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Abstract

. Effects of parity nonconservation in molecules with theiz
electron state can be used to detect the anapole (P-odd) nucle-
ar moments., The magnitude of circular polarization of radiation
in microwave range reaches 1D’4 being 104 times larger than in
the 28 state of hydrogen, Considerable enhancement arises as
well in optical transitions. T-odd effects are also discussed.

Tt is known, that there are close rotational levels of
opposite parity in dietomic molecules. This circumstance can
be used to enhance the effects of time (T) /1-3/ and space (P)
/4,5,2/ parity violation. The effects of P-nonconservation
prove to be enhanced only in the molecules with non-zero elec-
tron angular momentum, just the P-odd nuclear spin dependent
interaction being enhanced /5,2/. In Refs. /6,7/ it has been
ahown that this interaction is due mainly %o the P-odd nuclear
forces leading to the appearance of a nuclear anapole moment 71
directed along the spin T of the nucleus. The electromagnetic
vectgrnggtential created by the anapole moment is equal to

A=a 5% '

Ref. /5,2/ deal with the molecules in which/l- or (1 -
-doubling of the rotational levels takes place (A endf] are the
projections of the electron orbital and total angular momenta
on the axis of the molecule). However, the molecules with the
€ 7. eleciron gtate have a number of advantages. For instance,
the Iu0, La0 and LaS molecules possess a high binding energy
that makes them thermodynemically stable., There is a loi of
experimental information about these molecules /8/. They are
suitsble for both the radiofrequency and optical experiments
due to convenient position of the excited states. The P-odd
effects grow rapidly with the nuclear charge which ig fairly
large in La and Lu ( Z = 57 and 71, respectively). And, final-
ly, due to the compensation of a hyperiine and rctational
splitting e very small interval arises in these mnlecules be-
tween the levels of opposite parity (0.2 cm71 in LaO,

£ 0,01 em™! in LaS, and 0.05 em~! in Iu0). This interval
between the opposite parity levels can be made even smaller by
applying an external magnetic field.

Relatively simple structure of the lower rotational sta-
tes of such molecules is also convenient. The interaction of
the spin with the rotation of a molecule in the EZ state is
smell /9/, much smaller than that between the electron and nu-
clear spins, which has the same order of magnitude as in the
atoms, Therefore, the anguler momenta coupling scheme is here
as follows. The spins of an unpaired electron and nucleus, 5
and ']-‘.: are coupled into the angular momentum Fasl+ 'f. The



interaction of F with the molecular rotation is so weak that
it is broken by & magnetic field of about 100 G.

The coordinate wave function of the unpaired electron ne-
ar a nucleus is expanded in the orbitals of a heavy atom:

| $> = Bsls> * BelP>+ Bylod>+... (1)

Since the J -term is considered, in the expression (1) even
the constituents with & non-zero orbital angular momentum possess
(;= O. The electron interaction with the nuclear anapole mo-

ment is conveniently written as follows /6,7/:

P - L B T ) |
Ho=edL ASE) = f5 T2 X, 5(%) (2) |

where e is the proton charge, .E’ ere the Dirgec matrices for an
electron, G is the Fermi comstant, K'—'—'(-:UP = (T'*‘?z) i
is the orbital angular momentum of an external unpasired mucle-
on, and 2£, is the dimensionless constant proportional to
the anapole moment of the nucleus. In spherical nuclei /7/

x, = 59 L [0 éI(.l'*ﬁJ =14409p, [iaercrg]

Here A is the atomic number of a nucleus, & = 1/137, m, is
the proton mass, r, = 1.2-10'13 cm, ﬂ‘, is the magnetic mo-
ment of the external nucleon in nuclear magnetons ( M = 2.8

/N‘! = -1,9), and g is the dimensionless constant charscteri-

zing the strength of the weak nucleon-nucleus interaction. For |
the unpaired proton, gg = 4,5, and for neuteron fﬁ'.f.{:_f I/ I
As a result, for the 1 91.9. nucleus Sea- 0.3. As for the 1751.11

nucleus, it is not a spherical one so that the expression (3)
is not stricily spesking applicable to it. Nevertheless, as an
estimate, we take 2€,= 0.35 for 1751y (this value follows

~ from formula (3)).

Calculating the matrix element of the interaction (3) be-
tween the molecular states [T],»[SS;> |B> by means of the
quasiclassical wave functions presented, e.g., in Ref, /10/
(@s it was done in /11/ for & T-odd interaction) we find | |

i <& (SxT)n (4)

u (5)
13

Here 11 is the direction of the molecular axis pointed from the

heavy atom to the light one, Ry = 13.6 eV, m is the electron

mags, R,is the relativistic factor for a weak interaction,

25+ . 2-2Y 4
= 25 (ztg) [Faven]® | ¥=1-(za)t,

: k%%
E = ::;ﬁ %‘-’ﬁ Rg%% emuz'R,, 1¢Te1)
s P

dg  1is the Bohr redius. At Z-+0 R, 1, By (Z= 57) =3 end
Ryl Z= 71) =5. Vs and Y denote the effective quantum
aumbers of the lower s and p states of an external electron
in the heavy atom (E = - Ry /y*). In the La and Iu atoms the-
se are the 65 and 6p states. The quantity Bs/)%, through
which the wave function l_ﬁ) is expressed at Z —» 0, enters
also the hyperfine structure constant of a molecule:

3 N m e e
= —:l’? R? T T zx*mp K¢ : Rj,; Ylrs-1) , (6)

where ﬂ is the magnetic moment of a nucleus. Since the hy-
perfine splitting in the La0, LaS, and Lu0 molecules is kmown
/8/, for the determination of f it is necessary to eati;
mate, at 7 - O, the quantity B, |P> proportional to _jap/);, 2
1t can be made, for example, by using the normalization conditi-
on for |B>. The value of ) in the La and Iu atoms is
about the same: Yo 1.38. The comparison of the expression
(5) with experiment /8/ yields ps « 0.75 in LaO, LaS and
Im0. If we set ﬁr =j?,d :.aﬂ E.-n estimate, it :hen fuli:::t.
from the condition B3 + P, *fy = 1 that B, =0.5. Estimation
of the mixing of s and p states by an internal electric field
of the polar molecule resulis in the same order of magnitude

of }' (see Ref. /11/). Assuming )JP- 1.6, as in the la

and Lu atoms, we find

;(gm S)~E (Lao) = -2.5-1'0_3em"r,, g iy



£ (tuS)= F(lu0)= - 740 et 2, -

In this calculation we use the expansion in stomic orbitals

(1) together with the atomic effective principael quantum num-

bers ) . Meanwhile, in the molecules under consideration two

electrons are shifted from heavy atoms towards axygen. In

principle, for an unpaired electron, it is possible, therefore,

to use the ion characteristics instead of the atomic ones. One -~
can check easily that such a modification would lead only to a '
small increase of the calculated values of /E .

The Hamiltonien (4) causes the mixing of the rotational
molecular states ]1_’; F 3> ana ,!,{’:z:_{_,F":,c-ﬂJ@ (g"nﬁ"-rf}
of opposite parity. In the La0 and Iu0 molecules, the mixing
coefficient of the [{=0 F= J=¢> and f.{=i_,F#.§.‘!=§-)atates is the 2
maximal one because of a small energy denominator: Epy —5:;3 =
= 46 —2B (the energy of molecular rotation amounts to
BL(L+4) ). This coefficient is equal to

e L.\/I(zniT £ &
 *t B —E
Its numericael values are:

E(La0)=~240"%,  &(w0)=- 210 %, (10)

The mixing, larger than in La0, ocecurs between the
I£=4,F=4 95 ana |L=2F=3 4> states in the Las molecule. Ac-
cording to Ref. /8/, the energy denominator in this case, va- .Ex

nishes within experimental accuracy, but it is probable that
the accuracy itself in the measurement of the conmstant b in
LaS constitutes 0.01 cm™'

been measured.

« In LuS, the constant b has not

It is easy now to find the magnitude of the parity viola-
ting Eleamplitude in the transition between the hyperfine com-
ponents F=3 and F = 4, For example,

A(EL)=LL=0,Fy=F =1-4| D_[L=gF=F =I+} ) = %}2 (11)
Here | >  is the state with a weak mixing taken into acco-

unt, B_‘—'ﬁ@—;ﬁ,], 5=2)5', D is the eleciric dipole moment
of the polar molecule, We have failed in finding the value of

6

D for the La0 and LuO molecules, but the value of D in the Ba0

- molecule similar to them is known: ) = -3.14 €k, - The mo-

lecule BaQ differs from La0 and LuQ by the absence of an unpai-
red electron. Since the coupling energy and internuclear dis-
tances in La0 and Iu0 are close to those in Ba0 (and in LaS
they are close to those in BaS where 2D = -4.28€Qg), it

is natural to assume that the dipole moments due to the shift
of two electrons to oxygen, are close as well. Putting Dlia D)=

= D(Lup)=- 3ea, we find
ba©: A_(E1) = 3'.1'0"3.?, Lea,
Lu0: A (E4)=3-107"%, (ea,

The amplitude of the corresponding Mi-transition in both mole-

cules is A. fﬁfﬂ=-£-nj%. As a result, the degree of circu-
lar polarizetion of radiation P=-2ImA.(E{)/f fﬁf) conatitutes

(12)

P =1.3:107 %, in 1e0, P 2 107%%, in ILas,

(13)
p = 1-3‘10-4 Iﬂ in IuO

We emphasize that the admixed Ei-amplitude and the degree
of circular polarization in Lu0 exceeds by a factor of 104
their values in the microwave transition in the 2s state of
hydrogen and by a factor of 105 that in caesium ground state.

The larger magnitude of parity nonconserving effects can
probably be obtained in the forbidden transition
[L=0 F=4)>—» |/l=2,F=3)> . The admixed E1-smplitude in it
is comparable with (12), while without parity violation the
transition is switched on, in practice, by external fields
only.

The parity nonconserving effects can be additionally en-
hanced by reducing the interval between the oppesite parity
levels by a magnetic field about 1 kG. Since in contrast to
the hydrogen 2p state, the natural width of the levels is ne-
gligible here, one could get, in principle, larger enhancement
in the molecules than in hydrogen by mesns of magnetic field.

Note that the limitations on stray electric fields in
La0 and Iu0 are also much weaker then in hydrogen. In addition
to the fact that the P-odd interasction in the molecules is

7



gtronger, of significance is the circumstance that an electric
field does not mix directly the levels [/= { F=3> and
[L=0 F=4>-

The parity nonconserving effects in the La0, LuO and lLa$S
molecules can be sgearched for in optical experiments as well,
Just as it was done in the experiments with T1 (Ref. /12/) and
Ca (Ref. /13/) (for the PbF, BiO and BiS molecules see the
discussion in Refs. /5,2/). The admixed El-amplitude also rea-
ches here 107°-10"7, being 10°-10% times larger than its value
in the atoms. Furthermore, in the Ez:urﬁf transitions the M1-
-amplitude turns out to be suppressed because of the orthogona-
lity of electron wave functions. This increases the magnitude
of eirculer polarization. In this case, it is possible te
switch on the transition, just as in Tl and Cs, by an electric
field mixing the rotational molecular states of opposite parity.
As to the experimental search for the optical activity of the-
ge molecules due to parity nonconservation (for Bi0 and BisS
see the discussion in Ref. /2/), a serious difficulty for the
compounds discussed is perhaps the high temperature necessary
to obtain sufficient vapour pressure. According te /21/, for
La0 and IaS a reasonable pregssure ( > 1 mm) is reached only
at T =~ 2500°C.

In the molecules under discussion the T-odd effects are
also amplified. In particular, due to T-odd nuclear forces (or
electric dipole moment of the external nucleon) a nucleus ac-—
quires & magnetic quadrupole moment. It induces in turn an
electric dipole moment of the molecule with non-zero electron
angular momentum in its stationary state. Using the formulae
of Ref. /11/, we found that the parameter 2 of the T-odd in-
teraction Hﬂf = L -p{t-iy is equal to 3¢, =-3+10" 17 at F = 3,
while the electric dipole moment, at L = 0, constitutes .£+ =

28 -1
= - g Ry= - 510 e-cmy Where is the parameter characteri-
zing the intensity of the T-odd nucleon-nucleus interaction.
The LaS molecules has the same value of £ and a four times
larger dipole moment, D = -2'10'196-!:»1-2 + An analytical
formula for the magnetic quadrupole mement, derived in Ref.
/11/, is applicable for spherical nuclei only. If, neverthe-
less, we use it for an estimate in the non-spherical "5 mu-

ﬁleﬁé, we obtain twicé lﬁrger values of the T-odd éunstants in

Lu compounds: o, = -6-10'1?2 y Dpllu0) = -1.10‘19e-emﬁg,
and Dy (uS) = -4410"'7e.em. y . The latter value is 40 times
larger than Dy of the T1F molecule, and the experiments with
T1F has led to one of the two best bounds on J : [//% s
/11=17/. The molecular experiments offer also the possibility
to obtain the bounds on the other T-odd characteristics (for
example, on the electric dipole moment of electron /1-3/).

Note that in the 7 -states, the electric dipole moment
arises due to the mixing of the states with equal F(Ref. /11/);
which are separated by a normal rotational interval. Therefore,
in such molecules there is no additional enhancement of T-odd
effects due to partial compensation of energy intervels. It
can be shown however that here alsc the effect may be enhanced
by applying a magnetic field reducing the intervel between the
nearest opposite parity levels.

The parity vioclation effects, comparable with those con-
sidered above, occur in the compounds of Ba, Yb, Hg with H,
P, Cl, Br, I atoms.

Previously, the parity violation effects have been analy-
ged in the molecules with J[ -terms (PbF, Ref. /5/; BiO and
BiS, Ref. /2/). The lower rotational states in these molecules
have rather complicated structure since the Coriolis and hyper,
fine interactions in them are comparable. However, thease mole=-
cules are likely to have also the levels of opposite parity
with the interval considerably smaller than the rotational one}

In conclusion, we wish to point out that the parity non-
conservation in atoms, discovered in /18/ and then observed in
/12,13,19,20/, is due to the nuclear spin-independent part of
the weak electron-nucleon interaction. Meanwhile, in molecu-
lar experiments one can study the spin-dependent part of the
P=-0dd interaction, which is mainly due to an interaction be-
tween the electiron and the nuclear anapole moment, The nuclear
enapole moment is of interest nut only as a new, so far not
observed nuclear characteristic. Ite measurement would give
unique information sbout the parity violating nuclear forces.

The suthors express their gratitude to V,F.Yezhov and
©.P.Sushkov for useful discussions.
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