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An explicit expression for the circular polarization of gamma rays emitted by odd mass de-
formed nuclei is given. A semi-microscopic description of the nuclear excited states based on
pairing plus quadrupole and octupole model is used. The average field is based on a deformed
diffuse edge potential. The short-range correlations are taken into account via the generalized

Bethe-Goldstone-equation.

1. Introduction

Recently we have calculated one of the most
thoroughly investigated parity violating effects in
nuclei, the circular polarization of the y line in
181Tg, 175Lu and 177Lu 1,2, In this calculations we
have used for the initial and final states the best
wave functions that are available today. The parity
nonconserving potentials (PNC) used were based
on one m- and one p-exchange (Fig. 1a, b) for all
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Fig. 1. Processes taken into account in the calculations of
parity mixing1:2, The open circle stands for the strong, the
cross for the weak interaction.

weak interaction theories en vogue. Effects of short
range correlations (SRC) have been taken into
account as exactly as possible3.4. The results (due
to admixtures only) obtained for various strong
and weak N-N-potentials are far away from agree-
ment with most other calculations done up to now
(see Refs. quoted in 1,4 ). No weak interaction theory
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seems to be able to explain the experimental values.
At this point one should remind that diagram Fig.1a
gives no contribution in exact SU(2) (in taking
into account isospin-breaking only with a negligible
amplitude® concerning the strangeness conserving
currents). So the only contribution entering with the
cos2f factor is due to p-exchange and therefore is
highly affected by short range correlations.
Recently we found, however, that calculations of
irregular transitions through parity mixing (PNC)
are not gauge-invariant®. Gauge invariance requires
that processes of direct photo emission (PNE), such
as Fig. (2a and b) (and additional) also must be
included. These processes were shown (in contrast
to process Fig. 1a) not to vanish, even in exact
SU (2), which means that the one z-exchange con-
tribution can enter with the cos2f factor in the
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Fig. 2. Some PNE contributions N1N2 — N1’N2'y of one =
(and o)-exchange processes. There appear the same terms
with strong and weak vertices exchanged plus some more®.
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calculations. These findings have shown that cal-
culations of parity-violating effects in Gamma-
transitions done up to now7 are incomplete because
of non-gauge-invariant description. It is expected
that a complete gauge-invariant theory will improve
the situation. A full description of the PNE-opera-
tors and their relative importance will be given in8.

In the present paper we give explicit expressions
for the polarization of gamma lines including all
important terms and using the most sophisticated
wave functions as applied in 1.2,

2. Circular Polarization

The electromagnetic interaction contains two
terms
Vem = Vreg <+ s (1)

where Vi5eg gives the usual amplitude of the tran-
sition probability in the framework of the parity
conserving theories. The term VPNE violates the
parity law and has been obtained in 6.8,

The circular polarization can be written as follows

P=—{>(e;ma+ mien)} {D (|ea|2 + |ma|D)}~1
’ ' @)

with

P(m);.(llK1—> I3 K5)

= Na(k) ITY K| M{E(M) 7} |1 K1) (3)
W2 (k)? =8 (A + 1) RPAL(RA[2ZA+ 1] (4)

Assuming the validity of the Bohr-Mottelson strong
coupling model?® the total nuclear wave function
factorizes into a rotational and an intrinsic part

| IKM) = (21 + 1)/1672(1 4 0go))/2-

(Zux| K> + (=) K2y k|- K)). ()
Here I, K and M stand for the total nuclear spin
and its projections onto the nuclear and laboratory
Z-axes. The internal motion is described by |K)
(and time reversed |— K)) wave functions.

The reduced matrix element from (3) in this case
becomes

(I Ko A3 | 1L Ky

=4, ﬁﬁi {CR, ko i Ko K2 M3 | K1) (6)
+ (=) E 0l g b kB (K| A2 | — KD}
with
ABE) = (14 dx0)? Zi; L.
The last term in (6) is zero for 4 < K; + K
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Since the parity nonconserving nucleon-nucleon
potential VENC is extremely small, the wave func-
tions | K) can be expanded as follows

|Ky=|Ka)+ > |K —m,) Fs (8)
with :
Fs= (Bga— Es) 1<K — 7, 8| VG |K®) . (9)
The multipole moments are [see Eq. (1)]

Mg = M{EM)2}g= M+ AE  (10)

where the first term describes the allowed parity
transitions, the second term the irregular ones.
Explicit expressions for MPNE are given in 6.8,
Hence, for a parity forbidden transition the
(Ks| M ;||K1) matrix element has the form
Ko| M| K1) = (Kzﬂz | A" | Kym)
+ ZF(I)<K2 T2 || jreg 'lKl == 7{1,8)

+ ZFv0)<K2_7[27

(11)

v| M55 | K1, m1) .
For the methods to compute these regular matrix
elements see 10,11,

The PNC and PNE matrix elements in the case
of an odd mass deformed nucleus are of the follow-
ing form:

K'7'|0(12) | K 7ty={yo| [2(K' %), Dk.]-| po) (12)

where
Phia =12 D O 0% 0001 00s 2 (K ) (13)
with e
Orrroor (VY |0 @)
= e Ko 7] €52 O(12) €| Y X707 (14)
and 6,8,12
0(12) = VPNC(12) or #)E(12). (15)

By xse¢ = a;{, |O> we have denoted the s.p. wave
functions defined by the independent particle model

Hay = D esa; ay (16)
80

based on the deformed diffuse edge potentiall?
(s label all good quantum numbers except the
sign ¢ = -+ 1 of the nucleon angular momentum on
the nuclear symmetry axis).

The wave functions |Kz) are solutions of an
independent particle model plus effective residual
interactions of pairing and long range types1011
together with short range correlations. Therefore,
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we construct them as follows

|K 7ty = e5* |y 2> (17)
Wwith10,11
(Hav + HPair F Hlongrange — Ekz) WK::> =0, (18)
where
HPair:'—ZGQPQ; Pg=2as++aj_, (19)
Hlongrange = z Z ngé) q;;; q}.y (’) ) (20)
=2,3 u=0 p,0"

defining the multipole momentum matrix elements

as follows11
priTan ) F Facs) g
Qiu Q) Zg< V2(1+6TO) |‘5'
= z (f 35 )aso Ag'o +f(83’) a;as’—o) .
ss’c
By o we have denoted the neutron (n) and proton (p)
characteristics, G, and X éi;), being the corresponding
strength parameters.

(21)

The solutions lsz;,> may be written in terms of

quasiparticle
+ +
Oy = UsOs_ g+ OVslys

(22)
and phonon operators
Qi (Ap) = %Z (s A (38)
Y ey — e A (oY),
Qi(Ap) |poy =0; A(ss') =212 caay_,; (23)
A(ss) =271 agpas6 ’

(ng’ 4 (88,)

as follows10:

| pra> = 2+ (K 7) |90, (24)
with
Q+(Kn) =2"12N(s182. Sn)Z{szasm
© S A (sin..m) ok QF (zm}. (25)
Apgv

Nt
o >a s6@s'c’

ﬂ‘/lsiv =2 Z {”3 (vi’ Vg — Uy us:)

for Eq. (28) and
M8 ~c =13 z {{(ap"avo + @uvaus) usuy +

ma[V++ G avlsia) + V
L + Uqg Vg (Uy Vg, + Us, Vy) A ga V+_,+
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In treating short range correlations [Eq. (17)] we
may neglect three and more particle correlations as
not so important in the effect we are interested in1.
312,14 j e. we use the approximation Sa — Saa
with

Sos =12 Dafala,a, 0100 oy |v271) (26)

Q1 02 V1 ¥2

where here »; and p; denote the occupied, respec-
tively unoccupied particle levels of |yka) [see
Eq. (24)]. This method is rather good in spite of the
fact that in the neighbourhood of the Fermi sea
about 50 levels are only partially occupied because
of pairing plus long range terms [see Eq. (18)].

3. PNC-matrix Elements

Taking into account Eqgs. (9), (12) and (25) we
obtain

(K — m| VPNC(12) | K m) 27)
=N (s182.. Sn){ zos( M, + ZAA‘“ 8152...8n) Mﬁf’}
Apis
with
Mﬂ § 222 12 Z <1P0| [aam’ ¢Kn ()] I"P0> , (28)
MY 2712 5 (yo| [Qi(Ap) asa, Pal | wo) . (29)

Here and in the following we have neglected the
contribution of f(ss’) [see Eq. (21)] in the A-coef-
ficients, i.e. we assumed that they do not depend
on the sign o.

Applying the method of approximate second
quantization15 we obtain

ENC  _(av]|sia)]

>< Aas[VEY 4 (sa]vd) + Pl 3 sa[vb)] + (s tavy + @y vaus) usuy

(%bubva+<pubvbua)vsv,.] das[V_+ ++(sa|vd) +VIE _ L

+ [y a,buaub — Q¥ Vy) sty + (Yip Va Vb — Flp Ua Up) Us ]

X L[ VEE ++ (@b|vs) — VENC __(

(y’ab vavb — Qlap Ua Ud) Us Uy) MSV[VPNC

(@aa|vs; } (30)
('/"ib UpVa + ‘szb Vb Ug) Vs Uy]
N+ (sa|vb)]
ab|vs)] + (Yo Ua %o — PapVa V) Vs Uy
L(ab|vs) — VERC . _(ab|ws)] (31)

+zp,,bv (vbu8+ubv8) .:/as[V++ ++(aslba + VEXC _, (as|ba)]

VP‘IC

—i—(psbva(vbu,-{— upVy) Aoy [ VENE ++ ab|va + VT _ i (ab|va)]

+ Wiy Uava (upus — vovs) Lsp [ VERS
PNC

+ @iy Ua va (upuy — Vo vy) Ly [V _

(aa] vb) — VENC

VPN_C_+ (sblaa)]

_(aa|vb)]}

_(sb|aa)—
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where for example
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Ay VENG (v |0 0") = VEXS (1 |w 00) — VENS, (' | w o),
PNC PNC

L oy VERG (0¥ |0 0') =V

Here we have assumed that the vibrational states
of the double-even nucleus

[Api> = QF (2p) [wo> (33)
are strongly collective (the individual amplitudes
Vi, @iy, pi. and @i, from Eq. (23) are small
quantities), i.e. the condition

(o5, Qi(Ap)] =<0 (34)

is fulfilled. This implies that all terms which take
out a quasiparticle from the phonon state must be
neglected (in any case there are not many of them)
and therefore the matrix element (31) contains only
terms which describe the quasiparticle or phonon
transitions or a mixture of them.

we obtain [see Eqs. (12)—(15)]

n'aa'(v v’ I 2] (')’) - V-n’o'o’(v v’ I o' (U) o

(32)

The VEXC, (»?'|w’) should be calculated by
transforming to the center of mass and relative

motion coordinates, then applying the eS-theory1.3
12,14,16

4. PNE-matrix Elements

Taking into account Eqs. (11), (12) and (25),
however neglecting the collective part1? in the last
eq., i.e.

|K171) = 2712 > af |po), (35)
| K2 ey = 2712 > a o |po) (36)

<K2 7Z2H jng ” Kl 7[1> == 2—1 Z Z {01 02 081 U&z Ug ‘Mtw‘z (‘/lffl)\vE)aux, 020 (a/ S1 | S2 a’)

0102 Qo

2 PNE
Uy, Usg, vadasz (‘/419 )O—Oz, —azd(a S2 ] S1 (l) + o2 Ug, Vg, Ug Vg 'stlsz (V”ng)a—m. — 0102 (aa [ $1 '52)

PNE
— 01U, Vg, Ug Vg M&laﬁ ('/4&[) )0’1—0‘2,17—0'(81 S2 I aa)} 4

37)

The antisymmetrization operator is defined as in Equation (32).

The #%)F operator connects relative S-states to
S-states, which is very important because of the
short range of the radial dependence®. By contrast
the VPNC.admixing potentials connect relative S-
to P-states. Preliminary calculations in the case of
the 482 keV line of 181Ta show that the strength of
the direct transition (37) will be larger than the
strength of the admixtures terms [see Eq. (11)]
obtained in Ref. 1 as expected.

5. Single Particle Wave Functions

The s.p. wave functions should be choosen as
solutions of s.p. Schrodinger equation with diffuse
edge deformed potentiall3. Except in Ref. 1 until
now the Nilsson-type potential has been only used,
i.e. an anisotropic oscillator potential. Nevertheless,
this potential together with spin-orbit and Coulomb
terms which do not depend on the static nuclear
deformation leads to the incorrect asymptotic be-
haviour of its wave functions on the nuclear surface.

Such a wrong behaviour of the wave functions leads
to an inaccurate description of those nuclear
phenomena for which the nuclear surface region
plays an important role. This is the case for the
long range electromagnetic operators we are
interested in.

The diffuse edge deformed potential looks like 13:

Vs.p. = Viuel. + Vspin-orvit + Veout. » (38)
Vyue. = — Von(B,r,0), (39)
Vepinomit = — K pograd Vyya,, (40

Veou, = 3(Z — 1) e2 (47w Ro)™1
X [d3r n(B,r',0)|r— 1|71, (41)
n(f,r,0) = (1 +exp[(r — R(6, ¢))[a])L, (42)
R(0, ¢) = Ro(1 + fo+ P20 Yoo + fao Yao). (43)

The solutions may be given numerically or ap-
proximated analytically 13.

The new distribution of s.p. levels is different in
comparison with the Nilsson one. For instance, in
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the Nilsson scheme this distribution does not depend
on the mass number 4 for the fixed deformation
parameter, if the energies are given in units
hwo= 41 A-1/3MeV, the only A-dependence being
given by this last equation. Now, such dependence,
however, is not valid anymore. The dependence of
the spin-orbit term on the deformation shifts the
s.p. levels in a range of 4 (0.5—0.7) MeV. While in
the new model the wave functions include compo-
nents from the shells situated in the vicinity of the
main shell, in the Nilsson potential such components
vanish. The new terms are very important in the
hindered transitions as in our case. The dependence
of the Coulomb term on the deformation leads to
another noncoherent shift in the s.p. levels. All
these facts changed very much the calculated
electromagnetic transition probabilities. These quan-
tities calculated with the potential (38) give values
very near to the experimental one’s while the Nils-
son potential shows deviations up to a factor of 103
(see Ref. 18),

6. Collective Non-rotational Structure
of the Excited States

To describe the intrinsic motion the interactions
between nucleons in the nucleus are usually divided
into two parts: The average nuclear field [Eq. (16)]
and the residual interactions. The average field
defines the bulk properties of the nucleus. The
residual interactions, however, play a very impor-
tant role. They are those parts of the forces which,
due to their structure, cannot be included into the
average field. They are not small so that one cannot
calculate their effects using perturbation theory.
Their effects change smoothly from nucleus to
nucleus.

Because at present we are not able to take into
account the residual interactions as a difference
between the actual interactions among nucleons and
the average field, one is forced to insert the so-called
effective residual interactions [e.g. terms Hp,ir
+ Hiongrange in Eq. (18)]. However, in treating
effective residual interactions we may not describe
collective vibrations adiabatically. The inapplicabi-
lity of the adiabatic approximation concerning in-
dividual and collective nonrotational degrees of
freedom is discussed in Ref. 11. This treatment is
based, however, on the approximate methods, in
our case the approximate second quantization10,11,
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Moreover, in treating odd nuclear states we use the
assumption of high collectivity [Eq. (34)], which
not always may be fulfilled. In the case discussed
in paperl, however, this is fulfilled. For §-vibrational
phonons we inserted also the pairing vibrational
terms, hence eliminating the spurious statell. The
treatment mentioned above does not include the
blocking effect. There is only one work1® we may
use, having, however, short-comings of other char-
acter. There have been included only phonons of one
type forgetting the influence of other phonons,
which are very important in calculations of electro-
magnetic transitions. We have neglected also two
phonon admixtures to the one phonon states. Also
we did not change the equilibrium deformation as
compared to the ground state deformation. Such
methods like higher random phase approximation
should be, perhaps, necessarily here to be used also 20.

7. Important Steps in Calculation of the Circular
Polarization of Gamma Rays

In the following we shall discuss some details
important to be taken into account in every cal-
culation of the circular polarization of gamma rays.
This we have learned in studying 181Tal and
175,177Lu 2 cases.

First the strong coupling Bohr-Mottelson model
can be applied because of strong deformation
(B = 0.26 10). Then the assumption of high degree
of collectivity is fulfilled. In Figs. 3—5 we give the

%20 274 100%14044Q; (31

7/27| 94%[523113%:[5231Q; (20)];

1330 3%4114Q(32)]

1190 527 099, 153241.99% 514y (22)]

5/2*| 93%[4021]:3%[402¢Q;(20)]

w0 3%04001Q7(22)]
E2
M1
+
0 o0 227} 99%, 140411
ElkeV) g
Exp. Theor
181
Ta
Fig. 3 a.
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7877'0
Fig.3 b

Fig. 3. Structure and excitation energles of the level of
181Ta involved in parity mixing. a) floo = O 26, fio = 012;
b) f20 = 0.27, f40 = — 0.0323

+
1946 Y27\ 008414049922 L5141Q, (307
1295 5/2°| 4485321 39%L41010; (32)]
13%[52340;(20)
- 7/2"| 868%(5230, 752310, (20)];
IHLNNQY(32)} 2%L523Q(20)1
92-
%6 10 9 TALSIt] 1514 Q(20)]
%3 800 5/2*| 833%04024}72%[5144Q;(32)];
69140210 (20)] 2%14001 Qg (22)]
. 7/2°*| 955YAlh04H] 224lL04HQ(20)];
- v 20440 20)]
Exp  Theor

1751 4

Fig. 4. Structure and excitation energies of the levels of
175Lu involved in parity mixing.

structure of levels taken into account in Refs. 1,2
to demonstrate the situation in this region. Un-
fortunately the higher opposite parity excited states
have not yet been found experimentally. We believe,
however, more in the pairing plus quadrupole and
octupole model than in the simple pairing model 21.
The first one has explained a lot of experimental
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1490 5127 04%.[5231), 99%L414Qy (32)]
a70 72| 3% 5231144y (32)]
1%1523Q;(20)]
5/2*| 87%4021],5%(5%1Q; (32)];
670 } ;
& %1024, (20)]
v/ il |-
0o o0 97%L404H], 2,5%4041Q; (20)]
E(keV) K"
Exp. Theor
777Lu

Fig. 5. Structure and excitation energies of the levels of
177Lu involved in parity mixing.

data in the Ta-region; therefore the complex
structure of the states cannot be ignored. While in 21
the excited states are pure one or three quasiparticle
states, our picture gives a much more differentiated
structure. Because of the high collectivity (see
Table 1 and 2 for Q(22) and Q(31) phonons; for
other phonon contributions (Figs. 3—5) the collec-

Table 1. Two quasiparticle states occuring in the Q(22)-

phonon of the 1190 keV — ° state of 181Ta, which give

nonzero contributions to the PNC-matrix elements [see
Eq. (23) and Figure 3].

neutron states 103 yl, 103 ¢,
s s

523, 521, — 51 — 31
521 512 4 + 13 + 6
512 4 510 — 615 — 208
514 512}, —791 — 197
514, 5014 + 8 + 3
512, 503 4 + 25 + 8
503 4 501 4 — 274 — 120
5054 5034  —137 — 93
6421 651) + 46 + 28
642 ¢ 640 ¢ — 96 — 60
6514 6334 — 18 — 12
642 4 624 4 — 66 — 36
633 4 615 4 — 60 — 33
521 4 521, — 50 — 32
512 510 4 — 765 — 193
6514 651, — 61 — 40
proton states

4024 411, — 64 — 15
402 4 400 4 + 296 + 123
4044 4024  +152  + 95
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Table 2. Two quasiparticle states occuring in the Q (31)-

phonon of the 1420 keV — 3 state of 181Ta, which give

nonzero contributions to the PNC-matrix elements [see
Eq. (23) and Figure 3].

neutron states 103 i, 108 ¢t,,
8 s

651 512 — 5 = 9
640 4 521 4 — 12 — 7
6241 514) —2 — 5
624 4 503 4 + 37 + 8
633 4 512 4 + 7 £ &
651 | 770 4 — 6 e g
6404 521 +24  +12
651 510 4 + 6 4+ 2
640 4 770 4 + 2 + 1
660 4 761 4 — 11 — 8
642 | 521 + 13 + 8
642 | 523 | — 10 =
proton states

402 4 523 %} —20 — 7

tivity is much higher22) of many levels the PNC
matrix elements decrease compared to 21. This
effect is of second order if we look at the reduced
matrix elements of regular electromagnetic tran-
sitions [see the last two terms in Eq. (11)].

Of course higher excited may contribute also; however
we believe in the high collectivity of these levels; therefore
no important contribution could arise. No three-quasipar-
ticle states having Kz = 5-/2 or 7-/2 in 181Ta and 175Lu
occur in this pairing + quadrupole + octupole model. We
may learn from Ref. 23 that the three-quasiparticle states
are characterized by high spins (more than 15/2). Therefore
we may not expect this structure to occur in our cases.
Here we want to mention that the phonon structure (e.g.
Tables 1, 2) is calculated 22 using a Nilsson model; however,
this structure is not significantly changed by passing to the
diffuse edge potential. It is also important to know which
strength parameters G, and X< have to be taken into
account. Especially X%, are taken to be

X0 =X3=X%=2.0 A-43MeV/cm4,

XO =X =X =0.04 443 MeV/cm6
for a large number of nuclei22. However, this may be not
as good when the Nilsson potential is replaced by the dif-
fuse egde one. Unfortunately this aspect is not discussed
even in the recent paper23. In s pite of the fact that the
accuracy in calculating the wave functions (25) is restricted,
however, the method we use is much more realistic than
to neglect the long range terms (26).

In applying the diffuse edge model (38) we got
great differences for allowed electromagnetic tran-
sitions as compared with Nilsson ones. The same
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results are given in Ref. 18. Therefore we concluded
that the Nilsson model should not be used in calcula-
ting the VEXS, (17 | w ') and (AENE) g (v¥ |0 @)
together with the regular electromagnetic matrix
elements.

The accurate treatment of the short range cor-
relations according to Refs. 3:12 shows that the
polarization is strongly suppressed by the strong
interaction. Regarding PNC contributions the
p-exchange contribution are about 6 times smaller
than without correlations!. Also the pion-exchange
contribution is diminished!:2 by a factor of 2—3.
This is in complete agreement with our earlier cal-
culations12,14,16_Similar trends are found in Ref.21;
however, the short range correlations have been
either roughly estimated only or a simple model
calculation has been performed 24. It is important to
note that one is not allowed to take SRC's from the
n-p system. There is no ,healing* in a two body
system, whereas this effect becomes extremely im-
portant for heavy nuclei. As is well known, ,,heal-
ing* is due to the presence of many other nucleors
in occupied levels and therefore increases with A.
One even should not take over SRC’s from light
nuclei to heavy ones.

In Fig.6 we give examples for the realistic wave
function in 181Ta 1 for the Reid soft core potential
in comparison to the 160 case 14.

---- uncorrelated
—— correlated

0 08 16 2¢ 32 40 48 56 64 72 80 88 96
radius [fm]

Fig. 6. Relative S wave function for 181Ta and 160 using
the Reid soft core potential.

Taking into account Eqs. (11), (27), (30), (31) and
(37) together with (2) we may claim that such
calculations like in Refs. 25:26 are meaningless. We
are not allowed to factorize the polarization in the
form

P=_2/(1+6)FR

as is done in 25,26,
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Conclusions

Explicit expressions for the PNC and PNE matrix
elements occuring in the formula for the circular
polarization of gamma rays, as emitted by odd mass
deformed nuclei, are given. The theory is developed
in the framework of the strong coupling Bohr-
Mottelson-model. Semi-microscopic pairing plus
quadrupole and octupole description is used to
describe the parity conserving |Km)-internal ex-
cited states. Single particle wave functions of the
diffuse edge deformed potential have to be used.

Short range correlations are taken into account
using the generalized Bethe-Goldstone method, and
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