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I. INTRODUCTION

Weak interaction theories predict the
existence of parity-violating forces bet-
ween nucleons., In a number of very precise
experiments, see for instance’/l/, it was
shown that the corresponding effects are
really seen in the nuclear electromagnetic
transitions. There were observed angular
asymmetry of the photons emitted by pola-
rized nuclei and circular polarization of
the photons emitted by non-polarized nuclei.
In both the cases their magnitudes are
proportional to the weak interaction cons-
tant G. \

These effects appear because in the
electromagnetic transition of a multipola-
rityf! to a regular transition Mf due to
the weak interaction there admixtures ,

a transition of opposite parity (irregular)
Er, or to the regular transition El -irre-
gular M{. In the latter case the contribu-
tion of M is suppressed both by the weak
interaction constant G and by the kinematic
factofI{:v/c:OJ/y@herefore in such cases
experiments are carried out with nuclel

in which there are so-called "structural"

and "dynamic'" mechanisms of enhancement

of the P -violating effect /2,3/, foy instance,
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enhancement, in particular, is due to the
suppression of Ef -¥Yransition because of

the structuralpeculiarities of participating
in the transition states, for instance, in
the mentioned transition in 75Lu In this
case the contribution from the M(f +1)
amplitude is essential.

The ratio of the probabilities of
gular transition of multipolarity? +1
f is usually extracted from analysing the
measured coefficients of the internal con-
version /7,8/ or angular correlations of
photons of a given transitions. Due to
suppression of the magnitude of transition
charged moments of hindered transitions,
the toroid moments in some cases are of
very importanceﬂv,which contribution is
not taken into account in the traditional
approach to calculation of probabilities
of multipole transitions.

_ In the present paper we consider the
effect of toroid moments on the characte-
ristics of the hindered electromagnetic
transitions.

re-
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IT. STATUS OF TOROID MOMENTS

: As is known (see, e.g., refs./10,11/ ),
the probability of the Ef-type of transi-
tion by a system is determined by transverse
electric distributions Ep, (k2), and that of
the M{ -type of transition by magnetic
distributions Mgm(Ez). For calculations -

of the transition probabilities. of atoms

and nucleili, the long-wave approximation
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k250 is’commbnly used. In this approxima-
tion Mp, (k“ 50) coincides with a standard
definition of the magnetic moment, and
E&n(ﬁz) splits into the sum of two inde-
pendent multipole moments - the charge and
toroid ones/%:

Ep (K2) ., =—i 0)+k2 Ty (k2 -0),
?,m( )k2_’0 l(‘)Qfm()'*' fm ( ) (l)
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Due to the factor k2 before Tpm in (1)
this term is usually omitted. In this way
Ef, (0) (defined by transverse part of current)
is reduced approximately to Qgm (0) (gi-
ven by the longitudinal-scalar part of
a current). This approximation in the theo-
ry of atomic “and nuclear transitions is
called the Siegert theorem (see, e.g.,
ref. 12/ ), However, since Tg, is the third
(independent of Q¢, and Mgp ) set of mo-
ments constituting with them the complete
basis for the expansion of an arbitrary
current /9, the Siegert theorem is valid
only if the quantitative contribution of
Ty, is really small. At the small k2 the
contribution of the toroid part usually

"is much smaller than that of Qp, because Ty

is of the same order of magnitude as Mp,.
However for instance this 1is not oblige
for inelastic electron scattering by the



nuclei in the case as k2 is large and w<<|k|.
Then the contribution of T¢ is significant
and for individual measurement of Q¢ , Ty
and Mpy it is necessary to perform

a complete experiment N3/,

Here we consider the role of Tg in the

case of hindered transition moments Qf (0)

in the processes of emission of y-rays in
‘atomic nuclei(w =|k|). Note that in the
emission processes the contributions from
Tp and Qpcannot be separated experimen-
tally since the properties of space parity
of operators Qp and Ty are the same and the
angular functions for them in the current
expansion coincide/g/,Therefore, measure-
ments of the Ef -transition probability

always give the sum of contributions(Qg+Tg)%7

Remind also, that in nuclei aside from
convection currents there are induction
currents Thd = rot M G) defined by the
nucleon dipole magnetic moment distribution
M (T).Inserting J'™ into (2) we have/13/,

ind . 40 { = 4 s s 4
T = Varpan' ¥ M@ dr =
tm = VorEan " Ve (WM O T
T (3)
1 477 > > "y g 3
s Y M(D) rot(rr Yp, )47,
741 \/ 2041 f (r) rot(rr O m )d°r

This part of toroid moment has been in-
troduced by Blatt and Weisskopth/ and is
called /11/ induced electric moments Q%m.

III. THE DEFINITION OF MULTIPOLE OPERATORS
In calculating the probability of elect-

romagnetic transitions in nuclei it suffices /f
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to take into ‘account only the contributi?ns
from the lowest multipole moments. We write
down the definitions of multipole operators
normalizing them according to 8

—%IE(-——LE )+=61+ Tl » (h)
3}
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where E; and Q; was defined by, (1), and Ty
is expressed via the PperatorT} introduced

> >

into (2) as follows:Tl:wT1 , and 1s equal
to:

2 ohe 3l 1o o 2o TN (6)
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ﬂl =-i[S,M] =iMG ﬂ-z(Zga—gg)[mx?l\/% (8)

where S = MG"’?; T,
8 =2.79 go.=—1.91
for proton and for neutron.

Here @, is, the operator of the charge dipole
"~

moment , Tl - the operator of the toroid

dipole moment, M, is the operator of the
magnetic dipole moment, M2# - the operator
of the magnetic quadrupole moment, M - the
nucleon mass, and G” - the constant of
parity-violating weak interaction (related
linearly to the Fermi constant G/1/). To
obtain the values of transition moments one



needs to calculate the matrix elements of
the corresponding operators, agting on

the ket states. The operator ﬁl is repre-
sented as the commutator of the usual ope-

rator Nﬂ with the operator;F'.The latter,
due to the weak interaction, admixes to
the wave function of initialand final states
the wave functions of all states of a given
nucleus with the same total moments but with
the opposite parity. This way of mixing
was introduced into/?/ and discussed in
Let us also write down the definition of
a degree of circular polarization of the

/8/

photons emitted by a non-polarized nucleusAM

”n

2AEDAM) 1 A(M))
- -2

/N A—- ” > (9)
YOOAZ(E) )20, 1482 A(E)

~
where A(0)- are the amplitudes of the multi-
A A(M,)

pole operators 0, 5 = — —.‘Within this defi-.
ACE])

nition, the angular asymmetry coefficient
.a_in the reaction Aln,y)A of gamma-ray
transition relative to the direction of the
neutron polarization is given by the same
formula as Py-

IV. RESULTS AND DISCUSSIONS

Let us consider the transltloni___[ﬂ4]4
2

+
41.__M0ﬂw1th the energy 396 keV in the

nﬁ%leus of Lu. As 1is known_ 14/1ts multi-
pole structure is: El + M2 + Ml . The admixture
of M2 is 20% 71516/ We calculate the pro-

babilities of the regular El-and M2 ~ and
irregular Ml -transitions in the Nilsson
model, considering all the components of
wave functions of initial and final states.
The obtained results are given in Table 1,
where n is the Nilsson parameter, B - the
deformation parameter,

Table 1

7 B T(E ), T(M,), T (M),

2. 11 -1
6 0.3 2.10x10'0 sec! - 6.87x10% sec™! 0.76-F 10 sec

4 0.2 1.58<101&ec-1  7.37x10%sec™! 0.43 -F210! sec™!

The quantityF characterizes'factor of
admixture of the states with the opposite
parity (¢ =y "+ i F ¢ ) la§d is equal to
F =MG”R /7/, where R-ROAﬁ is the nucleus
radius. Hére‘T(El N > ‘TKMz%] and TKﬁPN -

are the calculated in the Nil§son model
probabilities of E;-, My-and M; -transi-
tions, respectively.

It is known, that the probabilities of
the transition moments Q) calculated in the

“Nilsson model are much higher than the

experimental ones. Indeed for the 08951—
dered transition in the nucleus of Lu
it is known/w/thatIKE) 1.1-108sec”!, and

T(El) = 4, i.e., T(ﬁ2)=2.75-1o sec” and

A
T(M2)
consequently,



T (E])N 191 for 7"= 6 T(MZ )N 0.25 fOl' 7):5
—_—— = —_———— = .
T(E) 143 for =4 T(M,) 0.27 for =4

Thus, the calculation in the Nilsson
model gives satisfactory agreement with an
experiment for the M2-transition and the
exceeding by two orders of magnitude for
the El ~transition. Therefore, to evaluate
the contribution of the T; moment, we pre-
sent the results in a rather different
form.

Table 2

AG)  Af) Ak, AB) Al

AM,)  ACT,) AM) - A@,) A,

6 0.3 2.47 -0.47 0.5 2 L4.19-107°

4 0.2 2.35 -0.35 0.5 2 3.16-10°

ral
where A(O)y are the amplitudes of the mul-

tipole operatprs O ,calculated in the Nilsson
model, and A(O)are the experimental values of

-the same amplitudes.

The ratlo of the amplitude of'ﬁ operator
to that of M2 operator given in the fourth
colomn of Table 2 is also calculated in the
Nilsson model. We believe, however, that
the theory gives right value of this ratio,

AT N i A(T)

i.e.,

”

A(My)y  A(Hy)
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Such an assumption can be explained in
the following way. The wave function of the
excited state has the form:

Z 2 [514] = 0.980- | 554+ > +0.198 | 555- >

the functlon of the ground state/”/
7%7

T3 [404] = 0.204+| 443 +> -0.979-| 444->, (n=6).

Therefore, if one takes only the main
components of the functions, it is evi-
dent, that Qrbetween such states gives no
contribution. But if one takes into account

- small components then they provide the

destructive interference (close values with
different phases), that finally causes so
strong suppression of the Q; contribution.
Thus, one may assert that since the main
contribution to El comes from the transition
between small components, then discrepan-
cies and unavoidable and dependent on the
choice of a nuclear model. The situation
changes essentially in calculating the
moments My amd T,. The operators T, and M2
have the similar structure (see formulae
(6) and (7)), and the main contribution
to the transitions due to them comes from
the leading components of wave functions.
Therefore, the theoretical value,of am-
plitude of the M2 —transition A(M )N ap-
proaches the experimental one A(Mz) (the
fifth column of Table 2). For the same
reason 1t may be expected that the theore-
tical value of A(Tl)N is close to the
experimental one. Under these assumptions
one can find the amplitude of the Q; -tran-
sition from the relation

(A +a(Tp 1 =T(E ). (10)

1"



The results are given in the third column

of Table 2. Now the ratio between the charge
and toroid components of the El -transi-
tion is as follows:

TE)-TQ) ., A a@)

— = =0.33
T(Q)) [A(Q)12 (11)
A(T)) A -
(we neglect the ratio [——n——] which is
A(Q))
a much higher order of smallness by magni-

tude ).

It is seen thus that the contribution
from the transition toroid moments turns
out to be rather large due to the structu-
ral suppression of Q;-transition.

Let us consider another transition, bet-
ween the first ex01ted J™ =1/2- and ground
J7=1/2+ states in Fwith the energy
110 keV. This transition differs from the
above one as here only the El —-type of
emission occurs .and the M2 -transition 1is
forbidden by the selection rules. The cal-
culation with the wave functions as given
in paper /18/ has shown that the contribution
of T, is small in this case (¢ 0.1%). Mean-
while, from the analysis of the transition
92—-2— > —;—27- in 175Lu it follows that
even in the case when the M2 contribution
in this transition were equal not to 20%
but to about 1%, the T; -contribution

would be nevertheless significant:

—A—(t—tl—)- ~ 0.10 -0.15

A(Q ) \ .
(of the order 10-15%) due to the interfe-

rence with Q1 .This may be an indication

12

that at least: in those transitions where
M2 is not very small (M221%) the T contri-

‘bution cannot be neglected.

In papersﬂ”/andh4/ the experlmental data
are compiled on measurements of asymmetry
and circular polarization of the gamma-
ray transition. In Table 3 we give the tran-
sitions with a noticeable contribution

from T;. This holds in odd deformed nuclei

where the effect of structural suppression
of El -transitions (the effect of suppres-
sion due to the structural properties of
nuclear states in the transitions) is of
much importance. Table 3 presents the hin-
dered El -transitions (with considerable
admixture of M2 ) where one may expect
the transitional toroid moments Tj.

V. ON CALCULATION OFIH,IN THE
9- 9 7+ 7 178
TRANSITION & & » &£ (7 Lu)
On the basis of the previous estimates
we calculate the circular polarization of
the gamma-ray transition (with energy
396 keV) in nucleus of'"Lu in the Nilsson
model with taking into account all compo-
nents of wave functions. The obtained va-
lue P,=3.4.10"% is consistent with expe-
riment P ==(hil).10'5/l/.(The same calcula-
tion has been made byh3/for the irregular
Ml -transition. It turns out that the appli-
cation of the Saxon-Woods, instead of Nil-
sson, potential slightly influences the
value of P, ). However, in Table VII of
ref./24/ yhere the results of various calcula-
tions are shown they differ from obtained
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Table 3 * P
|Nuc— Tran-~ Types of regular |Irre- [Results of measumement
leusg |sition | Transition. trangitionsg and lar of gamma-ray asymmetry,

energy their relative ransi-| @, and circular polari-
Kev contribution ion zation,
; (experiment)
75 a3 ~
As (401 33 B~/ 19/ | ML P a(6.022.0)* 1077/20/
- + S -
i61p 75 3 gbei3 364 e a) 122V g g mt2.0t2.0) 107/
- +, .
175, (396 2 3[514-F % (a0s] | Ers(oma2/ 15180 o | pa(a.0t1.0) 107/
Lo 4 =(4.5%1.0)* 107575/
/— o)™ le
+ - i~ ~ PAY 2 19'21/ -\., = + . ‘4/22/
177yeleos 7 §oag~3 J[514)| Br+to. 1% MT | B(3.0513.0) 10




both in magnitude and in sign of the circular
polarization. In particular, all the data
" of ref./2/shown in that table have the nega-
tive sign. The sign minus is due to inclu-
ding of p -exchange terms in the nucleon-
nucleon potential’/26/. Besides, all data of
ref./25/ should be lowered since they are
based on calculations/7/ which do not consi-
der small components of wave functions and
therefore are 2.6 times overestimated. It
should be noted that experimentalists iden-
tify Q,with E,in formula (9) and therefore
in interpretation of measurement results
for Py no errors do arise.

~Calculations of the effect of circular
polarization based on the model of single-
particle parity violating potential without
taking into account V, potential (e.g.,
paper/7/ with allow1ng for the correction
factor 2.6, paper/23/ and this one) produce
the results consistent with experiment.
Calculations withV_ \% and also with the
palring and short- range correlatlons/%/
have resulted in decreasing the magnitude
' ofP by an order and, consequently, made
1ncon51stent theory and experiment.

In conclusion we discuss the question

of whether the T contribution can be

essential when Mjinterferes with Q,. At the
first view the exact answer is "not" since
the coefficients for operators Qland Tl

P A

(formulas (5) and (6)) show that §£L1.~164,

. . . < >
This estimate, however, 1s very rogéh, as
it is seen from the example of transitions

181Ta (482 KeV) 22 , 151
2 2 2 2 .

15



and
+ +

175 575 777
Lu(343KeV) 55 > 5 7
analysed in ref. 18/, A

It is shown 8/thza.t the Ql -contribution
in both the transitions is strongly supp-
ressed as

Ql"'G”[l_", 35 ]--ima)[1_",&'l_"]-»0. (12)
61 will differ from zero if one takes into
account that the shell model Hamiltonian
contains a small admixture of the spin-orbi-
tal interaction —K(?s) forbidding the
substitution p »-imw T . Therefore the Ql
contribution appears to be proportlonal
to k ~1071 +102. The contribution fromQ1 ~a
is suppressed also structurally since the
contribution of M1~ g? +8g0 .for the tran-
sition in 18lTa is suppressed in 105 106
times, in!"® Luv in 600 times/8/. _

Now we give the formula for T :

Tlnglv_le_ElV +\/_”G o, =
) , (13)

= (L g )2 VT I(ulv2m) 2y, o .

\/3” 5 M v pum M 2m “pu

It is seen, first, that T\¥0 even at «=0

in the nuclear Hamiltonign and, second, that
the selection rules for T; differ from those
for Qlin the orbital quantum number, that
should intensify the<T1>contr1butlon (The
latter 1s quite analogous to the situation
in. conversion (ref./ ,formu}ae (33) and
references therein), where M, contains the
additional to My term of the form®(37)).
Concrete estimates by formula (6) show that

16

in the considered transitions 1nlBlTaand

175 1y the <Ty>contributions are of several
per cents, 1.e., there occurs the enhance-
ment of about two orders. Though in this
case the<T;>contribution appears to be
small relative to that from<Qp>,it is re-
quired to estimate its contribution in each
special case Jjust because of its p0551ble
enhancements.

We are indebted to L.A.Malov for useful
discussions and one of us (L.A.T.) would
like to thank V.G.Kalinnikov and Ts.D.Vy-
lov for enlightening of the questions
concerning the measurements of internal
conversion coefficients.
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