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P-ODD NUCLEAR FORCES AS A SOURCE OF
PARITY NON-CONSERVATION IN ATOMS
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P-0DD NUCLEAR FORCES AS A SOURCE OF
PARITY NON-CONSERVATION IN ATOMS

V.V.F1l ambaum, I iBtKhI'iplOViCh

Institute of Nuclear Physics
630090, Novosibirsk 90, USSR
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We consider the electromagnetic P-odd interaction of elec-
tron with nucleus caused by parity non-conserving nuclear for-
cese New information concerning these forces can be obtained
already now in experiments on optical activity of heavy atoms
and diatomic molecules. In the case of deuteron the P-odd vec-
tor-potential is expressed via the parameters of parity non-con-
gervation in np scattering.



1. The discovery of the neutral current weak interaction
made in Novosi® rsk [1] by observation of optical activity of
atomic bismuth vapour is only the first positive result in the
study of weak interaction structure by the atomic spectroscopy
methods. The subsequent increase in the accuracy of this experi-
ment [2] makes qualitatively new results here sufficiently rea-
ligtic. We mean in particular the measurement in atoms [3] and
molecules [4] of the constant characterizing the weak interacti-
on of electron with nucleus spin. The natural scale of this ef-
feet is 7~1 of that measured already since only the valent
nucleon contributes to it, but not all nucleons of the nucleuse.
One could expect that the effects of such an order of magnitude
can be measured already now. However, within the Weinberg-Salam
model at the value of the mixing parameter sin“€= 0.23 that
follows from the existing experimental data, the constant of the
interaction discussed is very small numerically.

In the present paper we wish to note that the effects of
parity violation in atoms, dependent on the nucleug spin, can be
caused not only by neutral currents. They are induced also by
P-6dd nuclear forces. Due to these forces, the electromagnetic
vector-potential of nucleus acquires an additional term of wrong
parity acting on electron. The contribution of this mechaniam
can exceed appreciably that of neutral currents. Therefore, the
experimental searches for the effects discussed are real even at
present. They can give valuable information about parity viola-
tion in nucleus.

Specific for p - mesoatoms effects caused by P-odd nuclear
forces were congidered previously in the ref. [5]. Parity viola-
tion in the electron-nucleus interaction induced by P-odd nucle-
ar forces was discussed from the general point of view in the
recent work [6 ]

2. The origin of the effect discussed can be understood
most easily starting from the fact that parity violation in nu-
cleus leads to helical spin structure in it [7,8] and toroidal
currents [7]. The resulting contribution to the vector-potential




of the nucleug leads to the P-odd interaction between electron
and nucleus, of interest to us.

We shall show that this electromagnetic interaction is
necegsarily of contact type. This result is contained in fact
in the refs.[9-14]. According to communication by P.Sandars, it
was known also to N.Ramsay. Nevertheless} for the seke of com-
pléteness of the exposition it seems to us worth-while to pre-
gsent here the proof of this fact.

The matrix element ju of the electromagnetic current
operator between the states of a given spin I and momenta k
and k' can be expanded in four independent vectors of the pro-
blem:

(1)

= ' - '—
Pp. (k+k)u b J q_p' (k- k)u ] Su 9

Ty = 1EuuxaPy A
Here su ig four-dimensional spin operator defined, e.g., for
the state with the momentum k eand satisfying therefore the

condition k s =0 :
| B .
p 9 & 5 Egk )
i M S m m+k0
Of course, in this case kﬂsp #’O . Taking into account
the conservation law for electromagnetic current quju:zo ’

this matrix element can be written as follows [10 ]:

F,+[a%s, - q,(e8)] 7 |T, B -

e :
J[.l" (I,k |PU»F1 +rl—'~ 5

The invariant functions Fi depend on the scalars that can be
constructed from the vectors (1). Since (pq) =0 and

(sk) =0 , there are only two such invariants. As arguments of
Fi it is convenient to choose the hermitian operator g =
= iq;s, and the usual varieble +t=gq° . The substitution of
an operator function F, into the expression (2) should be

accompanied, to retain the hermiticity condition, by symmetriza-

tion in non-commuting operators. In the expansion ofF (t,T)

in powers of ¢

N .
Fi(t,t) = 0fin(t) : 5

[

(3)

i

n
the meximal power Ni is evidently fixéd by the spin I:
R =22T, B =R _=¢1="
1 2 3

Therefore, the totel number of electromagnetic form-factors
fin(t) constitutes 6I + 1.

The operator T=1s q, chenges sign not only under
reflexion, but under inversion of time as well. Hence, the
T-inveriance condition restricts the summation in (3) to the
even powers of T « But then all the functions jFi(t;t) are
P-even, and parity violation in the electromagnetic current
(2) ig caused by the structure -qzsu - qu(sq) only. The
term proportional to corresponds to gradient of a scalar
function in the vector-potential of the particle. This contribu-
tion is eliminated by a gauge transformation. And the factor q°
in the remaining term in the current cancels out the propagator

1/q% of the particle field. Therefore, the P-odd electromagne-
tic interaction is indeed necessarily co ggct one. Note, that
the term with n=0 in the expansion (3) \the function F,(t,7)
corresponds to the well-known anapole moment, considered for
the first time in the ref. [T].

As to the T-odd part of the electromagnetic current, here

those and only those terms that conserve P-invariance are of con=-

tact type. Finally, the part of current that has wrong C-parity
igs contact one [13].

The total number of invariant form-factors f, , conserving
(+) and violating (-) P-, T- and C-invariance is found at a
given spin I without any difficulty and is presented in the tab-
le. If in one column of the table two values are indicated, the
upper one refers to integer spin and the lower one to half-inte-
ger spine. This classification of electromagnetic form-factors
wag for the first time carried out in the ref. [12] by means of




transgition into ennihilation channel.

-

i~
H

21+ 1 21
/2 1-1/2

In the conclusion of this section note that in the current
matrix elements non-diagonal in the internal state the conditi-
on of T=invariance does not forbid non-contact P-odd terms. A
testimony of it is the circular polarization of radiation when
parity is violateds The physical origin of such a difference is
qui te obvious. The above mentioned toroidal currents [ 7] create
the Tield only inside a system which doeg not possess definite
space narity. That is why the diagonal matrix zlement of the in-
teraction is contact one. And only when the system is rebuilt,
iees, in the case of non-diagonal matrix element, this field
goes oute

3« Pass now to the direct calculation-of the parity viola-
ting electromagnetic field of nucleuse. The nucleus is naturally
aggumed to be non-relativistic, so that the P-odd part of ju

-

looks ag follows:

i, (@ =0, 3 = RT-IQAD]F (4)

The first of these equalities has a simple physical meaning:
P-0odd interaction does not influence charge distribution in a
gsystem. And from the second one it follows by the way that

f 3@ =3@=0)=0 (5)

Since typical éfomic momenta are much smaller than nuclear ones,
the dependence of F om.-azand 'a-T cen be neglected.s In other
words, the nucleus will be assumed to be point-like. In this
case the vector-notential can be prepented ass

@) = f d:’r*'ﬁ(f") = [-BV) V¥ +'*'5,3].;_ (6)

r-r'

To find the constant vector ® it is sufficient to integrate the
equality (6) over T taking into account (5)e. We come than to

the following expression for the vector-potential:

AR) = - 16@) [ @' 3G (7)

The term i ?('_b)'v)) %
trangformation is omitted here. Therefore, neglecting the depen-
dence of ¥ on 'a we congider only the lowest of P-odd multipo-
leg - anapole moment of nucleus

that can be eliminated by a gauge

3=—T5fd_f1'23(¥‘) : (8)

Its calculation constitutes in general extremely complica-
ted problem. Here we shell restrict to the simplest approximati-
on of shell model: one nucleon above completely closed shells.
Anapole moment is due to the mixing of one-particle states of
opposite parity with the same total angular momentume The state
arising in such a way we shall write down as

I
o) o2 I iyl

0-'Ek 4 (9)

= R(}(r)QIlmCE) + i E T]}:Rk(r)g'_'[lt m(ﬁ)

where R Iﬂ: are radial wave functions, Q are gpherical

g Ilm




spinors, 1'= 2I-1, 1 =%/r « The mixing coefficient

(k| Hg | O
2t s

0

at the usual definition of spherical function is purely imagi-
nary due to T-invariance of the week interaction operator H, .

' We gtart from the calculation of the contribution to the
effect from the term in the current that is connected with spin
magnetic moment of nucleon. Using the identity Qr o1, =
= -=(on) 9, we shall present the axial part of spin
current

35@) = £ 7 x¢'60 (11)

that is of interest to us, as

(12)

A F xEnRR Qf 1o Q

R'ROR Ilm Ilm

2 1

Here e and m are the charge and mass of proton, K 1is mag-
netic moment of nucleon. Substituting (12) into (8) and inte-

grating by part, we get without eny difficulty

s T ey
- Euf-(%-)- m Enkr()k

(13)

"

co 1
r f dr >R R, ® = (~)IT+72=1 (1 Y0y
Ok 0 0 k

We pass now to the calculation of the contribution connec-

ted with the orbital motion of a proton (for a neutron this con-

tribution is of course absent). It is convenient to present the
-
integral J 4% 1‘236'-‘") by means of the substitution T

ie (r2[m,2] + [B,7] r?) (14)

where the expectation value is taken/over the disturbed state

|0) + 1 X 'nklk) . We split the total non-relativistic Hamiltoni-

an of the valent nucleon into three terms:

d = Hr+H1 +H_ 19

Here

2
1 45 5 e
H = ~ue < el B u(r) , Hy = -

and weak interaction Hamiltonian Hy looks as

H, = -\‘-}5.,—;; @3e(r) + £(r)3B] (16)

The matrix element

i % (rz[Hr,r]ﬁ +[Hr,r]r&ﬁ + 2r3[H1,?1] +2r2[Hw,_f'])

arising at the substitution of (15) into (14) is transformed by
means of the identity

rZ[Hr,r] + [EII:_,r:Ir'2 - %[Hr,r3]

as follows:
ie ¢ % [H -HléHw,rzi’-] +r2[Hl,"f~] +r2[HW,'f-]) =
(11D

= —

The expectation value of the commutator [’I?‘,?*] over the state
o) +i £ n_|B is calculated easily. It is equal to
k

| >
1(14+1)=1" (1'+1 gt i (18)
-1 L—%(T:é)——l 1 12,; N Tox = 21 T{T3 E NeTox

The terms in (17) that contain the operator of the so-called
contact current

30 = ie [Hwi_f‘] = (19)

e




are reduced to the form

3

-%%Eﬂ%ﬂm (0 |r*£(r)|0) (20)

Finally, we got the following result for the orbital contribu-

tion to the anapole:

3 (21)
-0 2N I G
AT - s, 4 % T_(%?r)' {E MeTox™ T{? (Oerf(r)I())}

The direct calculation, not grounded from the very begin-
ning on the contact nature of the interaction, turns out in-
comparably more cumbersome, but leads of cource to the same
results for the vector-potentials X% and R°F

Arising in this way P-odd Hamiltonian of electron-nucleus
interaction is equal to

I‘Iem = e&@s +KO:|:') =
(22)

- oG 22 s (-9 2 nm, + § Ol O}

-3

where « are the Dirac matrices for electron and 4 1is the
charge of the external nucleon in the units of e. We present
for comparison the weak interaction Hamiltonian, due to neutral
currents, nucleon axial and electron vector ones:

o G )T L2y
Hn='66)_5Ka 147

5

Here K2 is a dimengionlegs constant of_this interaction. In the
Weinberg-Salam model

(24)

] o ) e
sz— éKzn_ - (1=-45in“®)+1.25=-0.05

10

The Hamilionian (22) can be rewritten in analogous way

.0, (25)
KM= () —9[5_,1& ﬁ%—;

To estimate the dimensionless constent K we shall retai%: in
it the term with B only, taking into account that K, > 5

(

N

6)
Fing 5

Fal

1 e
1 /3 P .-"L.-?_ /IO © - . =
issuming that =  ~ A /m and M, 1O we find

K~ 0.1 — 1 (21

Therefore, this constant can turn out much larger than the
constant K_ in the Weinberg-Salam modele

ve do not take into account here the contribution to the
nuclear snanole moment from the proper anapole moment of nuc-
leon caused by weak interaction radiative correctionse. This

- -2
contribution constitutes about 10- =<

Atomic calculations with the electromagnetic Hamiltonian
(25) do not cdiffer in any way Irom thoge with the Hamiltonian
(23) carried out in the ref.[3]1). For the transition in bis-
muth with the wave-length A = 648 nm the difference in the
degree of circular polarization of radialion for different hy-
perfine components of the line reaches 4% at K = 1. It is suf-
ficiently cloge to the accuracy 147% attained already now in
this experiment [2]. The unique possibility of measurement of
anapole moments of various nuclei could be given in 3rincin}e
by study of optical activity of diatomic molecules gas which 1is
caused just by the interactions (22) and (23).

Therefore, atomic and molecular experiments are possible
sources of new information about parity violation in nuclel.

N

1) We note only that an accurate account of nucleus finite size
leads in atomic problem to the corrections that do not exceed

22&2/2 ®

11



4 Separately we would like to dwell on the calculation
of the deuteron anapole moment since in the approximation of
zero-range nuclear forces it can be expressed through the pa-
remeters of parity violation in np scattering.

In this approximation the deuteron wave-function with the
account of P-odd effects was found in elegant paper [15]:

v@) = [& {1 +[c@,+ 3 )42, G '311)](.71-5)} .E_';’ej o 7i8)

Here 7T = ;p —':En " ®=yme , €4 is the deu-
teron binding energy, x is the two-nucleon triplet spin func-
tion. The constant ¢ determines the P-odd part of np scat-
tering amplitude that changes the isotopic spin T of the
gystem, but conserves the usual spin S . The constant lt
corresponds, on the contrary, to the conservation of T and

change of S.

The current densities of proton and neutron are caelculated
according to usual formulae by means of the wave-=function (28).
Substituting the expressions obtained in this way into the
iormula (8), we come to the following result for the deuteron
anapole moments

Tt follow  from the analysis presented in the section 2

that deuteron, even in general case (i.es, without the assump-
tion thet it is point-like), has only one P-odd form-factor.

We take the opportunity to note that two P-odd structures in
the deuteron electromagnetic vertex written down in the refe[6]
(see also [16]) cen be reduced one to another by means of the

identity

‘ - 1 *r
BNy =EVEL = = 2 Suva CaBxr Sx°

We shall write the P-odd electromagnetic interaction of
electron with deuteron as

gel _ § () %ma (30)

(of course, in the case of deuterium it is quite sufflclent to

use non-relativistic approximation for the operator & ). Here

even at the optimistic estimate of the np scattering parame-
ters ¢~ kw10 R the dimensionless constant

o A0 T . Nevertheless, the anapole contribution to the

P-odd effects, dependent on the nuclear spin, can turn out es-
sential in the atom of deuterium. The point is that in the

Weinberg-Salam model the axial hadronic current is an isovector
and hence in the isoscalar deuteron it is absent. Therefore, the
discussed effects in deuterium are caused, besides the calcula=~
ted deuteron anapole moment, by the lsoscalar part of radiative

The contribution of the contact current to the anapole, as well
as structural electromagnetic vertex, can be neglected in the
zero-range approximation. Indeed, since the range of weak in-
teraction does not of course exceed the nuclear forces range
r. s 8l such.terms should be proportional to the small factor Acknowledgements

|¢(r )| °r ~ T, o The absence of the mentioned small- :
ness in the formula (29) is caused by the fact that the corres- The authors are sincerely grateful to LeM.Barkov,
ponding vector-potential is described in the language of per- AsI.Vainshtein, M.S.Zolotorev and O.P.Sushkov for valuable
turbation theory by pole diagrams with small energy denomina- digscussionse.
tors. Therefore, the result (29) is in fact a peculiar low-
-energy theorem. Unfortunately, the real accuracy of the used
approximation is not high. The parameter T in deuteron is
known to be about 1/3.
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