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Collective T- and P-Odd Electromagnetic Moments in Nuclei with Octupole Deformations
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Parity and time invariance violating forces produce colleciveand T-odd moments in nuclei with
static octupole deformation. Collective Schiff moment, electric octupole and dipole, and also magnetic
guadrupole appear due to the mixing of rotational levels of opposite parity and can exceed single-
particle moments by more than a factor of 100. This enhancement is due to two factors, the collective
nature of the intrinsic moments and the small energy separation between members of parity doublets.
The above moments induckE and P-odd effects in atoms and molecules. Experiments with such
systems may improve substantially the limits on time reversal violation. [S0031-9007(96)00352-3]

PACS numbers: 21.10.Ky, 21.60.Ev, 24.80.+y, 32.80.Ys

Parity and time invariance nonconserving nuclear mo- + L (dV)VaVBlf ps(Frarg dr .
ments induced b#-, T-odd nuclear forces were discussed, 2Z R ‘ 3)
e.g., in Refs. [1-6]. These moments can be enhanced in

nuclei which have close to the ground state (g.s.) level§iere,, 41, is a reducible tensor. After separation of the
of the same spin as the g.s. but opposite parity [3,4]. ARrace there will be terms which will contain a vectsr

interesting possibilit)_/ to enhan_ce the effect is to conside(SChiﬁ) and a rank 30, (electric octupole) moments
mechanisms producing collectiie, P-odd moments. In 4],

Ref. [7] it was shown that the “spin hedgehog” mechanism

produces a collective magnetic quadrupole. In the present @ _ 3 ©)

paper we want to consider a different mechanism: mixing ¢ = @sehift + Poctupole »

of opposite parity rotational levels (parity doublets) By 3) 1

P-odd interaction in the nuclei with octupole deformation. Pschirt = —SVA R 4mSVS(R), (4)
This deformation was demonstrated to exist in nuclei from 3) 1 1

the Ra-Th and Ba-Sm region and produces such effects as Poctupole = s Qa/syVaVBVyE,

parity doublets, large dipole and octupole moments in the
intrinsic frame of reference, and enhan&idandE3 tran-  Where
sitions (see review [8]).
Let us start our consideration from the expression for ¢ _ 1 <f ep(r)rir dPr — %d % [ 0. ()2 d3r>

the electrostatic potential of a nucleus screened by the 10
electrons of the atom. If we consider only the dipdle (5)
, P-odd part of screening (Purcell-Ramsey-Schiff theorem )
[9]) one finds [4] is the Schiff moment (SM) and

ep(r) 1 f s(r) 5 f

= + — . =
¢(R) |R _rldr Z(dV) |R _rldr(l) Qa/o’y ep(r)
_ 1! 3

Here p(r) is the nuclear charge densitfyp (r)d*r = Z, X [rargry = 5apry + dpyra + dayrp)ld'r,
ps(r) is spherically symmetric part op(r), andd = ) 2 |4 5 5
[ erp(r) &°r is the electric dipole moment (EDM) of the Quzz = 203 = 7[ ep(r)r’Ysd’r (6)

nucleus. The multipole expansion @fR) contains both
T-, P-even andl-, P-odd terms. The dipole partin Eq. (1) is a tensor octupole moment.
is canceled out by the second term in this equation, Here we will consider the collective SM, collective oc-
| | 1 tupole, and also collective dipole as well as the collec-
—/ €<7V—>p(r)d3r + —(dV)—f ps(r)d®r = 0.  tive magnetic quadrupole resulting from the rotation of
R Z R ) the dipole. The mechanism for collective SM, dipole, and
octupole is the following: collective moments in the body-
The next term is the electric quadrupole whichTis P-  fixed system of the deformed nucleus are assumed to exist

even thus the first nonzef, P-odd term is without anyT, P violation. However, withoufT, P vio-
3) _ 1 5 1 lation the average value of these moments for a rotational
LR ep(r)rargry d'rVa VeV, R state in the laboratory system is zer®:, P-odd mixing
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of rotational doublet states produces an average orienta- f(g®> =d+ fl(0)g*+ -, (12)
tion of the nuclear axis: along nuclear spid. In the
case of a nearly degenerate rotational doublet

1

where d = f(0) is the electric dipole moment of the
particle [6]. In the nonrelativistic limit

W = S (IMK) = |IM = K)), 7) jo=~f(@iytogy. (13)
] ] ] The electric potential produced by this current is
whereK = In. If theT, P interaction mixes the members
of the doublet with the coefficientr, the total wave @(q?) = joDo, = —4wi0—3[d + F(0)g* + -],

functionis¥ = ¥* + oV~ or (14)
1
v = ﬁ[(l + a)|[IMK) + (1 — &) |IM — K)], (8) whereD,,, = 4rg,,/q* is the photon propagator. In the
coordinate representation

one obtains 1
o(r) = dO‘V7 + 47 (0)oVE(r) + ---. (15)

KM )

o .

(+ I The first term ing(r) gives the long-range dipole field
The intrinsic electric dipole and Schiff moments areWhile the ;s,econd term is the contact field of the SM,
directed alongn, d = dn and S = Sn, and therefore 1-€., S ~ f'(0)o [see Eq. (4)]. Thus, the SM emerges
have nonzero average values in the glg.= K = I. from the same form factor as the electric dipole. One

To elucidate the origin of collectivé-, P-odd moments can therefore have priori a situation in whichT, P is
consider a simple classical “molecular” model, shownviolated, the Schiff moment is not zero, but the dipole
in Fig. 1: two chargesZg and ¢ with massesz’m  Moment of the particle is zero. N
and m have coordinates; = —a andx, = Z'a so the The mechanism of rotational level mixing can also
center of mass is at = 0. This “molecule” has dipole, Produce a magnetic quadrupole. Indeed, in the intrinsic
quadrupole, octupole, and Schiff moments. The electriérame of reference a deformed nucleus can have both a
dipole in this case i = (Z — Z')ag. Considez’ = z, magnetic dipole and magnetic quadrupole withdutP
in this cased = 0, but the SM and octupole moment are Violation. ThenT-, P-odd interaction mixes rotational
not zero. The octupole momem@; is proportional to ~ Parity doublets and can produce magnetic quadrupole in
Z — 1 (for Z = 1 there is only quadrupole deformation). the mixed state. It is also worth noting that higfey P-

(Wln W) =2

SM in the body-fixed frame is odd moments can appear due to rotation of lower moments.
1 For example, rotating electric dipole produces magnetic
S = _qa3z(z2 - 1). (10) quadrupole. However, all these contributions to higher

10 moments will be proportional té../M,c whereM, is a

For I = % the SM is not equal to zergS # 0) as large mass of the nucleus and consequently very small.
opposed to the octupole moment which vanishes because The intrinsic moments of heavy deformed nuclei are
one cannot satisfy angular momentum coupling. Thus thevell described using the two-fluid liquid drop model [12—
octupole deformation is hidden. It is possible to havel4]. We consider here even-odd nuclei, so electric mo-
a situation in whichd = 0, 03 = 0 in the laboratory ments, except the dipole, are determined by the moments
system but the SM in the laboratory & # 0. This of the evenZ core. The surface of a deformed nucleus is
result applies to any system, for example, to an elementary
particle (neutron, electron). Indeed, for spir= 5 there R = R0<1 + ZBIYI())- (16)
is only oneT-, P-odd form factor [10,11]. However, =1
we have shown that the two moments, EDM and SM,The 8; deformation is determined from the requirement
are not necessarily related to each other. There is nthat the center of mass fixedat= 0, i.e., [ zd*r = 0,

contradiction here. The relativistic expression for e 3 I+ )33
, P-odd electromagnetic current fer= % in momentum B = —31/4— Z N a7)
representation is T (SJQL+ 1) @20+ 3)
Ju = F @ Pysoumiqu (11)  The proton density in case of deformed nucleus is [12]
2
whereq is the momentum transfey;s ando,, are Dirac p = po _ poeZ
matrices. The form factor can be expanded 2 8 CRo ) l
> 3lw) e () el
— X|=—-=(=] + — Yo |,
2'm, Zqg— Lt =2tV n g [2 2\Ry) T & 1\Ry) P
(18)

FIG. 1. A "molecular” model of octupole deformation: two 3 .
chargesZg and ¢ with massesZ’m andm placed at—a and ~ Where po = 3A/4mR; and C is the volume symmetry-
Z'a with respect to the center of mass. energy coefficient. The dipole moment generated by this
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proton distribution is in the lowest order of deformation Note that the pseudoscalar operatdf’ cannot connect

[12-14] states of an even-even axially symmetric cqré [19].
2 3 (2 — 1) (8] + 9) The expectation value of &, P-odd operatoiO in a T-,
ding = eAZ — . - [ D" |
w = eAZ o A EEEE BiBi+i P-admixed stateb;" is
(19)

FHIAIA TN WZsar: -
The inclusion of the neutron skin effect as well as the shell (@71019;7) = 2a:(®;"[01P;)

correction reduces somewhdy,,, nevertheless Eq. (19) R

with the C = 20-30 MeV fits experimental values quite +2 @ (®F101;).  (27)
well [12,14]. This moment appears only because the J#i

Coulomb force produces a relative shift of protons versus )

neutrons. The constant part of the density in Eq. (18)lhe matrix elements between core states are

does not contribute td;,,. The intrinsic Schiff moment

turns out to be (xT10Ix ™) = (xalOlxa). (28)
2 A
Sinr = eAR} 3 <1 _ ez Q) Writing the one-body operatap as the sum of core and
407 RoC 70 particle parts) = O + O, One obtains
% Z (I + DBiBi+1 (20)
=2 \/(ZZ + D@2l +3) <q31+|0|(l)]_> =<XA|Oc0re|XA>(a+iafj + b+ib7j)
(Note that in the liquid drop model/2 times the + <¢i+|0,,|¢j’>(a+,-b_j + a_iby;).
expression in the parentheses is ab@u} Here the (29)

constant part op in Eq. (18) gives the main contribution

(about 90% in nuclei wittz ~ 90). The expression for The contribution of the single neutron is small for the SM
the intrinsic octupole moment is [15] operator and is absent for the octupole moment. In the

, 3 2 |5 case of closely spaced doublets; = a—;, b4+; = b_;,
OQsine = €ZRy 7—F=—= <ﬂ3 + 24/ = B2B3 + ) (21) andasa_; + byjb_; = 8;;. The expressions for the
27 3\ ] J J _
) expectation values of &-, P-odd operator of rank in
TheP- andT-odd potential has the form [4,16] the body-fixed and laboratory systems become

G 1
PT — = 1 V. . .o A A
v \/E 2m pogal[Vlf(rl)]’ (22) <q)l+|0|q)l+> = 2aii<XA|000re|XA>,
i/ A 1\l _ 2/ & A1 &
whereG = 1075/m? is the Fermi constant ang,(r) = (Wi |O1Wy) = (LIOIINX D |01D;).  (30)

pof (r) is the nuclear density. o .
We use here the particle-core model for a reflection- Currently, the best limits on Schiff moments and the

asymmetric nucleus [17,18]. THE, P-odd as well as coupli.ng constants of-, P-violating nucleon-nucleon in-
P-odd, T-even mixing was studied in this model recently t€ractions are Obta'neggfgrom ‘25 measurements of the elec-
[19]. The wave functions in the model are [17,19] tric dipole moments i Hg, *~Xe [20] atoms and TIF
12 molecule [21,22]. Nuclei of these atoms do not have oc-
\I,]Il/fK _ [2] +21} [1 + Ry(m)IDL, Dk, (23) tupole defqrmation. However, similar gxperiments can
167 be done with heavy atoms (Ra, Rn) which are electronic

where R, () denotes rotation through an angteabout ~ Structure analogs of these atoms but their nuclei have oc-

the intrinsic 2 axis. The®d” = ®* are particle-core tupole deformation. _
intrinsic states of good parity. Denoting the good parity Our calculations were performed for relatively long

core stateg™ and particle stateg™ we write lived even-odd isotopeg*?*’Ra and***Rn. Variants of
N - o the model used here are shown to describe quite well
ST =arx" ¢ +bix ¢, the g.s. parity doublets in the Ra-Th region [8,17,23].
O =a xy ¢  +b_xy o . (24) We used here the same version as in Ref. [19], the

deformation and core parity splitting parameters were
taken from Ref. [17,23]. The calculations of the mixing
coefficients were performed using Nilsson potential. The

The stategy™ are projections of the reflection-asymmetric
statesy4 [17]

YT = 1 (1 + 7P)ya. (25) ***’Ra and””’Rn have the 955+, 3+, and§. The
V2 octupole deformation for all these isotopesds = 0.1.

The matrix elements of *” are [19] Our results are shown in Table I. The mixing coefficients
in our calculations are in the rang®.6-7) X 107 7y.

(Ui IVET W) = arb (pE IV 1) The Schiff moments of the reflection-asymmetric nuclei

in the intrinsic system are in the rang2-29 e fm>.
+ a-bi (P |V |$g). (26)  Correspondingly th@-, P-odd Schiff moments [Eq. (30)]
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TABLE .

Admixture coefficientsa (absolute values), experimental energy splitting between

the g.s. doublet leveldE = E- — E*, intrinsic Schiff moments, and Schiff moments as
well as induced atomic dipole moments. The values'fdHg and'>Xe from Refs. [5,24]

are given for comparison.

MR, MR, MRy 29p, 1997 1296
a (107 n) 2 6 2 60
AE (keV) 50.2 55.2 130. 0.22
S [e Fm?] 22 29 22 28
S (108 n e fm?) 500 1100 700 3 X 10° -14 1.75
d@at) (105 necm) 3500 7900 1500 3 x 10° 5.6 0.47

2Calculated.

are in the rangé€2-20) X 107 %y efm3. This is about 2
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