value of the magnetic octupole moment is
almost four times smaller than the experimental one [24].

Let us note here that due to the theoretical uncertainties discussed, in the
situation when the AM contribution dominates essentially atomic nuclear-
spin-dependent PNC effects, the proposal [7] to single out in those effects
the true neutral current contribution by combining experimental data from
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various heavy nuclei, does not look realistic.

In conclusion it should be emphasized however that even with all those
theoretical uncertainties kept in mind, the problem of experimental observa-
tion of a new physical phenomenon, nuclear anapole moment, is a fascinat-
ing one. Moreover, if the theoretical results of one-particle approximation,
which are by themselves remarkably stable by nuclear standards, will be sup-
plemented by a serious treatment of many-body effects, those experimental

investigations will give reliable quantitative information on P-odd nuclear
forces.

Acknowledgements

One of the authors (I.B.Kh.) wishes to thank the Institute for Nuclear
Theory, University of Washington, and the theoretical physics groups of the
Universities of New South Wales, Melbourne and Cambridge, where part of
this work was done, for their kind hospitality.

22

References

(1] I.B. Khriplovich: Parity Nonconservation in Atomic Phenomena (Gor-
don and Breach, London, 1991)

[2] V.V. Flambaum, I.B. Khriplovich: Zh.Eksp.Teor.Fiz. 79 (1980) 1656
[Sov.Phys. JETP 52 (1980) 835]

[3] V.V. Flambaum, I.B. Khriplovich, O.P. Sushkov: Phys.Lett. B145
(1984) 367

[4] Ya.B. Zel’dovich: Zh.Eksp.Teor.Fiz. 33 (1957) 1531 [Sov.Phys. JETP
6 (1957) 1184] (This paper contains also the mention of the analogous
results obtained by V.G. Vaks.)

[5] I.B. Khriplovich, M.E. Pospelov: Z.Phys. D17 (1990) 81
[6] W.C. Haxton, E.M. Henley, M.J. Musolf: Phys.Rev.Lett. 63 (1989) 949
[7] C. Bouchiat, C.A. Piketty: Z.Phys. C49 (1991) 91

[8] C. Bouchiat, C.A. Piketty: Phys.Lett. B269 (1991) 195; erratum B274
(1992) 526

[9] M.S. Noecker, B.P. Masterson, C.E. Wieman: Phys.Rev.Lett. 61 (1988)
310

[10] F. Curtis Michel: Phys.Rev. 133B (1964) 329
[11] B. Desplanque: Phys.Lett. B47 (1973) 212

(12] V.V. Flambaum, I.B. Khriplovich, O.P. Sushkov: Phys.Lett. B162
(1985) 213; Nucl.Phys. A449 (1986) 750

[13] B. Desplanque, J.F. Donoghue, B.R. Holstein: Ann.Phys. 124 (1980)
449

[14] V.F. Dmitriev, V.V. Flambaum, O.P. Sushkov, V.B. Telitsin: Phys.Lett.
B125 (1983) 1

[15] V.V. Flambaum, V.B. Telitsin, O.P. Sushkov: Nucl.Phys. A444 (1985)
611

[16] O.P. Sushkov, V.B. Telitsin: Phys.Rev. C48 (1993)
[17] B.H.J. McKellar, Phys.Rev.Lett. 20 (1968) 1542

23



[18] G.A. Lobov: Izv.Akad.Nauk SSSR (Ser.Fiz.) 44 (1980) 2364
[19] E.G. Adelberger, W.C. Haxton: Ann.Rev.Nucl.Part.Sci. 35 (1985) 501

[20] A. Bohr and B.R. Mottelson: Nuclear Structure, v.1 (W.A. Benjamin,
Inc., New York, Amsterdam, 1969)

[21] V.I. Pagurova: Tables of Incomplete Gamma-Function (Moscow, 1963)

(22] S. Platchkov et al: Phys.Rev.Lett. 61 (1988) 1465 -
(23] H. De Vries, G.J.G. Van Niftric, L. Lapikas, Phys.Lett. 33B (1970) 403
[24] V.F. Dmitriev, V.B. Telitsin: Nucl.Phys. A402 (1983) 581 ,

[25] V.A. Chepurnov: Yad.Fiz. 6 (1967) 955 [Sov. J. Nucl. Phys. 6 (1967)]

[26] B.I. Birbrair and V.A. Sadovnikova: Yad.Fiz. 20 (1974) 347 [Sov. J.
Nucl. Phys. 20 (1974)]

24

D e BRI A i B G TR e ek
0 2 4 B Gersil o 320l 16 18 20
r (fm)

Fig. 1. First order correction § R(r) to radial wave function of lhg /o level.
Dotted line corresponds to constant density and no spin-orbit potential (68 =
rR(r)). Dash-dotied line refers to varying density and no spin-orbit potential.
Dashed line refers to constant density, spin-orbit potential included. Full line
corresponds to full potential and varying density.
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