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Itis shown that the spin-rotational levels of opposite parity in the molecules PbF and HgF cross in
magnetic fields ~ 10? G. This effect enhances many P-odd effects, governed by the anapole

moment of a heavy nucleus.

1.INTRODUCTION

Parity nonconservation effects in atomic and molecular
physics have become familiar in both experimental and theo-
retical investigations (see, for example, Ref. 1). The greatest
progress has been made in the measurement of one of the
constants of the effective P-odd weak interaction of electrons
and nuclei—the “weak nuclear charge.” Only preliminary
reports are as yet available regarding measurements of the
other constant— the so-called anapole moment of the nu-
cleus.? All these experiments were performed on atoms. Un-
til very recently experiments on molecules were performed
exclusively in order to search for P, T-odd interactions. But,
as has been pointed out repeatedly in theoretical work,*’
investigations of P-odd effects in diatomic molecules also
look promising. Calculations have been performed for the
molecules BiS,® PbF,® and HgF.° The important point is that
the corresponding experiments would give information
about the anapole moments of nuclei.

The use of a constant external magnetic field to enhance
P-odd effects in atomic experiments has also been discussed
(see, for example, Ref. 10). This has been achieved only for
the hydrogen atom,''"** where the required magnetic fields
are achievable experimentally, but the P-odd effect was
found to be too weak owing to the large width of the 2p, ,,
state. Diatomic molecules in the ground electronic state
have close sublevels of opposite parity (components of A
doublets,  doublets, or rotational sublevels of opposite par-
ity). Mixing of such sublevels occurs only as a result of P-
odd interaction, which is determined by the anapole moment
of the nucleus. The imposition of a relatively weak magnetic
field (10°~10* G) can substantially enhance P-odd effects.
The possibility of such enhancement was pointed out by
Khriplovich,' but he did not discuss specific experiments.

We note that in his thesis work, performed at Leningrad
University in 1983, Kopp proposed using a magnetic field
for crossing close rotational levels of the states *IT, and *2
of the H, molecule. He showed that crossing occurs in fields
of 10° G and the magnitude of the P-odd amplitudes is equal
to ~10~* Hz.

In this paper we shall study several possible variants of
experiments designed to search for P-odd effects in diatomic
molecules.

In Sec. 2 an expression is presented for the effective
spin-rotational Hamiltonian of diatomic molecules having
the ground states 22, , and *Il, ,, taking into account the P-
odd effective interaction (this pertains to molecular radi-
cals). The parameters of this Hamiltonian are determined
from existing experimental data and the results of calcula-

415 Sov. Phys. JETP 73 (3), September 1991

0038-5646/91/090415-07$03.00

tions of the electronic structure of the molecules.

In Sec. 3 a numerical calculation of level crossing is
performed, using the existing expressions for the spin-rota-
tional Hamiltonian for the molecules PbF and HgF, and the
optimal situations for experiments are selected.

The possible effects of splitting of an rf resonance line in
the region of crossing of sublevels of opposite parity in a
magnetic field are described in Sec. 4. The magnitude of the
splitting in this case can reach 10-10° Hz in fields of the
order of 10* G.

The usual question in experiments on P-odd phenome-
na—the rotation of the polarization plane of light accompa-
nying absorption in vapors of diatomic molecules—is stud-
ied in Sec. 5. In the presence of level crossing this
phenomenon combines in a unique way with the Faraday
effect.

Finally, in Sec. 6 the P-odd Stark effect in the field of an
intense plane-polarized laser wave is discussed. This effect
consists of the fact that the resonance frequency depends on
the propagation direction of the wave with respect to the
magnetic field. This effect is significantly stronger in mole-
cules than in atoms'* and reaches a magnitude of 10* Hz for
laser-field strengths of 10* V/cm. Here, however, additional
experimental difficulties also arise.

2.SPIN-ROTATIONAL HAMILTONIAN

In Refs. 4-9 and 15 it was shown that polar molecules
with one heavy nucleus and an unfilled shell are most suit-
able for studying P-odd effects. Examples of such molecules
are HgF and PbF. These molecules have the ground states
23,,, and *I1, ,,, which we shall study below using the para-
metrization employed in Ref. 9.

The state X, ,. In the overwhelming majority of the
cases the °Z, , states are related to Hund’s b-type coupling,
i.e., they are described by the following quantum numbers:
A—the projection of the orbital angular momentum on the
axis of the molecule, S—the spin of the electrons, and N—
the rotational angular momentum of the molecule. Denoting
the nuclear spins by I, and I, we can write the effective spin-
rotational Hamiltonian in the following form:

H,,=BN*+y(N, 8)+(I,, A,S)+ (L, A,S). (1)

In this expression B is the rotational constant, y is the spin
doubling constant, and A, and A, are axial tensors of the
effective electron-nucleus spin-spin interaction. The param-
eters appearing in Eq. (1) can be determined from existing
experimental data.
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The state ’I1, ,, . In this case a type of coupling interme-
diate between Hund’s @ and c types of coupling is usually
realized. The rotational moment has the form

H.=B(J-1,)*= BI'—2B(J., J)+BJ.?, 2)

where J is the total angular momentum of the molecule and
J. is the electronic angular momentum. Averaging the oper-
ator J, with respect to the electronic function, we can intro-
duce the concept, which is convenient in this case, of the
effective electron spin s defined as

s.|0>=|-0>, sjod=o0l0’, (3)

where w = 4 1/2 is the projection of the total angular mo-
mentum J on the axis of the molecule. In this case the effec-
tive spin-rotational Hamiltonian is written as

H,.=B¥+A(sJ)+(1,, As)+(I,, A:8), (4)

where A is the w-doubling constant.

For the 2X, ,, states the operators J, and s are identical,
so that to within a constant the expression (1) reduces to Eq.
(4). It is also necessary to take into account the fact that
J =N + s, and set

A=—2B+y. (5)

This makes it possible to use the operator (4) for both 23, ,,
and *I1, , states. Table I gives the parameters of the operator
H,, for the molecules HgF and PbF. The tensors A are de-
fined in the molecular coordinate system as follows:

(a, Ab)=A'ab,—A*(a,b_+a_.b,). (6)

We also need expressions for the operators of interac-
tion with a constant external magnetic field as well as the
effective P-odd interaction. These operators have the form’

He=—p,(B,, Gs), (7)

H.=Wx({ns], 1,). (8)

For the X terms the anisotropic components of the A
tensors and the tensor G, which replaces the g factor, are
different from zero only owing to the spin-orbital interac-
tion. In Egs. (7) and (8) g, is the Bohr magneton, B, is the
external magnetic field, nis a unit vector along the axis of the
molecule, W is the effective weak-interaction constant

which is obtained by averaging the P-odd interaction over
the electronic state, and

1/2%=—2/a7‘2p. n+k/skav (9)

where
Aap, 'n=:Fl/2A« ( 1“’4 Sinz ew)

is the constant characterizing the axial-vector weak interac-
tion of an electron with a proton (neutron),' the constant
A =1.25 characterizes the renormalization of the weak inter-
action by the strong interaction, &, is the anapole moment of
the nucleus, and 6y, is the Weinberg angle. We also assume
that the nucleus 2 is a light nucleus while the nucleus 1 is
described by the shell model with one valence nucleon and
has the spin I, = }. According to all of the modern experi-
mental data taken together, sin’6~0.23, and calculations
give for the anapole moments of heavy nuclei values of k,
ranging from — 0.1 (for 2’Pb) to + 0.31 (for **Bi)."’

The parameters appearing in Eqgs. (7) and (8) are pre-
sented in Table II. The presentation given below is based on
the formulas (4), (7), and (8).

3.CROSSING OF SPIN-ROTATIONAL SUBLEVELSINA
MAGNETIC FIELD

In order to calculate the levels of a molecule in a con-

stant external magnetic field it is necessary to diagonalize
the operator H,, and H:

H,+H~=B¥+A(J, s)+(1,, Ass)+ (L, A8) —poBs (by, Gs),

(10)

whereb, = B,/|B,|. We shall employ the following coupling
scheme for classification of the states:

J+1,=F,, F,+1,=F. (11D

The basis functions are characterized by the following
collection of quantum numbers: |JpF,FM ), where p is the
parity and M is the projection of the total angular momen-
tum of the molecule on the direction of the external magnetic
field. Then

<IpF FM|H,,|I'p'F,'F'M">

_ 6pp'6MM'6FF'

rrny - PEF I B, (12)

TABLE 1. The parameters of the spin-rotational Hamiltonian for the molecules PbF and HgF

(all data are given incm ~').

HgF (Zy,) [9,16]
Parameters *"PbF (*Iy,) [8]
wHg (I, = %) WHg (I, = ¥/y)
B 0,2288 0,222 * 0,222 *
A(y) —0,1388 0,0143 * 0,0143 *
4) 0,305 0,754 0,268
A —0,262 0,729 0,258
4 —0,0208 — -
43 0,0240 - _
*Data provided by A. V. Titov.
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TABLEII. The G factors and the effective weak-interaction constants for the molecules PbF and

HgF.
HgF (’21/) [9,16]
6w wPDF (yy) (8] :
199Hg M Hg
Gl —0,075 1,993 1,993
Gt 0,307 1,961 1,961
108W, cm™" 3.2 8,63 7,97
Saere' Coone? Ap=(A*+4y1)",
IDF M | ~1saBy (b, Gs) | J'p'F B M y= 22200 2 e o
(2F+1) K 2":ix
-(—eB2) JpF.F||Gs|[J'pF ">, (13) %= Tap(atAp)]" (14

Here C™,.,, are Clebsch-Gordan coefficients. The
matrix elements presented above and appearing in Eqs. (12)
and (13) are given in Appendix 1.

The results of the numerical diagonalization of the op-
erator H,, and H, for the molecules PbF and '*’HgF are
shown in Figs. 1 and 2. The results of the calculation of the
matrix element of the operator H, between levels of opposite
parity in the region of level crossing are given in Table III
(the formulas are given in Appendix 2).

4. P-ODD rf RESONANCE ON CROSSING SPIN-ROTATIONAL
SUBLEVELS

One possible experiment is to observe the splitting of the
rf resonance lines near the pseudocrossing of levels having
opposite parity in a magnetic field. We designate the cross-
ing levels as the 1 and 2 levels. We designate the level with
which the resonance is realized as level 3 (see Fig. 3). For
definiteness we shall assume that the parity of level 1 is the
same as that of level 3 (in the absence of weak interaction).
When the operator H,, is included the crossing of levels 1 and
2 becomes a pseudocrossing. Denoting the splitting between
levels 1 and 2 neglecting H, as A (A~B, — B., where B. is
the magnetic field at the crossing point), we obtain

Energy, cm™1!
12~

(3/2,2,3/2,7)

O (32,25/2,-
/2,,9/2,7)

PbF,M=-3/2

L ]
0 12 24

Il
76 By,kG

FIG. 1. The spin-rotational structure of the ground-state levels of the
molecule PbF in a magnetic field. The quantum numbers (JF Fp) for
B, =0 (J and F, are approximate quantum numbers) are indicated in
parentheses. The numbers 1 and 2 correspond to Table III.
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Hereiy=(1/H,|2), A, is the splitting between the levels 1
and 2 after H,, is taken into account, and y/, is the admixture
of the starting state 2 added to the starting state 1.

The frequency dependence of the intensity of the reso-
nance as a function of the magnetic field near the crossing
point will be different in the cases when H, is taken into
account and when H,, is neglected. Figure 4 shows this de-
pendence in the case when H, is neglected and Fig. 5 shows
the dependence in the case when H, is not neglected.

The splitting of the rf resonance line in Fig. § is at least
2y and, according to Table III, is equal to 10-10° Hz.

We note that such experiments seem to be most practi-
cable with a molecular beam. In this case Doppler line
broadening is small and the only type of broadening that
could be of hindrance—transit broadening—is equal to
I’ ~200 Hz for a chamber 2 m long and beam velocity ~ 400
m/s, which gives a realistic possibility for observing splitting
of the line.

The main source of interference is the constant electric
field E, which also mixes the levels 1 and 2. A limit on E

Energy, cm™1
0,75
(0,/2,2,5/2,+)

(0,1/2,2,2,3/24)
0,70

- wrenare,)
0,65

(11/2,1,1/2,-)
0,60

H M=
(1,3/2,1,3/2,-) gr.M=1/2
1

Jd

0,55 ‘ 46

0 2 4 By, kG
FIG. 2. The spin-rotational structure of the ground-state levels of the
molecule HgF in a magnetic field. The quantum numbers (F F,NFp) with
B, =0in the coupling scheme s + I, =F, F, + I, =F, F, + N=F—
the approximate quantum numbers—are indicated in parentheses. The
numbers 3 and 4 correspond to Table III.
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TABLE III. The matrix elements of the operator H, for some crossings of spin-rotational levels.

11H |2
Molecule N By, 10° G 1<t y]]l >l Hz
1 9,78 359
FOF 2 20,70 12
3 2,23 113
HeF {4 2,99 87

*The numbers correspond to those marked in Figs. 1 and 2.

follows from the condition dE<y, which for d~1 a.u. and
X~ 10° Hz gives E<10~* V/cm (we note that the induced
electric field arising as the molecules move in a magnetic
field does not mix levels with identical values of M, because it
is orthogonal to the magnetic field). This is a quite stringent
condition. Aside from this, the magnetic field B, must be
maintained constant with adequate accuracy. The limit on
the variation of the magnetic field is

g AB, <. (15)

Taking the g factor g~2, we obtain AB,<10~4-10 3
G, which for a field of B,~ 10° G gives the following condi-
tion on the relative stability of the magnetic field:

AB,/B,<10""—10-°. (16)

This is a very stringent condition. The weaker the field
B, is, the easier it is to satisfy, so that crossings which are
achievable with the minimum value of B, should be chosen
for the experiment.

It should be noted that in this experiment the mixing by
the weak interaction is 100%, while in the absence of the
magnetic field y, = (H,)/AE, _ ~10~° (AE, _ is the
splitting between the levels of opposite parity). In addition,
if a beam is employed an attempt can be made to detect di-
rectly adiabatic transitions which are accompanied by a
change in parity.

Energy, cm—1

1
0,64 W
2

(3/2,1,3/2,+)

0,79}

’

wy=5,5 GHz

0,74 -

(3/2,2,5/2,+) L

(3/2,2,3/2,+) \ J

B, |
069 L LS L

1
8 g 10 1 By, kG

FIG. 3. Transformation of the crossing of the levels which have opposite
parity into pseudocrossing when H, is taken into account (for the exam-
ple of the crossing 1 in Fig. 1). The line thickness indicates the fraction of
states with positive parity. The level shifts are not shown to scale.
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5.P-ODD FARADAY EFFECT

We now examine the conventional formulation of the
question of the rotation of the polarization plane by a gase-
ous molecular medium. The “weak” nuclear charge was first
measured in precisely such experiments in a medium con-
sisting of atomic bismuth.' In contradistinction to the atom-
ic approach we assume that states with different values of M
are separated quite far from one another by the constant
external magnetic field. The angle of rotation of the polariza-
tion plane near resonance is given by the following formula:'

Vv=—(nol¥/A)g(u, v) (|A*|*~]|A"|"), (17)

where w is the frequency of the absorbed photon; 4 is the
amplitude for absorption of a right- or left-hand polarized
photon: A, = vyw, is the Doppler width (v, = (2kT /M) '3,
@, is the resonance frequency); / is the path traversed by the
light; 4" is the number density of particles;
u=(w —wy)/A;;v=T/2A,, where T is the collision width
of the transition;

g(u, v)=Im{n" e *[1—® (—iw) ]}, (18)

w=u+tiv,

z

O(z)= ;,2,—‘[ exp(—22)dt.

0

arb. units

| | 1
-0,2 0 0,2

-0,6 0,%

FIG. 4. The frequency dependence of the strength of the magnetic reso-
nance as a function of the field B, near the crossing point taking H, into
account (for the example of the levels in Fig. 3): /) B,= B. — AB, 2)
By=B.,3) By=B.+AB AB=7-10"* G.
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arb. units.

1
-0,

1 1 ] [
-0,2 0 0,2 0,% w-wy, kHz

-0,6

FIG. 5. The frequency dependence of the strength of the magnetic reso-
nance as a function of the field B, near the crossing point taking H, , into
account (for the example of the levels in Fig. 3): ) By=B. —AB,2)
By=B.,3)B,=B. +AB,AB=17-10"* G.

J

As in Sec. 3, we shall study a three-level system. The
mixing ratio y, of the levels 1 and 2 is given by the formula
(14). In this case

Ai=(1—|Xp|z)lleii+XpAzty (19)
where
A.*=(2nm)“"<1|(u, es’ ) |3, (20)

A= (2n0)~"<2|(d, e'*)|3>.

Heree * and e, * are the electric and magnetic polarization
vectors of the right- or left-hand polarized photon. Let the
photon be incident at an angle 3 to the direction of the con-
stant magnetic field. Then

e'*=2""(Fe,—ie, cos p+ie, sin ).
ep'*=2""(ie.*e, cos pFe, sin B). (21

Substituting Eq. (21) into Eq. (20) we obtain

F2- sin B[ (1—]%p|®) "< o |32 |%p | <2] do| 3>], M'=M

(2ne)"A* =
M =M-1,

o (1008 B) [ 41— | ol <1 | pos] 30F | 6o | €21t |31,

(22)

F/2i (1 F cos B[ (1= |5 |) "< | DF %1 €2]di| 3],

M =M+1.

In experiments performed with atomic systems summa-
tion over M ' and averaging over M is usually presupposed.
For B =0and |y,| <1 this gives

(2n0) " AF==£i[ 1. |3>£|xp| (2]dui 3]

and after substituting into Eq. (17) the interference term,
which is proportional to y,,, leads to the P-odd effect.
Inourcase,forf=0and M' = M + 1, 100% Faraday
rotation arises. For # #£0and M ' = M, however, there is no
such rotation and the rotation of the polarization plane is
“determined completely by the weak interaction:

e , ,
oA g(u,v) [xe| (1—=1%s]*) <1 1o 3>€2| | 3>sin’ B.
(23)

Ppne =

Using the standard definition of the absorption length

L—*=2mﬁn=2nm2’—f(u,v)(|A+|2+|A—|2), (24)
where
f(a, v)=Re{a"e"[1—® (—iw)]} (25)

[See Eq. (18)] an expression can be obtained for a conven-
ient relative characteristic of the strength of P-odd effects—
the angle of rotation of the polarization plane of light over
the absorption length:
8(1,0) |xe] (1—I%a1?) " <1|1a|37<2| | 3>
4f (u,0) [xo] 2] <11 ol 312+ (1= %2 1*) | €2] o 3> |*]
(26)

L
YPene =
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When setting up an experiment we must also take into
account the Faraday rotation arising on the wings of transi-
tions into states with M’ = M + 1. Since the hyperfine inter-
action with a light nucleus is weak, one of the levels with
M' = M + 1 lies near the level with M ' = M. The splitting
between these levels is ~ 102 MHz, while the Doppler width
of the line is ~0.1-10> MHz with transition frequencies of
~1-10*cm~!. The dependence on the angle 3 can be used
to distinguish the P-odd rotation against the background of
the Faraday rotation from the wings.

We note that aside from the correlation (v, s, ) (v is
the wave vector and s, is the spin of the photon) studied
here, in an experiment it is also possible to observe another
correlation, (v, by), with constant polarization s, of the
light.'® Let the light be incident parallel to the external mag-
netic field (8 = 0) and let, for example, M’ = M — 1. In this
case the light will undergo 100% Faraday rotation [see Eq.
(22)], but when the propagating direction of the wave rela-
tive to the external magnetic field B, is changed the absorp-
tion coefficient for the light changes and the following
expression can be easily derived for the difference of the ab-
sorption lengths:

L,"'—L"' [ xp | (1—1x2]*)"<1 | po| 35¢2| do| 3>
L~ 20 I |21 < o 3212+ (=[5 1®) €21 da| 32171

(27)

We note that when the magnetic field is tuned exactly
on crossing |y, | =2~ '/ these effects will not contain the
small contribution associated with the weak interaction and
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therefore they will be three to six orders of magnitude
stronger than the analogous effects in the absence of a mag-
netic field.'* Formulas for the matrix elements appearing in
Eqgs. (21)—(25) are given in Appendix 2. In order to calcu-
late the remaining electronic matrix elements of the magnet-
ic and electric dipole moment operators it is necessary to
have either experimental data on the oscillator strengths of
the corresponding transitions or the results of calculations of
the electronic structure of the corresponding states.

6.P-ODD STARK EFFECT

We now study an experiment analogous to the one
which we proposed previously for atoms. !4 We assume that a
molecule is placed in a constant magnetic field and a strong
field of a plane-polarized wave. Because of parity nonconser-
vation the correlation (v, b,) arises, where v is a unit vector
pointing in the direction of propagation of the wave and
b, = By/|B,|. When levels of opposite parity cross the mag-
nitude of the shift of the quasi-energy levels « (v, b,) is once
again significantly larger than in atoms. Because of the com-
plicated structure of the spin-rotational states it is very diffi-
cult to calculate this effect, so that here we shall omit the
formulas and give only an estimate. For E>10% V/cm

AW~ <1 | H,| 2], (28)

where A W 2 is the shift occurring in the quasi-energy levels
when the propagating direction of the wave is reversed.
From the data of Table III we obtain

AWEE~10® Hz. (29)

In the analogous atomic experiments the degree y of
uncontrollable circular polarization of the laser wave is se-
verely restricted, thanks to which an imitation of the effect
occurs. In this case this restriction is significantly weaker.
Indeed, the linear Stark effect arising in the presence of y is
of the order of

AWXEE ~ sz<d>zw k]
AE.?

(30)

where AE, is the splitting between the electronic levels, E is
the strength of the laser field, and (d ) is the electric moment
of the electronic transition. For diatomic molecules the typi-
cal values are (d ) ~1 a.u. and AE,, ~0.1 a.u. Then the con-
dition AW £¥ < AW *¥ leads to

%<107'—107%, (31)

where we have set @ ~0.01 a.u., which corresponds to a CO,
laser.

In an experiment with molecules, however, there arises
a different difficulty—imitation of the effect as a result of a
shift of the levels owing to the standard Stark effect resulting
from the instability of the laser field. The accompanying
shift of the energy levels is of the order of
1

_1_[ 2J+1
4 LJ(+1)
’_1-_[ (27—1) (27+1)
4 J
_ A [ (2)+1) (27+3)
4 J+1

J|As||) > =
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'h
] [A"+y,4+(27+1)], T'=J

h
| @rtyan, r=i-1

EAE<d*
AE»!

whence

—Ag < 10-2—10-°. (32)

’

Apart from these conditions, the magnetic field must be
tuned precisely on the crossing of the spin-rotational sublev-
els and the magnetic field must be highly stable, as we have
already mentioned above.

CONCLUSIONS

We examined a number of P-odd effects in the mole-
cules PbF and HgF. In order to observe these effects the
constant magnetic field must be tuned precisely to the cross-
ing of the levels. In addition, every experiment has its own
difficulties and spurious effects. Some of them were dis-
cussed above, but a more detailed investigation is required.

Itis hoped that the difficulties mentioned are not funda-
mental and can be overcome. We stress once again that the
advantage of molecular experiments is that the magnitude of
the effects is large.

We thank A. V. Titov for providing the computational
results for the HgF molecule as well as E. A. Hinds and I. B.
Khriplovich for helpful remarks.

APPENDIX |. REDUCED MATRIX ELEMENTS FOR
CALCULATING SPIN-ROTATIONAL SUBLEVELSINA
MAGNETIC FIELD

In the formulas presented below we assume everywhere
that the nuclear spins are given by I, = I, = 1. Then, using
the standard angular-momentum apparatus'® we can obtain
the following expressions for the matrix elements appearing
in Egs. (12) and (13):

<JpF F||BY*+A (sY) |/ pF,F>

=8,,8rp (2F+1)"{BI(J+1)+/ Al 1+x, (27+1) ]}, (L.1)
where
Xo==£p(—1)’*".

Here the plus sign is taken for the *II, , states and the minus
sign is taken for the 2, states;

UPE.F| (L, As) )/ pF, B> =855 (2F+1) " (—1)Fit7 4
’ |I‘
x{/71 }(_23-) TlAslI,

Y, Y, F, (1.2)
UpF F|| (1, Ays) |7’ pF.'F>
=[(2F+1) (2F,+1) (2F/+1)]" (—1)"*!
’ r g ’
x { FoFoA }{’ /s Fy }<JHA2s||J’>. (13)

Y, Y, FIVF, 1 T

The matrix elements of the effective spin which appear
here are given by the following formula:

(1.4)

h
| wr—gan), r=r+1
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The reduced matrix element of the operator of the inter-
action with the constant magnetic field is as follows:

<JpFF\Gs||\J pF,'F>
=[(2F+1) (2F'+1) (2F,+1) (2F,'+1) 1"

A F'}{J’ Y/, Fy
|

JIGs|l7>
17 Ip, 1 J} IGsl7,

F,
—1 F'+F|+F,'+J—A{
x (—1) 7

(L5)

and the reduced matrix element (J ||Gs||J ') is obtained anal-
ogously to Eq. (1.4).

APPENDIX II. MATRIX ELEMENTS OF THE EFFECTIVE WEAK
INTERACTION AND OF THE MAGNETIC AND ELECTRIC
DIPOLE MOMENTS

After diagonalizing the operator H,, and H; we obtain
states which we write in the form

|7, 1r)M>=ZI Cler|IpF FM), (IL1)

JFF

The coefficients CJ, r are obtained by means of a numerical
calculation. Then the matrix element of the operator 4
between two such states can be written as

A,pM|4|2,p"M>

= Z Z CtexChipp \JpF FM|A|J'p'F'F,' M. (I1.2)

JFF J'F,'F'

For the operator 4 we shall study H,, u,, and d,. For
the operator H, appearing in Eq. (I1.2) the matrix elements
are given by the following formulas:

CIpF FM|Hy|J —pF, F' M>=—/ iW % p,p, Opp: -

(%)’ {'52 J;z ;‘} (=) Fe+ T oy X (IL.3)
where
Xy=(20+1) [ (27+1) T (J+1) )",
Xy, s =Xomy, =[(27+1) (21—1) ] ]". (IL.4)

We shall now examine the operator x, (analogous for-
mulas are valid for the operator d,, ). Now the states acquire
an additional index n(m) which labels the corresponding
electronic state. Separating the dependence on the projec-
tions, we obtain

(nJpF FM |pq|mJ pF,'F' M>
CFF’J;’{’ 10

= GrrnyT P EIlmd pEED.

(IL.5)
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The dependence on the nuclear spins is also easily singled
out (we neglect here the nuclear magneton):

KnJpF F\|u|jmJ pF,'F">
=[(2F+1) (2F'+1) (2F,+1) (2F,'+1)]1"
F/’ 1, F’}{J' Y, F,

{nd J'p>.
R | P i R

X(—1)FHI+F+r - {

(1I1.6)

In (IL.6) we set I; =I, =1. To calculate the depen-
dence of J we shall express the states with definite parity in
terms of states with definite projection of the total angular
momentum () on the molecular axis (using the phase con-
ventions adopted in this paper):

|nIpM >=2""[|n]; +|@|; M >xp(—1)"*|n]; —|o|; M),
(I1.7)

where the plus sign is taken for °Il,,, states and the minus
sign is taken from 22, , and °Il,,, states. The reduction of
the matrix elements (nJo||u||mJ ') to purely electronic
matrix elements is made using formulas that are analogous
to those presented in Ref. 20.
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