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ABSTRACT
A systematic survey is presented of E2/Ml mixing ratios of gémma

transitions between theiloﬁ~lying even-parity levels of»even—eSén nuclei in-
the mass range 58 <§A.<;152. .Particulér atténtion is given to the variations
in the phase of the mixing ratios, which are deduced from the literature in

a systematic ﬁahner. It is shown that the systematics $f both magnitudes and
phases of the mixihg ratios are explained quite well fo?:é_number of nuclei
by a model proposed by Greiner, in which the magnitude'of.the mixing ratio is
parameterized in terms of the deviation of the g-factor'df the first 2+ state
from the value 2/A. It is further shown that a semi—micrdséopic description,
in terms of.smali'admixtures of two-particle components to the phonon basis
states, yieldsbreasonableragreement with the observed pﬁaéé»variaﬁions and

absolute magnitudes, even when only very few two-particle states are considered.
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‘I.‘ INTRODUCTION
The inte;pretafian of the magnitudes aﬁd'relatiyé_éhases of the électro-

magnetic transiﬁioh matfix:eleméﬁts bet&een the low-lyiﬁélexcited states of
even-even ;uclei ih the mass iange 40 < A < 150 @ay be a#témpted in thé basis
stétes_of three noﬂequivaleﬁt models: The excited statesimay be described as
vibrations abdﬁt a 'spherical eéuilibrium shapef as rotéﬁions of a."soft"
deformed'core,’of as excitafions of two partiéles (qua$i§a£ticles) from the
ground‘state.' These varioué.mbdels lead td‘quité diffgrént predictibns for

H

tﬁe static aﬁdndynamic éleétromagnetié multipole moments,‘ahd it is to be
expecteé>that'détailea stu&y of theAsystematic behavior of these moments can
result in an indication of the extent to which the IOWfiying levels can‘be |
understood in terms of éollective or single—ﬁarticle effééfs.
In a previous communication by the guthor,l a stﬁdfvwas presented of

E2/Ml mixing rafios in deformed even-Z, even-N nuclei (150 < A < 190). The
results of that study indicated that a phenomenological interpretation of the
mixing ratios between states of the B- or Y-vibrationai bénds and the ground-
state band was péséible if the appropriate mixing of int?iﬁsic states were
included. In the present_work{ a similar study of previbusly measured E2/M1
miking ratios oflgven—éven nuciei in the maés range 60 < A < 150 is presented;
the cohpiled mixihg"ratios are compared with other e#pefimehtallybdetermined
static and dynamic electromagnetic mﬁltipole_moments and with’the structure
of the spectrum of excited states in order to determine fhe applicability of
the apprépriate model. Particular attention is given tof£ﬁe phases of the

mixing ratios, which are deduced in a systematic manner from the literature;

these phases yield additional insight into the structure of the excited states.

+
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The properties of ‘the levels of nuclei of the f-p shell (40 < A < 60)
cannot, in genéral; be dealt with in phenomenological téfms, and must be treated
more microscopically; the same is true of most ﬁéutronf or proton-clésed—
shell nuclei‘in 6thef ﬁ;ss‘regions.‘ These will be diécussed in a supsequeﬁt
publiéatién. Iﬁ the present communiéatidn, we déal with';hosevﬁﬁéléi for
which the iowef éxcited states can be.ihéerpreted-érimafiiy in collective terms.

A number of similar compilations ﬁave been undeitéken iﬁ th.e.past.2
However; ih'viéw of the éuccess éf hiqh—resolution4deféééd?s and electroniés
in eliminating ambiéuitiés and conflicts.in the angulé: aigtribution éna
angular correlation literature in recent years, it seems‘&orthwhile to offer

E

a more current compilation.
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II. COMPILATION OF VALUES
The E2/Ml mixing ratios have been obtained from a‘'survey of the angular

distribution and correlation literature. In extracting #he mixing ratios from

‘the quoted angular correlation coefficients, the phase convention of Krane and

Steffen3 has been emploYed, in which emission matrix eiements are always
used for the multipole operators. The amplitude mixing ratio is given in this
convention by the ratio of the reduced emission matrix elements of the multi-

pole operators as ‘

(30 A2y 13 )
SR et | = 1)

<qu3ﬁz(ﬁl)uJi>'—

-> ' B . ' >
where A represents the appropriate electromagnetic vector field and Iy is the
nuclear cﬁrrent. The angular corrélation coefficients for the case in which

the initial transition in a cascade J1 - J2 -+ J3 is of miked E2/M1 character

are written as
_ 2 "
Fk(ll J1J2) 26Fk(12.J1J2) + 4 Fk(22 J1J2)

A = ————— — F (L. L.J.J.). (2)
kk . 1+ 62 , k'7272 3v2‘

If the mixed transition is the final transition in a céscade (or if the tfans-

itipn’is observed following the decay of a nuclear state oriented by, for

example;vnuclear reactions or cryogenic methods), the interference term is
written with a + sign. The phase of the mixing ratio so defined may be

compared with the frequently employed Biedenharn-Rose (BR)4.and‘Rose—Brink (RB)5

1 . .
- conventions for a Yl—Y2 cascade as follows:
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§¢Y ) gp = "0V Iggr G(Yl)-RB = =80 ys o

6(Y2)BR = G(Yz)Ks, 6(72)RB G(YZ)KS . - (3)

The mixihg ratios may be compared with theoretical values through the

expression
4 I
S _ 0.835 zif::mwi),: Ji; T R (4)
EY Jf (M1) Ji . . _

where the reduced matrix elements of the multipole operators are those used, for

example, by Bohr and Mottelson,6 and are given in.units'of electron-barns (eb)

for E2 and nuclear magnetons (nm) for Ml. The Y-ray energy E_ is measured in MeV.

For purposes of theoretical comparisons, it is useful to define the

mixing ratio A:

( Jf" 7 (£2) "Ji>

b= G e sy S (5)

where A is given‘in.units of eb/nm.

The results:of the literature survey for transitions from thé second
excited 2° states (feferred to as 2' sfates) to the firét:e#cited 2" state are
vgiven in Table I. In a number of cases, two plose-lying'2+ le&els exist haviﬁg
siﬁilar éroperties,'and both are included in Table I. Alsoighown in Tablé I
are the reauéed E2 transition probabilities B(E2) fér the decay of the first
excited 2+ states, as well as the ratios of the reduced E2 transition probabil-
ities describing the decay modes of the 2' states.

A curséry'inséection of Table I illustrates a numbér'of systematic

features of the 2' * 2 mixing ratios. In general, the magnitudes are large,
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in agreement Qith the expected forbiddance of M1 transitiéns between collective
states. The phases seem to show little systematic varigtién and,‘indeed, one
seems to find neariy equal frequencies fof the occurréﬁcé»pf positive or negative
phases. This is illustraﬁed by the histograms shown in'Fig. 1, from which it
can bevséen that for nuclei at least four valence particlés {(or holes) away
from a closed shell, the mixing ratios have their largesf‘yalues and alsoc have
roughly equal numbers of cases with positive as with néééﬁive phases. As one
approaches a closed shell, one phase clearly begins to déminate. As shown
below, in the léwést-brder approximations, the two—paftiéié éontributién to
the Mi matrix eiemént depends on the single particle g-fécﬁor; the largest
contributions are éxpected to arise from proton states} which alwaYs have
positive g-factors. T o

The dépeﬂdence of the magnitudes of the mixinéfratiés on shell effects
is illustrated in Fig. 2, which shows the data of Tablé I as a funétioh of A.
A dramatic aecréASe in the magnitude of A as one approachééia shell closure
is apparent. One can also infer again the dominance of ﬁréton over neutron
contributions; the minima of the data are smaller (i.e{, less«collectiVe and
more two-particle) for closed—neutrbn configurations (inAWhich the proton con-
figurations domiﬁate) than for closed-proton configurations. |

In Table II are listed the E2/Ml mixing ratios'_f,rc")'m:higher-lyingv2+
levels, which afe.referred to as 2" levels. Also showh in.Table II are the
relative transiﬁion probabilities for transitions dépoéulating the 2" levels.
The relative reduced transition probabilities B(E2) are giﬁen for the de-exci-
tation to the gfound state and first excited 2+. For de—ekcitatidns to the 2;
1evels,.the reduced transition probabilities are generélly,not derivable, owing »
to the lack of information on the multipolarity of thev2¥.;.2.transition; henge

only thevratio$'of the total transition intensities T aré_given.
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Most of thé measured mixing ratios are forjg" + 2 transitions, with a
few indicated cases of 2" > 2! tiansitibns. In generalirthese mixing ratios
are smaller than those of the 2' - 2 type, indicating somewhat'less collective
behavioi. Compérison of tbe systematic behavior of bétﬁ tﬁe magnitudes and
phaseé canvproviAe an indication of the similarity of_stétgs in neighboring
nuclei. For example, it is apparént that the 2" levelé_in the cadmium isotopés
have a similar structure, as evidenced by tbe égreemenﬁ in magnitudes and
phases of the 2" * 2 mixing ratios. Iﬁ the &4 = iOO regiqp; one finds the

lowest 2" —+ 2 mixing ratios in 102Ru, 106Pd and 108Pd to be quite similar;

+it is also possible to compare the higher-lying 2" ievgié3of'102Ru and lOGPd
in a similar manner. | |

Table IIi shows the collected results for trangiinns depopulating the
3+ states; these transitions arevof the type 3 + 2, 3 » 2',§ndi3 >4, 1In
addition, the ratios of the total transition inteﬁsitieéiT and reduced trans-
ition probabilities B(E2) are shown for dé—excitationsiéfifhe 3+ level to the
2 and 2' levels. in Table IV are listed the mixing ratiéélof transitions from
the second 4+ level (referred to as the 4' level) to thézfiist 4" level, as
well as the relative transition probabilities for de—ex;itétions of the 4' level
to the 4 and 2 levéls. Similar data for transitions fibm‘the spin 5 and 6'
(second excited 6+5 levels are shown iniTable V.

The references for the results given in Tables:IeV are listed in the .

Appendix. Often the tabulated value is an average of seVeral results found in the

literature; in such cases, the reference gives a represehtative result, and
generally refefences to additional work may be found therein.

In the following section these tabulated mixing rafios and transition
probabilities éfe_compared with the predictions based Qn,thé interpretation of

the low-lying even-parity levels in terms of various nﬁcleér models.
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"ITI. COMPARISON WITH NUCLEAR MODELS
‘ .A. I = 2' Levels

1. Phonon (Vibrétional) Model

In thévharmonic vibrationai hodel, the low—lyihg even-parity excited
states are treated as ari;ing frpm quadrupéle vibrationglbf the nuciear»surface.
The energy spectfqﬁ of the excited states expectéd in’ﬁhis model is shown in
Fig. 3; in practice, the degeneracy of the N—phonon levels is split by various
residual interactions. .Also éhown in Fig. 3, for comparison, is the enérgy
spectrum of lone, with the energy spacing normalized sﬁch‘fhat the excitation
energy of tﬁe'first -2+ state is equal to the phonon enéfgy. This is a rather
unique example of a vibrator; in practice 6ne éeldom figds-such close spacing
of the 3—phondn quintuplet.

In the ééorth—order harmonic model, both the state vectors and the

multipole operators are treated collectively. The staﬁeVVector of the N-phonon

level of spin J ié givefl by

toot t ] ,
lam) =1 B b o> , (6)
N A 2ml, 2m2 ZmN _ o
JM

where the brackets indicat'e that the phonon creation operatbrs b are coupled

2m

together to give a resultant J and M, including appropriaﬁe angular momentum

and parentage coefficients. The collective form of the MlFoperator is given by

%(Mll“) -<\/:—_ﬁ.' gRuN JU 1 » o (7)

3 | ™ | + o
=\/;—; gghy (1V10). | (-1) by, Pam | (8)
, o .

Here uN represents:the nuclear magneton ( = eh/2Mc).
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If the 2' and 2 levels are interpreted as two- and onerhbnon states respectively,

it is apparent that 2'+ 2 Ml transition must not exist in this model, since the
Ml operator cannot change the number of phonons.
The lowest-order perturbation which can be applied 'to this model is

to allow for configuration mixing of AN = 1 phonon levels. For example,

[2) =a]2) +b {2, ,
,. ')=- : _ ' ’
|2 Y= a|22) b |2l >, , | (9)
where a2 + b =.1, and where the state vector on the rlght-hand side of Eqs. (9)

are the pure—phonon states J glven by Eq. (6). 1In thls;approx1matlon, ‘the

static and dynamic properties of the levels may be computéd-to be

E(2') _ 2-b/a o
E(2) _ 1+2b/a ' | ' | (10a)

B(E2,2'+2) _ 2(1—2b2)2

- , - D (10b)
B(E2,2+Q),b 1-b2 | -
) 2 o
B(E2,2'>0) _1f b | . RN (10c) .
B(E2,2'>2) 2 1-2b2 : - S
leQ(Z)l |ab|"\/256Tr B(E2, 2+0) . SRR (10d)

The deviations of the energy ratios, B(E2) ratios, and'quédrupole moments from
the predictions of the pure phonon model (b = 0) may be reasonably well
acéounted for by.phonon mixing. Singh 95_31,8 have receﬁtly done a similar
type of calculation based on configuratioh mixing and ‘have obtained reasonable

agreement with experimental values.
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However, this type of mixing doés ﬁot give riSeaﬁonMi traﬁsitions;
It is apparent from the very nature of. the Ml operatéx, thaterlfransitions
of the type-& 4_&'i 1 mu§t vanish, sinqe the JU Qperatof cannot change the
value of J (JulJM') +~ |gm+u ) ). Additionally, the va@ishing of the Ml

component of‘the'2'.+ 2 transition follows from Eqs.:(7)'and (9),
( 2"1%Z(M1)"2- ) « ablgp(2,). gR(2l)] v (, }

As long.as the g-factors of the phonon_stateS'are identical, the Ml amplitude
vanishes., |

"Nonvanishihg Ml transitions may be obtained byuint#oducing npnbollecti&e
contribdtions'intd the state: vectors, Eq. (6), or intp_thé,Ml_operator, Eq. (7).
These non-phonon contributions will be discussed in succéedihg sections. It
should be hoted,xhéwever, that thevreasonable success_obtained from a'caicu-
lation of the B(E2) ratios including phongn mixing suggesﬁs'that such states

may provide a useful basis from which to proceed.

2. Rotétional Models

In this section we consider the excited states,és ﬁembers of quési—
rotational bands:: Figure 3 .illustrates how the multipieFéhonon levels may
be decomposed inﬁo various intrinsic excitations‘and rétationai bands. These
rotational bands deviate_considerably from the J(J + l)lgpacing expectéd
for a rigid rotor, indicating the "sottness" of the nuciéaf deformation.
(This is the basis for such considerations as the variébié_momenﬁ of inertia

lo) The 2! excifations may then

model9 or the_higher-order cranking model.
be considered as'states of the quasi-gamma or quasi-beta bands. The E2/M1

mixing ratios then obtain a collective (i.e., E2) character, in agreement
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with observations. However, céntrary to observation; tﬂe.crossover 2'+0
E2 transition.would not be stroﬁgly fqrbidden by this type of model, and
thué it ié to be éxpected that limited success in'intefgréting gz/Ml mixing
would be obtained.

An alternative poésibility is to consider an asymmetric rotor model,

for example, that of Davydov and Filippov.lll However, as was shown by Lipas,12

collective M1 transitions must be identically vanishing in such a model.

3. Phonon-plus-particles Model

As discussed in Sec. III A.l, the phonon model disallows all Ml
transitions; in the present approach, wé introduce a smail admixture of a
two-particle stéte into thé state veétor. The appro#imaté success of tﬁe '
phonon model is accounting for the lowervB(EZ) ratios indicates that this"
admixture.may be treated as a perturbation 6f the phonép étate vectors.

In the érésépt calculation we employ the methoanéQeloped by Tamura and
Yoshida.13 A pair'of nucleons in the quasiparticle states'ljl) and ]jé> is
excited from the.ground state. The coupling of the partic;e and collective
motions is described by.ihé interaction

. =_xZ“
Hint _ 2 Q

Q
w M

*
0 A(l?)

where Qu is the collective quadrupole operator (i.e.,_theva2u in the model

of nuclear surface vibrations), and éu is a two—Quasiparticle quadrupole

operator, given by

A 20 laeery e | ot e 13
Qu —. § (jmlr qulj m ) (ujvj' + uj.vj) (aJmBj ‘m' ._ Bjmaj |m') ’ ( )
j'm’ ' ' -
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where u and v are respectively the usual qﬁasiparticle.ﬁbn—occupation and
occupation aﬁplitudes, and d&'and B* (d and B) are thé‘quésibarticle creation
(destruction) opérators.

_Uﬁder such an interaction, assumed to be treatébleiby standard methods
of fifst—ordér'peftufbaiion theory, tﬁe’state vectors of the:2 and 2' levels
can be written as perturbations of the collective staﬁeé ?n (witﬁ n regarded as a

seniority index of the collective states, rather than as a phonon number) :

|2 = ]2 + Z b(2)3(3;3,02) ] (3;3,027,
3132 *
|20 = ]2 + Z b(2,: (33,02 [ (33,02 7. | (1)

We employ a notation slightly different from that of Tamura and Yoshida, but

preserve the spirit of their work. The mixing amplitudes b are given by

o x Collgh2 Y ¢35 15 13) (u. v, +u, u, )
b(2 ;(3;3,)2) = ~on 7l 2 7y 3y 30 (15)
noose 10 [E. + E. - E(2 )] :
i, T, n

where the Ej are the quasiparticle energies. The Ml matrix element may than

be computed to be

) .
¢ 20Myl2n) = %6-<OHQ"22)<0"Q"%B E: B . (1)
- 335

. .u "‘u 0
3,3, 3,3,
n". '
313,
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The quégtity Bjijé’jljz ‘
states and on the Ml-matrix elements between the single-particle states. The
dominant contributions to the total Ml transition probability will arise from
cases in which jl"= jl and j2' = jz'(inéludipg as a speciél.case, jl' = jz' =
= j2); thatvis, the identical configurafion (jljz) ig ad@ixed into both the

2 and 2' 1evels;' fhe total M1l transition probability,is then proportional to
(le7Q(M1)"jl) or (jzﬂﬁz(ml)"jz), which are at least aqvqrder of magnitude
larger than the ﬁaﬁrix element <j1"7Z(M1)"j2>; that.is;éﬁpiriqal_values of the
former matrix eiements do pot differ greatly from the single-particle estimate
(Schmidt limit) for the'static'Ml-moments, while the empirical Ml transition
probabilities are'éenerally retarded by 2-3 orders of magnitu&e relative tq
single-particle (Weisskopf) estimates. Thus, the majdriédntribution to the

2' - 2 Ml transition matrix element is proportional to o

' 2 ~ 2

, (u, v. +u, v, ) {5 lol521

5 3y, 3, 3, 1°%72
3;3533,3,  [E, +E, -E(2,)1[E, +E, -E(2.)]
17212 Jp 3 ¥ 3

3, (31+1) + 6 = 3,(3,+1)
x { L1 22— (3 07 l3)

{ 2/30j1(j1+1)(2j +1)

1

3 (3,41 + 6 = (4 +1) ) o
L2202 171 <j2u9%(M1)Hj2) - (17)
2/303, (3 ,+1) (23 ,+1)

We expect that the detailed structure of A, in particular its phase and
most of its variation in magnitude between heighboring eveh-even nuclei, will
be contained in the B, ., . . term of Eq. (16). The remaining E2 matrix

31327013, o
elements of Eq. (16) and of (2177 (g2)12*) are assumed to be highly collective

and thus to vary felatively slowly.

depends on the couplings_of the single-particle"

a5
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Values of B. . . . have been computed from Eq. (17). The single-

particle Ml matrix elements have been computed in a manner similar to the Schmidt

limits for the magnetic moments, except we have taken-ésr= O.6(gs) as

free
giving a-more realistic estimate of the empirical moments.  For the matrix
e ’ . ’ - .
elements of 6 we have used the Weisskopf estimate of the E2 transition
intensity, modified by taking the neutron and proton effective charges to be
0.7e and 1.7e, respectively. The pairing factors and quasiparticle energies
have been computed using the single-particle energies, Fermi energies and gap
. o 14
parameters given by Kisslinger and Sorensen. For each even-even nucleus we
have computed the five largest contributions to B, . .. . from two-neutron
373,5:37]5
1-2'-1-72 v

and also from two-proton states. The sum of these five values is shown in
Table V1.

The tabulated values of L B, . . . illustrate the dominance of the

31353343 R L
. 1°2'7172 S

contributions from the two-proton. configurations over the two-neutron
configurations. . This dominance follows from four causes: “(l)vThe single-
particle matrix elements of Q are proportional to the assumed effective
charges; the protbn contributions would thus be expected to dominate over the
neutron contributions by a factor of the square of the ratio of the effective
charges, which amounts to a factor of 8. (2) The single?particle M1 moments
(i.e., g-factore) are generally larger for protons than for‘neutrons by a
factor of 3. -(3) The two-proton excitation energies aré'generally lower than
the two-neutron energies; this produees another factor of at least 2. (4) The

single-neutron M1 moment (g—factor) is negative when j = 2e+ 1/2, leading to

qancellatiohs in the summation; this does not occur fot;protons.
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The mixing ratio A may be expressed as

207 (g2)l27)

A= <zn9rum)ll2'>

(— ZeR ) 209 E2) 129 B

ol (E2) T2 ol 7 (E2) 12 - Z B. —

(18)
X /10

3132

We take Rjy = I.2Al/3fm and X = 40 MeV/ROZ. The E2 matrix elements may be

computed from either of two methods:
Method I. It follows from Egs. (9) and (10b) that

2 ' S
) , . (19

(20 (e2) 2"
Collm (e2) 12 ),

and that

eg(2) = ab™\ /28T (ol ME2)l2), | o (20)

and thus

{2l (g2) 12 _—aq=p®) . [sizm - (21)
Coll(e2) 2w Col(E2) 127~ eQ(2) 175

We take a ~ 4 ; and compute bg from Eq. (10c) énd the cxosséver—to—cascade
B(E2)‘ratios. -If thevvalue of Q(2) is known, thevvalué.;f A may be computed.
The sign of A is Aetermined by the sign of IB as well as that of Q(2).
Method II. In the event Q(2) is unknown, we may obtain a value for the

magnitude of the 2 .+ 0 matrix element as
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Kol 7z (2)12) | = V5 B(E2,2%0) . , I (22)

We again use Eq. (19) for the ratio of the E2 matrix eieﬁents and compﬁte
b fromvK;‘(loe);  In this case the signs of the 2 + 0 matrix element and
of b are undete:mined, and hence the sign of b8 is undetermined._
'Valuee of A computed accordihg‘to Methods I and’Ii are shown ih

Table VI. -These values give reasonable order-of—maghitﬁ@e agreement.with the
experimental'values ova.. It is expected that a more detailed computatioe
coﬁld yield eyen:better agreement by using parameters in Egs. (17) and (18)
more suited to a given nucleus; in the present work we have attempted rather
to employ rough estimates for the component E2 and Ml'mattix elements SO as
to indicate the general trend of computed values over the mass region 60 <A K150.

| The phase of 4 is not predicted uniquely, but ratﬁer is subject to a
number of estimeteé_of the E2 matrix elements of Eqg. (18).T:The magnitudee of
these E2 matri#.eiements vary relatively little ever the:renge of even;even
isotopes of ‘a given.atomicvnumber; it may be assumed that_the relative phases
of these matrixveiements do likewise. We therefore assume3that the information

on variation in the phase of A is contained in the B,

. .;'. terms, and from
119279192

. Eg. (17) we see that this -in turn depends on the Ml matrix elements and on the

energy differences in the denominator. Since the dominant ‘contributions to

B, .- . . come from proton stetes, the M1l matrix elemeﬁte3(i.e;, the

- g-factors) are allvpositive, and thus the phase variations will be characterized

by'the energy differences between the two-quasiparticle States and the

unperturbed collective states 2n. . We expect that (E, +Ej.) will alWays exceed
1 2 .

+E

Ej ) and E(22). The

E(21), and so we examine the relationship between (Ej
- : 1 2.
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1

unperturbed ehergies of the 2_ states have not been computed, but their

2
relative systematic behavior can be inferred from that of the perturbed 2'
states. The energy relationships between the 2 states and the lowest two-
quasiparticle states are illustrated in Fig. 4, for a‘number.of sequences of

even-even isotopes. In all cases a suitable selection of 2 states,

2
highly correlated with the 2' states, could'be-maQe to éréss
with the two:quasiparticle energies at a point corresponding to an observed
change in phase of the mixing ratio. It is intefeSting té,note in supéort

of this contention that, in the four cases shown in whi¢h £his phase chgnge

. Occurs, it always occurs at tﬁe_begihning of a sequence of isotopes such that
only one changé of phase of A is observéd; that is, phase sequences such as

(+ - +) or (- + -) do not occur. Furthermore, it is poss%ﬁ}e that the pﬁase
difference of the 2' + 2 mixing ra;io between the Te ana.Xe isotopes may

simply result from the relationship between the 2! levei,and the 2-proton states,
.as indicated in Eig: 4.

134-136,,  100-102,, . .

" 104-106
a, .

’

* The theory does predict phase changes at

94-96 132-134B

Ru, while the observed changes occur at P4, and

loo—lOZRu. It is indéed possible that a more refined ééicﬁlation using single-
partic;e energies more suited to each particular isotope:(father than an
average set for a larger mass regioﬁ) could provide mofe,;ﬁécessful-predictions
of the level crdssings and, thus, of the change in phasé of A. Further
conclusions in this respect must await additional measurements of the 2' - 2
mixing ratios, particularly those of the mbre neutron-déficient isotopes.

An additional point of interest in the éomparisonlof relative phases

is the degree to which the phases (and possibly also the magnitudes) of A
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correlate with Q(2). Unfortuﬁatéiy,vthe éﬁadruPole»mb@ént data available is
not.sufficient fo draw detailed concluéions. Iﬁ would,:fp; example; be of
interest to atfempt to:accountvfor the difference in thé phase of A between
the Te and Xe isbtopés with a change‘in_sign of Q(2),_iddicating.thé Xé isotopes
may be somewhatloblate. However, the lack of values ofo(é) for the Xe isotbpeS'
makes such compafisdns impossible at presentg

" An élte;haté approach to the phonon—plus-partiéles’nwdel has been
given by Korolév.ls In this approach the:nucleﬁs is tréa;éd as a core plus
one or more zero-=-spin pairs which excite éollective‘modes'“of-the core. One
can then compuﬁe, in terms of an integaction constant énd é suitable set of
unperturbed energy levels; the M1 and E2 matrix elémenés to be expected for
transitions to.the first 2+ state (assumed to be a one-éﬁénén stat;) from
various possibig structures of the 2' state‘(twd-phonon,véhé—phonon plus
pair, one “excited“,pair, etc.). Tﬁe éuccess of this médélithen degends
strongly on the interpretation of thé»phyéical 2! state,.iﬁ particul$¥ its
admixtufes of pairéa étates, although Ko:olev15 has obtaihéd reasonable

agreement with ratios of reduced E2 transition probabilities in the Cd isotopes.

4. Higher-order Ml Operators

in our discﬁssion of the phonén modél in‘Sec; IIi»A,l, it.was pointed
out that if both fhé state ‘vectors and the M1 operators'are tréated in their
ldwesﬁQOrdér phonoh modes, the Ml matrix elements must y&niéh. In the |
previous section, the éffects of relaxiné.this reétriction for tﬁe state
vectors was con#idéred; in the present section, we considérfthe effect of
higher-order térﬁs in the M1 operators. Here "highe?—ofder" refers to more

sophisticated couﬁlings than that suggested by Eq. (8). (We note that Eq. (7)
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contains the impiicit assumption that the nuclear mass aﬁdfcharge distributions
are identical;vand thus we are presently concerned wi#h;pases in which the
mass and chargé'distributions differ.)

A generalized Ml operator may be obtained by ihcluding higher-order

phonon contributiohs of the form

() , JM @ oy

- 3 (0)
ML = T\ g7 W {g 3, y (23)
where we can make the identifications [cf.,Eq. (7)]
0o
$ =g,
(0) : S ,
J =J , B : (24)
| L .
and where we can define a first-order coupling of the féfmﬁi
g a5 =-Z (2m 1m_|1p ) o g0
u 2ml m, | o 12 2ml m;. (25)
: 1y 12 -

where azm is the collective quadrupole operator which'can'bé répresented as
L an-t

a linear combination of the phonon creation and annihildtion operators b;m
and b, . This operator.J(l)
2m1 ik u

phonon number, and thus we expect nonvanishing Ml matrix elements between the

(1)

can now connect states differing by one

2' and 2 1evelé.;vThe coefficient ¢ may either be computed on the basis of
the interaction which is assumed to give rise to the coupling of Eq. (25),

or else may be regarded as a single parameter of the‘theéry to be determined

from comparisons with experiment.




-19- LBL-2367

Greinef16 Has used such a model to compute g-féétéfs and E2/M1
mixing ratios in vibrationai nuclei by assuming that thé existence of a
stronger pairing force for protons tﬁan fdr neutrons fégq;ts in a smaller
proton deformation, which in turn cagses'the Ml operatpf_ﬁé obtain the

tensorial structure described by Eq. (23). The factor g‘l)'is given by

g =% aop 20 L - (26)
A 3 B.
0 .
where Bo is the root mean square amplitude of the.vibrati¢n, defined by
2

13 2 AR
B(E2,2%0) = E(i—ﬂ-ZeRo) Bg , , (27)

and where f giveé the difference in proton and neutron déqumations,

: B _(n) : '
~ NP0
£ K{B"O'(p)_ 1) . | (28)

We then obtain

2/3. : R
A= 22 '(2.3><10'3) ' : o (29)
(1) -
g
or, from Eg. (26);
. " A5/380-
: A‘=‘-(1.1xlo“ ) T8 ° (30)

An alternative formulation of this type has_been-giVen in a series.of

papers by Grechukhin. 7 The result obtained is similar in form to Eq. (29);

however, g(l) is ultimately regarded as a free parameter to be determined

from comparisons with the empirical A values. Grechukhin does attempt a
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(1)

semi-classical calculation of g ,_which agéin depends on the difference

between the nuclearvmass ahd charge distribtions. Whé;eas.in Greiner's

model this difference is simply represented by the parémeﬁer £, in Grechukhin's
calculations the proton distribution is éomputed semi-élaésically by -
considering the competition betweeh the Coulomb repulsiqh and the proton-

neutron attraction, from which one obtains

-3 Ze
g(l) = 8X10 3 _, v (31)

where K is the symmetry energy constant in the Weiszacker semi-empirical mass

(1)

formula (K = 20 MeV). This leads to values of g of ofder 5X10_3, whereas

from a com?arison of Eq. (29) with the tabulated valués'bf A, it can be seen

(1)

that values of g of order 0.5 are required. 1In Gréiﬁei?s model, . the

parameter £ may'be>determined from the difference between the empirical value of g(i),
. : + ' ,
- the g-factor of the first 2 level, and the hydrodynamical value Z/A. The

deduced values of f generally lie in the range 0.1-0.2, and hence in Greiner's

(1)

model, g is of order Z/A, leading to reasonable agréeméht between the

predicted values of A and the measured values. Grechukhin{tékes g(l) as a

parameter of the model, and sets Z/A as a limiting valué,y_In the present
calculation we will follow Greiner's method.

In Table VII are shown the predicted values of A based on Greiner'sleparameter

£ which we have derived from the empirical g(2) values.18 The data are shown for
the medium weight nuclei in the mass range 100 S A < 126, for which the most , ~

reliable g(2) values are available. The‘agreement both.iﬁ‘sign and in

N

magnitude is striking, particularly in 100Ru and lOZRu' in which cases the

theory correctly predicts the change in sign at looRu:ahd the resonance-like
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effect observed for lOzRu. (It should be noted that f_SAO requires that the

neutroh pairing'fhrce be stronger than thebproton paifing’force. This can be
c1rcumvented by regardlngbf as a free parameter of the- theory, on which g(2)

and A both depend but arising from some undetermined facet of’the nuclear
structure.) Although values of g(2) are available for Ge and Se, the errors

are sufficiently large (*50% for.Ge, 125% for Se) to preclude reaching similar
conclusions. Nevertheless, the success of this relatiYelyjsimple model suggests

the desirability of obtaining improved g-factors for shch’calculations.

B. I = 3 Levels

1. Phonoh (Vibrational) Model

In this model the 3+ level is regarded as a member of the 3-phonon
quintuplet. The phonon selection rule (AN = 1) then foxbids the AN =
3 > 2 transition. As can be seen frhm the B(E2) ratios of Tablé II, the
phonon sélection»rﬁle seeﬁé to have approximately the samé,relative effect
on fhe 3+>2 tfanSition as on the 2' + 0 transition, ihdiéafing that again
the phonon model‘ma? provide a reasonabie set of basis stétes. Thé small
.3 > 2 trénsitiqn inﬁensities may be obtained with‘a.configuration mixing
calcuiafion idehtical to that done above [Eé. (9)], and!Wekobtain

B(E2,3>2) _ b2

- = . - - o (32)
B(E2,3 7 27) 2 | o |

Thus, only a small amplitude b (of one order of 0.1) is necessary to account

for the observed crossover intensities.

However, as discussed above, in this model in which both the state
vectors and Ml-operator are treated collectivély, the Ml amplitudes must

vanish and hence the mixing ratios would be infinite.
/
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2. Rotational Models

+ T
In this type of model, the 3 state is regarded as the second
excited state of’a'quasi—gamma band, and thus the 3v+321 tfansition becomes
an intraband transition, whose mixing ratio can be expressed in terms of the
intrinsic momMents of the band as
- 9 —
A=0.4 — . : - R (33)
QK In : : .

In view of the small values of Qo expected for very "soft“‘rotors, it is
difficult to‘juStify the systematically large value of A (3 + 2') in this
type of model. ' Additionally, the hindrance of the 3 * 2 transition is

likewise difficult to account for within such a model. -

3. Phonon-plus-particles Model
In a manner analogous to that used above for the 2' levels, the

I= 3 level may be treated in terms of a two-particle é#citation of the

form l(j1j2)3 )badmixed with the collective state. Siﬁce,sgfficient

systematic informétion regarding the mixing ratios from:tﬁis level is not

available, we will1not attempt the type of detailed calc#lé;ien done above

for the 2! levels.‘-However, it is possible to>draw some.éqnélusions

regarding the relative magnitudes and phases of the 3 4‘2iénd 3 »+ 2' mixing ratios.
In thé méthod of Tamﬁra and Yoshida,13 the'pertﬁrbéd state vector of

the 3+ level is written [cf., Eq. (14)] as

13) =139 + Z b(3;:(3,3,)3) 1(3;3,)3). - (34)



However, some  care must be exercised, since if one assumes the two particles
to be excited from the ground state, one obtains matrix elements of the form
(OOHQ"3§ , which vanish. Hence, we must select the I = 2 state as the I' state

of Tamura and Yoshida.13 We then obtan an Ml matrix element of the form

, .
(2007 u1yll3 ) = X— (2 lol3 ) ¢olgh2)

2v35
C oy 33359343, S (35)
31329192

The 3 + 2 Ml matrix element is identical, except that the second matrix element

of the operator Q in Eg. (35) contains the state vector 2, instead of 2 The

1 27
v

B, . R terms are obtained to be similar to Eq. (17);. for the above case,

2 A 2
(u, v. +u, v. )< I{3. 000501
3135333, 0 [E(2))+Ey 4B, -EG,)J(E; +E, -E(2,)]

1 72 1 P2
) . , 1/2
_(jl+j2+4)(jl+j2f2)(jl-j2+3)(j2-j1+3)
x(-1) 105 -
) <jlﬂ9k(M1)ﬂjl) (jzﬂ?&(M1)Hj2> |
4 + . (36)

—

V23] (23,0 (23,+2) /23, (2 ,+1) (23,+2)

Y
. 4

For the 3 + 2 case, we again substitute E(21) for E(22) in the second term of

the energy denominator. Here we have assumed, as for the 2' levels, that the

' ' . ' S
most significant terms are those in which jl = j1 and j2;=-j2.
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The E2 matrix elements may be qbtained'using Eq; (32):

o lay o A 23 2 |
(2.II9?L(§2)II3) = /1-b" I~ ZeRy (221|Ql| 33) ,
_ ‘ _ \
3 2 4 ' o .
(2"9&‘E2)"3 ) = b = Zery (22"Q“33) . . (37)

. If we take only the single most significant contribution to the summation

over the (jl j:) states, we obtain the ratio

o “y [E. +E. -E(2,)]
A3_+2 —- b (0"Q"22) Jl 32 1
B ,——‘(ﬂﬂ'f E. +E, ~E(2
2 EJ + E - E(21) ‘
1-b jl j2 2° : '

- where we have uséd Egs. (9)‘and (10).
In this ééproximation we conclude that,: in genef;i} the 3 + 2 mixing
ratio will be'significantly smaller than the 3 > 2' mi#iéj fatio, and that»the
éignswill be opposite when the 22 state lies significap;l?.iower in energy

than (E, + ). |

E,
S B , .
Referring to Table III, it can be seen that the magnitudes are generally
as predicted by Eq. (38). The phases depend again on the energy factor

(E. +Ej -'E(22)]; ih the case of 74Ge, which 'is least likely to have a
1 2 o ' .

crossing of the energy levels (Fig. 4), the phase relationship holds as

predicted by Eq. (38). The relationship between the 22ténd £wo-particle

levels is not as clear in Ru and Cd; lozRu, in fact, seems to exhibit evidence_

of a level crossing, owing to the nearly resbnance-like_behavior of A2'+2
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04 132

_ 1 1 v 134

and the change in phase between %%y and Ru. The "7 "Xe and "~ 'Ba
isotopes show éémilar behavior of A3+2 and A3+2, “_'a;though the phase
change of A2';2 ~ in the Ba isotopes gives evidence for a level crossing

not observed in the 3+2 and 3*2' transitions. A more detailed examination

.0of the theory would require additional éxpetimental results for comparison.

4, Higher Order Ml Operators

A calculation similar to Greiner's (Sec. III A.4) can be done for the

transitions from the 3+ level. For the AN = 1 transitions we obtain [cf., Eq. (29)]

2/3 S } .
ZA
A = c , _ (39)
e I
h c. .. =2.2x10"° and C = 1.6x10">. oOn thi bb is t A
where Cy,,, = 2. an 394 = 1 . n is basis we expec 3501
~ A and A, ~ 0.7A , with the phases expeéted'to be identical.
212 3+4 2152 to !

We note that values of A3+2, and A3+4 predicted for 10200 ana %4 are in

agreement with experimental values, as were the values calculated above for

A2,+2. Furthermore, the relationship between A2';2 and A3+2, seems to be
valid for 82Kr and 134Ba, although it appears to be violated for the relative
phases in the cases of 74Ge and 132Xe.

The 3*2 (AN=2) transition is forbidden to exist, since both the E2 and
first-order M1 operators can only change the phonon number by one unit. If we
allow mixing of the one- and two-phonon 2+ leveis, the 3f2ltransition would
have both the E2 and M1 amplitudes proportional to the phonon mixing parameter
b.‘ Hence, the mixing ratio A would Se indepéndent of b and'we would expecﬁ

A3+2 = A3+2,( From the values tabulated in Table ;II, ;t:can be seen that,

! N
'<,A From this we infer that the first-order expansion

generally, |A3+2

3020 |-



for M1 given by Eq. {(23) is not sufficient to explain_the.3*2 mixing ratios,

(2) _(2) (2)

and that it is necessary to introduce a term of the form g Ju , with JU
= {a (l)} .. Such a calculation will not be attempted in this present
2ml m, y - v . o

work, owing to the lack of significant data for comparison, and to the lack

(2)

of an alternative means to obtaln g .

C. J = 2" Levels

If the 2" level were to be iﬁterpreted‘as'a pﬁrétthreg—phonon level,
the 2"2 and 2"+2f Ml transitions amplitudes must agéin'tanish. However, it
is not likely thét.the general properties 6f such statés may be successfuily
interpreted in terms of any collectlve model, since the 2" energles are’
.approachlng the pairing gap 2A. The B(E2) ratlos shown 1n Table II support
this contettion} the AN = 1 cascade trans;tlons are not.strongly favored over
the AN = 2 and AN.= 3 croséover‘ttansitions. FIn the t%t%qﬁasiparticle»model,
it is possiblettotéonstrtct a state whose primary-charattéf.is.of the form
(jljz),.with poséibly a small admixture of one; and twt;pﬁonon componentt.
Assﬁming the admixtures to be small, the J =2 leéels may:bé approximately
described by

|2) =~ ]2l> + b|22) + dlzjljz)'

|29 = |2.) - bl2.) +cl2, . ),
2 1 i3,

|2 *=lzp ) -alz2y - clzl), S (40)
33, 1 2 : C .

where |2 ) represents the pure-phonon state and IZJ ) 1s a two-quaSLPartlcle'

132

‘state. The amplltudes c and d are related to those glven in Egs. (14) and (15).

g,
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The following relationships between the transition pfobabilities may then be

directly obtained:

2

B(E2,2"*0) . 4 | : . . (4la)
B(E2,2"*2") . _(bct+d) _ 3_” o (41b)

The relevant E2/M1 mixing ratios then become

(21"7Q(E2)"2£

~l_
bosa ¥@ G Tmem Tz, . > ! (42a)
172 1172
A ~(zethd 2 lmeElz) o (42b)
212 a7 (2, | Tormnyt2, |0 _— -
1132 J132
. (2 W7 (e2)12)
A ~4 + cb 1 2 (42¢)

2" c (2, . Iz a)l2, .2 °

Within these approximations, one may make some cb@parisons of the

deduced A values in those regions where sufficient data exist. The lowest 2"

02 ~106,108

states in 1 Ru and Pd appear to be quite similar, both in the B(E2)

ratios and in the A values. From Eq. (4la), we have (assuming lbd]<<Jc|)

3

ld/cl =~ 1, while previously we found frem Eq.(lOc),lbI @vb.2 . It is thus
apparent for this_case that the phases will be’determinéd by the d/c term,
and we must then have A2,+2 and A2"+2 opposite in phase. From the tabulated

values in Table II, it can be seen that this is indeed the case. Furthermore,

from the ratio A2"+2/A2,+2, we estimate |c| ® |d] ® 0.15 . similarly for the
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cd isotopes, |b| = 0.2, and |d/c|>1, and the same approximation will be
valid; once again_ﬁhe signs of A2,_+2 and A2"+2 are oppeé%té. For both of

these cases we expect |A <<IA2,¢2|_in order for such a first-order

P LE) I

approximation to be valid; this relationship is valid fér these Ru, Pd, and
Cd isotopes, for the lowest 2" states.

124Te is the only one in which A

_ 2" have both

The caséIOf and A2"+2,

been determined. Here we compute la/c| = 0.16, |b| = 0.12. We therefore

Would expect identical phases for A2,

2 énd A2"*2" and‘opposite phases for

These expected phase relationships are not in agreement

124

A2“+2‘and A2,+2,

with the observed values for the lower 2" level of Té;ihéwever,‘this
-approximation also“fails for the branching ratio given:by Eq. (4lb), where
we would.expe¢t_a value of 0.02, compared with the experimental value of 40.
We would also prgdi;t |A2"*2|>|A2"+2,l, in‘agreement wi;ﬁ.éxperiment, although
the ratio between the two is predicted to be a'factor offfive larger than the
observéd ratio; | |

Althougﬁ Qé obtain reasonable agreement for the‘éF;Z mixing ratios
within the assumptions of ﬁhis highly phenomenological ;aléulation, the lack
of systematic datﬁ prevents the drawing of defihite copqlugions regarding
the nature of th¢v2“ states. A more detailed consideraﬁién”of the possible

two-particle nature of these states and the 2' states will be discussed in a

subsequent communication.
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D. J=4', 5, 6' Levels

The transi;ions depopulating these levels, tabulatéd in Tables v
and‘V;.in genefal'show sizeable EZ admixtufes,frequenti§ g£eatér than 25%
of the'transition‘intensity. This indicates that even ég‘ghgse high excitations.
(E 2 2 MeV) collective effects still appéar to be presént.‘ Although-ag present
this survey lacks sufficient vertical as well as horiZonfél‘systematic
information on.thé mixing ratios, we will briefly indicéte-how the types of
calculations discussed above can be applied to those cases in which informa-
tion is available.

In the case of 132Xe, for example, we might copsidét the higher lying
4" staté of Table‘IV to be primarily of two—pagticle éharécter, and we could
then describe the fhree J =4 lévels by a state vector:usihé the basis state

,42>, ,43> and ,4j 3 >, as was similarly done in Eds.(40). We would then
172 _
obtain a series of relationships between the transition probabilities and

mixing ratios similar to Egs. (41) and (42), and we would Similarly expect
that A4"»4 and A4,+4 must be opposite in phase and that JA4"+4| << |A4,+4l.

Neither of these expéctations are in agreement with the_data'for 132Xe, and

we conclude that a simple, first-order approximation such as Eg. (40) is not

132Xe

valid for the 4' states, at least in the case of
We. can also extend the computation using the higher4order Ml term to
include the higher phonon levels. We would interpret the 4' and 6 levels as

3-phonon states, and the 5 and 6' levels as 4-phonon states. We could then

derive a relationship of the form of Eq; (39), and obtain‘c4,*4 = l.2x10_3,

= 1.3x10°3, ¢ = 1.1X1o'3, e = 0.85x10 >,

- 110 .
56 616 The case of Cd is

Corgr

the only one in which a systematic comparison of these values may be made, )
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d d'tci A, . =A = A ~ 1, ith‘dbt' 1 phas
and, as predicted, 4,,,, ag *5+6 2 Bouapr Wi identical phases as

predicted. It is indeed remarkable that such a simple phenomenological one-
parameter model is capable of providing such good agreement with the relative

magnitudes and phases of all six measured AN = 1 mixing'ratios in lloCd.
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Iv. CONCLUSIONS
A complete understanding of the E2/Ml mixing‘rétios of the lbw—lying
even-parity states of even-eveh nuclei in the mass range”60 <acs 150.
obviously requires a detailed calculétion which coﬁsidéfs éll multiple-
seniority configurations of a complete set of single-pa;ﬁi;le basis states.
The success of such a calculation for a given nucleus; thever, reqﬁires
knowledge of the appropriate single—partigle'states aﬁd.transition
vprobabilities. We have shown in the present work that . |
the systematic behavior of the E2/M1 mixing ratios can bé'intetprétéd with
reasonable sucéess across:the entire mass range by considéfing only a few
low-lying two-pérticle states as perturbations of:the éhqﬂon.basis states
(presumably the co?relations among the multiple—seniority configurations'ére
’implicitly inéludéa in the phonon state vectorsbsuch thét their effects ére
included in the single-phonon E2 tfansitionvmatrix elements).' Thé variations in
phase, and, to.a lesser extent, the variations inlmagnituaé can be succesg—
fully accounted for using a relatively small number of.péfameters.'
Addiﬁionally, nearly all of the “single—phonoﬁ“ Ffaﬁsitions»in-the Ru,
Pd, Cd, and Te isotopes may be interpreted in terms of:éisihgle-parameter
model based on fhe higher-phonon terms in the magnetic moment operator; where
that single parameter is deduced according té the methqd of Greiner from the
difference between the g-factor of the first 2" level éna.ips expected hydro-
dynamical value of Z/A. Such a model not only is succe;sfﬁl in predicting the
reiative magnitudes over a'large range of mass numbers, bﬁt aiso seems to

hold for transitions from levels of up to four phonons.
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The phaée of the E2/Ml mixing ratio is a nucléa? osservable which has
in the past notbﬁéen widely used as é probe of the nuc;gar_structure. This
situation_has résﬁlted in part from £he'confusion resultihg from the several
different phase éonventions.which can be used to extra¢t the mixing ratio
from the angulér éérrelatién data (along with a corresponding failure on the
part of numerous investigators to specify which convention they have adopted).
In the présent.work these phasés have been determined in é consistent manner
and can be related to the intrinéic electromaénetic matrikfelemehts. We have

shown how this phase can be related in a model-dependent.Way to details of
the nuclear stfdcture. It is hoped that considerations sﬁch as these can
lead to a better‘understanding of the phase relationships between nuclear
electromagnetic matrix elements; for example, it should_bé‘possiblé to employ
" the observed mixing ratios and suitably computed (modeifdeéendent) M1 matrix
elements to determine the phase of the corresponding E2 ma€fix element, which
might be important.in understanding a similar phase—depehdént problem such as
the interference term which arises from measurements of quadrupole moments by
the reorientation effect following Coulomb excitation. In any event, it is
apparent that both the phase and the magnitude 6f.the Eé/ml mixing ratio can

be successfﬁlly employed as a probe of the nuclear structure.

»
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Table I.  E2/Ml Mixing Ratios of 2' = 2 Gamma Transitions

E(2) B(E2,2%0) E(2')/E(2) B(E2,2'*0) B(E2,2'*2) E, 8 A Reference®

Nucl - . B(E2,2'%2) B(g2,250)

UCIEUS  [Mev]  [10 “(eb)‘] [MeV] “[eb/nm)

22Ni30 1.454 1.3 1.91 0.0018 540 1.321  -1.1(1) -1.0 715t02,72va0l
ggNi32,: 1.333 1.8 : 1.62 0.0015 26 : 0.826 +1.1(1) +1.5  72va0l
22N134 1.172 1.8 1.96 0.033 320 1.129 +3.2(1) +3.4 72va0l
64 , . : '

30Z134 0.992 3.4 1.82 0.0062 S 0.812 -4(1) -6 635e02
232n36 1.039 3.0 1.80 0.000 - 0.828 ~ -2.2(2) -3.1  69Had6
§32n38 1.077 2.4 1.75  0.031 0.806 -1.5(1) =-2.3  73LaOl
;gGe38 1.040 3.6 1.64 0.0086 3.1 0.670 -(sfi) -9 . '65Mo0l
;gGe4o 0.835 4.6 1.75 0.0019 3.6 0.630 +(5fi) - +10 70Chl5
';3Ge42 -. 0.596 6.2 2.04- 0.023 0.93 0.609  +3.2(7) +6 69Scll
;gGe34 0.563 5.2 1.97 0.019 ' 10.546  +3.5(15) +8  70Chl5

' :~74‘Sé' o 0.635 . 9.2 - é 00’ 5"1"61672“ - o 0 é3sl-v;(6+2) | .-il'-’- ¢§2C§32'

;25e42 0.559 8.6 2.18 0.034 0.75 0.657 +6.2(4)  +11 60Gro?7
784 0.614 7.2 ' 2.13 0.031 0.695 +(6f7) +11 70Lill
34 844 . | . . : . . -2 |

80 ' +80

36544 0.618 6.8 2.04 0.013 0.640 H17_g) +31 67Ral2
§2Kr46 0.777 3.4 1.90 0.018 0.698 +2.0(1) +3.5 725a24
84 0.10 40+°°

36¥% 45 0.883 3.0 ._ 2.14 . 1.018 ~(40_5,) -48 65R006

(continued)

_Ov—

Lote-1d1



Table I. continued

E(2) B(E2,2%0)  E(2')/E(2) B(E2,2'>0) B(E2,2'>2) E, 8 A Reference”
Nuel : P B(E2,2'>2) B(E2,2°0) :
UCLEUS  Mev]  [107°(eb)?) | [MeV] [eb/nm]
84 S . , . |
3g5Fge 0795 8.6 1.83 0.0075 0.661 +0.8(2). +1.4  70Re03
§28r48 1.078 3.8 1.72  o0.14 © 0.778  +0.30(2) +0.47.  70Ar03 -
| §ZSr50 1.836 2.9 1.75 2.7 1.383 -0.04(2) -0.04 70Ka28
Zngsé 0.934 1.6 1.98- 16 ‘ 0.913 +0.03(1) +0.04 62Bulé
3§M052 0.871 4.4 C2.14 0.0050 2.7 0.993 -2.0(4) -2.4  68Ar06,72Ba90
%, 0.778 5.6 © 1.92 0.068 0.86 0.717  +0.44(4) +0.73 ~ 70He27
42°°54 : : 2.09 0.0063 - 0.80 0.847 ~1.1(1) = -1.6 . 70He27 .
98M°' 0.787 5.4 1.82 . 0.018 2.7 0.645 +0.58(3) +1.1  71Hel0,72Ba90 -
427756 : . 2.24 © <0.006 0.30 0.973 -2.2(2) -2.6  71HelO
100, | | | |
24RUsg  0.540 1 2.52 0.059 0.64 0.826  +5(1) +7 68Ka 04
lgjnuss ~0.475 14 232 0.038 0.53  0.628  -60(20) -110  70Sil3
»L}E:Rueo,]-o.3ss ] ~19:'if‘_f,’_ 2.50  0.049 - 0.66 C0.5350 . -9(2). -19 ' 68Mc08
104 . ‘ +o S
+(30 °
4cPdcg  0.556 0 2.42 0.042 | 0.786 (30_,,) +46 725108
Yoopa,, 0.512 12 2.20 0.024 1.1 0.616 -8(1) 16  68Ha35
108 : ‘
aePdg,  0-434 15 2.14 0.018 . 0.77 0.497 -3.1(4) -7.5  71Ro09
. ) ) +2
ligPd64 0.374 18 2.18 0.011 _ 1.4 0.440 -(5_3) -12  69Ro05

(continued)
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Table I. continued

E(2 B(E2,2%0)  E(2')/E(2) B(E2,2'>0) B(E2,2'+2) E_ § A Reference®
Nucleus -2 2 B(E2,2'>2) BE2,270) k
) [MeV] {10 “ (eb)”] : [MeV] {eb/nm)
106 S | .
ey 0.633 8.5 2,71 1.4 0.25 1.084 = -0.9(2) -1.0  73Grl6,69Mi07
108 ' R » | 415, o "
it 0-633 8.8 2.53 0.097 063 0973 15070 1.8 6omio7
lioca, o0.658 9.3 2.23 0.048 1.1 0.818 -1.2(1) -1.8  70Kr03
Ylca,, o0.617 11 2.12° 0.032- 0.55 0.695 -0.77(6) -1.3  73Grl6
114 | | - ' | +0.7
T4eCdgg  0-558 12 2.16 0.022 0.70 0.650 ~1.47,°) -2.8  736rl6
116 | - | 4 & +0.9 .
46Cdgg  0-513 12 . 2.38 0.052 0.63 0.710 -(1.5_0‘4 )-2.5 69Mi07
116, | | ' » - -
oSN 1.293 4.4 1.63 0.015 . 0.820  -1.7(3) ~ -2.5  73Gu00
122 1 | | S .
soTe,,  0.564 13 2.23 0.011 - 2.7 10.691  -3.46(5) -6.0 67Kol3.
1§;Te72 0.603 10 2,20 0.0074 2.0 0.722.  -3.4(1) . -5.6 71Grl4
1250e,, 0.667 0. 2.13 0.0036 3.2 0.754 -5.1(2)  -8.2 71Grl4,71Ta04
oXeo, 0.386 . 17 2,28 0,020 . 0491 +17(3) - +40  71Grl4,7lTa0d -
2%, 0.441 19 ~ 2.20 -0.013 0.528. +6.4(10) +14  67Had4
130, » |
saXe,s  0.538 14 2.09 |
132, . . - +2 |
s4Xe,q  0.668 9 1.94 . 0.0014 0.630 +(6_) #11  71Krl6,71Ta2l

_ZV_

B . ‘ (continued)
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Table I. continued

-

_B(E2,2%0)  E(2')/E(2) B(E2,2'+0)

+4.3(7)

E(2) B(E2,2'*2) EY S A Reference’
' B(E2,2'*2) B(E2,2°0) D
-2 2 X
Nucleus . imev] (1072 (eb)?] (Mev] {eb/nm] .
132, - | ot
‘56§a76  0.464 16 . 224 0.026 0.57; Ho ) | v+19 71Ta2;_
1:23a78‘ 0.605 13 1,93  0.0063 0.563  -7.4(9)  -16  72Bed5.
140 o 1.47 0.0070 0.752 +0.33(3) = +0.53 71Wi23
5gC%gy  1-996 3.4 1.58 3.7 0.816 =-0.15(7) =0.19 73Sall
l§§Ce84 0.642 9.2 2.39 2.9 0.894 -0.08(3) =-0.11 65Pr03
144 - - S : '
coNdgy 0695 10 2.24 0.004 10.864 -0.63(15) =-0.9 = 68ReOl
150 3.13 0.017 0.712 -6(2) -10 66Sm03,70Gr42
625Mgg  0-334 28 3.49 0.25 0.860 +5 +12  69Rell
, : +(8_2) :
152 . | 2.70 - 0.021 0.586 -3.1(1) -6.4  72Kad5,712005
64%%gg 0344 24 3,23 1 0.15 0.765 +6.7

72Ka45

aRe_ferepces;a’revlisted in the Appendix.. .

—€ v-
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Table II. E2/Ml Mixing Ratios of Gamma Transitions from 2" Levels

-3.3(2) -2.8

: " : a
Nucleus E(2")/E(2) B(E2,2"+0) T(2"»2') EY § - A Reference
) B(E2,2%2) T(2"2) -
‘ - [MeV] [eb/nm]
58,; 2.09 0.62 . 0.02 1.584 +0.20(3) +0.15 69Va24,67Hol5
28730 2.25° 0.42. <0,02°  1.809 +0.54(15) +0.36 69Sc31,67Du0?
60, . 2.34 0.18 0.007 1.791 -0.22(3) -0.14 66Shl2,71Mo22
28V 32 2.45 0.076 . 0.48 1.936 +0.7(3) +0.4  71Mo22
- 2.46 0.00 <0.04 1.718 -(4-1)  -2.8 70Fa06
SN, 2.61 0.076 0.90 1.886 +0.7(2) +0.4  70Fa06
2.70 2.5 0.13 1,985 +0.13(8) +0.08 70Fa06
68, 2.18 0.025  <0.1 1.261 -0.18(4) -0.17 710t0l
30°"38 2.62 0.069 - <1 - '1.745 +0.28(5) +0.19 73La0l
76, - » o
1aSe,, 3.20 80 0.13 1.220 +0.02(2) +0.02 60Gr07,635a26
94 | | 9 '
Mo 2.75 0.014 <0.2 1.522 -1.9(5) ~-1.6 68Ar06
4252 | B
102, 3.34 0.36 <0.5 1.106 +0.25(3) +0.24 70sil3
44M9sg 4.30 0.083  <0.13 1.562 -2.0(4) ~-1.6 70Sil3
3.06 0.36 0.03 1.050 +0.20(1) +0.24 68Ha35
| 4.28 >10 >120 1.061° -1.20(15) -1.4 73avOl
106 b 41.5 '
el 4.39 0.40 6 1.113° +(1.5-0.8) +1.6 73avOl
| Rty
4.75 0.17 0.32 1.925 -(2.4%0:%) -1.5 73av0l
- .7
4.88 <0.01 <0.01 1.988 -(2.3-0.8) -1.4 73av0l
Y%ra,, 3.32 0.57 <0.2 1.007 +0.24(4) +0.29 710kOl
110 . o o
boca,, 2.70 7 <0.3 1.126  +#(0.0670°%7)+0.06 72Kka34
112 | | o
45964 2.38 0.9 <0.01 0.851 +0.16(5) +0.22 72Ka34,73Grlé
114 | S .
2559 2.44 7~ 0.001 1 0.805 +0.10(10) +0.07 73Grl6,69Mi07
i : 0.714P +1.0(2) +1.7 7iGrl4
124, 3.39 0.011 LI 1.437 +4(2)  +3 72Ba38
527%72 3.47 <0.04 . 0.06 1.489 72Ba38

_(continued)
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Table II. .continued

. L. L v a
" Y A Reference

Nucleus E(2")/E(2) g:g;'guzg;_ :::uzg)) EY §’

' S ) [MeV] - [eb/nm]

132 . . - ,

54Xe78 2,97 1.5 <1 : 1.317 -0.077(25) -0.070 62Ro07

152 S , - 8 ,

64Gd88 3.84 0.11 0.13 . 0.974 +Q.58(7) +0.71 72Ka45

3References are'listed'in the Appendix.

Pyn 5 2 transitions; all others are 2" + 2 transitions,




Table III. E2/Ml Mixing Ratios of Gamma Transitions from 3+. Levels

——r e ———
: _ ——r ENE 3+ 4

.\ T(3+2')  B(E2,3*2) | .

Nucleus E(3)/E(2')/E(2). T2 B(E2 32 EY § A . EV § A EY 8 A Referencea
{MeV] {eb/rm) [Mev] (eb/nm) [Mev] {eb/nm}

2., 2.5/1.8 5.5 0.002 12 2y A ‘ 69M023
16240 .5/1. . . . 0.6 B ™
o 2.9/2.0 1.0 0.0038 1.102 +0.34(5)  +0.36 0.493 -1.3(4) -3.1. S - 70Ch15
ke g 2719 1S 0.018 1.317 +4.3(2)  +3.8 0.619 +2.1(1) +4.1 725224
9% : : , . ‘
aomog, 2.5/1.9 0.19. 1.200 +1.7(3)  +1.7 : \ 70He27
100 +1.2 : :

14" 3.5/2.5 0.15 1.347 f(°‘5-o.2) +0.5 _ 68Ka04
Wi  3.2/23 032 0.037 1.047 -7.0(6) . -8.0 0.418 -7.200) -20 . 708113
106 . X : i : _ . .

Pd 3.1/2.2 0.58 _ 1.045 -0.18(2) =-0.21 66We16

46730 T - :

: , _ , ‘ - , L
Wy,  3.32.2 0.62 0.0078 1.505 -0.48(3) ~0.38 0.687 -1.80(S) -3.1 0.620 -0.8(5). -1.6  73J008,70Kr03 &
ke,  2.7/1.9 1.0 0.012 1.136 +0.9(3)  +1.0 0.506 -1.3(4) 3.1 71Kr16
134 : ) v, -

gBa,y  2.7/1.9 1.4 N 1.038 +1.9(2)  +2.1 0.475 «10%) -2 72Beds,73Ga10
102,  1.71/1.54 0.037 " 1.010 +0.009(18) +0.011 : 0.547 -0.039(29) -0.09 735100

o ¥;gce82 ©1.51/1.47° 0,002 0 . - 0.815. -0.031(5) -0.046 .7 7l 0.3297-0.041(12) -0.15 73sa0l,71wi23 .
" 142 : S . B U . : : o
iCeg,  4-2/2.4 . 0.44 2.060 +0.30(5) +0.18 _ 65pr03 E
. [ Y]
W
. o

150, 3.8/3.1 0.0 : 0.505 -2.3(6) -5.5 ° 665m03 ~

2 smgg .8/3. . . . . .

152 . >49 >+16 ‘

odgg  4-2/2.7 17  1.0%0 -0.22(3) -0.24 0.678 2 a 70Ba32

<14 <25
PReferences are listed in the Appendix. '
' »

! ) et 1e bRt e ¢ M g e S5
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Table IV. E2/Ml Mixing Ratios of 4' * 4 Gamma Transitions

. T(4'-4) B(E2,4'-2) By B Reference”
Nucleus E(4')/E(4)/E(2) Tqv3)y B(E3,4'-4) (MeV] - - [eb/nm]
76, , S ' SN o
« 345,45 3.6/2.4 . 0.8 0.028 ~ 0.695. f(é;l) +7 70Lill

104 ’ . , E -0.05(12) -0.08
- Pd 3.7/2.4 1.0 _ - 0.759 . or. or 72001

46 |
>8 ~0.77(10) -1.2
_ +0.27(10) +0.38
3.9/2.4 1.9 <0.28 0.858 or or 720k01
4.1/2.4 >15 <0.020 0.942 +0.41(13) +0.53  720k01
110 o o .
163,  3.4/2.3 8.9 0.011  0.677 -0.44(5) -0.78 733008
124 ' . ’ S - .
52Ty,  3.2/2.1 1.5 12 ©0.709 +0.04(4)  +0.07  71Grld
132 2.9/2.2 8.2 0.022 0.523 -0.25(15) -0.58
, 0.22 . 71Krl6
s4¥®78  3.6/2.2 300 0.008  0.955 -0.15(5) =-0.19
134 o | e i |
ceBasg  3.3/2.3 4.1 0.037 0.569 +0.29(2) +0.62  72Be45
140 L s i | |
soCeg,  1.6/1.3 1.2 6 . 0.432 -0.05(3) -0.14 - 73Sa01,69Col7
150 4.3/2.3 23 0.006 0.675 -1.4(2)  -2.5  66C000
62°"88  4.9/2.3 2.6 0.06 0.869 >+2.6 = >+3.6  66Sm03

aReferences are listed in the Appendix. -




Table V.

E2/M1 Mixing Ratios of Gamma Transitions from Spin 5 or 6 Levels

' Nucleus

E(J,)/E(2)

TG .+4Y) T(J.6)
1 i

130

Jl \ _ S EY ) A Reference’
T - 3y . +4) . . N S e
Tt 4 T(qi 4} [MeV] _ [eb/nm)

22M054 6" 3.54 0.027 0.16 6 0.314  +0.27(7) +1.0 71Ba59
iozRu 5 3.95 0.01 5 vt 0.768 = +2.3(2) +3.6 708113
4458 5 4.68 0.10 0.055° 4 1.113  -2.7(3) -2.9 68Ad02
110 | o 6 0.446 -0.45(20) -1.2 70Kr03
46C%, 5 4.45 0.9 0.13 4" - 0.707 -0.58(2) -0.98 733008
, 4 1.384 -0.46(1) -0.40 73J008
. ’ 6 0.419 -0.40(3) -1.1 - 72Ba51
54%¢76 3 4.41 <0.3 2.9 4 1.162°  +0.25(3) +0.26 68HO26

148 , | L - ,
6>5Mgs 6 3.99 <0.01 - 0.65 6 0.289 -0.01(8) -0.04 68Wy00

aReferenc_es are listed in the Appendix.

?The angular correlation data are not inconsistent w1;h-a.6.rass;gnment for the 1.873 MeV

level.

_87—

L9€C-Td7
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Table V1. Computed Two-Particle Contributions to 2' =+ 2 E2/M1 Mixing Ratios

- - . B, . o4 » - |
(£m*/Mev?) L

Nucleus :
. (eb/nm) Protons Neutrons

81 - -1.0 - : -0.5 =250 " 180

603 +1.5 o 3.9 -150 20

o251 +3.4 - 1.1 -350 20

42n -6 77 1 : - 4

o '-3;i o 84 -0.1 1w
82n '-2;53_ . 88 -0.3 R 2
70 o 148 0.4 s . a2

726e +10 105 -0.5

"4ge w6 76 -l.a 45 25
70Ge 8 75 -3 46  473.  3
"se -112 S 108 0.4  :vuf_ 0.6
7Cse +1i’_.i o -1s | 'ff; i‘ 1.2
8se ST 150 3.7 o 1.2
80k +31 _ v 215 -4 : . ;w; 2

82 283 -9 S 2

R
+
&
wn

8 a8 353 11
8dg, +1.4 150 -9 B o if Nf 4
86sr +0.47 326 21 _"rlfﬁ" 0.6
88sr -0.04 -1027 | | :

92,, +0.04 160 45 i ']zn:‘ 0.2
94 -2.4 312 44 - 4
%m0 +0.73 236 | 243 f::' 2
By 11 283 -13 | 5 1'-1 3

100%y 7 293 -7 L2

{continued)

¥
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‘Table VI continued

LBL-2367

VZB. L

Nucleus ’ . 2 AI ,AII]
: (eb/nm) Protéﬁg /Szztions-
102p4 -110 261 -3 1.2
104u -19 202 -1 +1.41 1.' 1.9
10454 +46 425 -4 1.7 1.2
10654 -16 371 -1 +1.3 1.9
108p4 7.5 283 2 416 2.5
1% -12 237 3 +2.2 4.0
10604 1.0 2500 -2
108¢4 -1.8 2600 1 +o.i ,1” 0.2
110.4 -1.8 4000 3 +0.1 0.2
1204 -1.3 2100 4 +0.5 0.6
Hcq -2.8 1300 3 +0.6 0.7
116c4 -2.5 930 1 +0.3" 0.7
116g, -2.5 -2 +300 160
1224 -6.0 1500 -3 +0.6 1.2
124pe _5.6 3200 -6 +2.0 0.7
1265e -8.2 ~5600 -5 -0.6 0.7
- 1264, +40 250 -4 w 5
1284 +14 310 -3 5
13246 +11 1800 4 4
132g, +19 510 -1 3
134g, -16 930 2 +1.2 4
140c, +0.53 _-1660 3
2 -0.11 11200 108 +1.2. 0.2
144ya -0.9 2400 650 +1.3 2.5
_lSOSm -10 430 0.8 +2.d.ﬂ 5
15264 230 0.1 12

.
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Table VII. Comparison of Experimentél 2'. > 2 E2/M1
Mixing Ratios with Computed Values
Nucleus - g(2) Z/A £ A ‘ A *
SR ' theory experiment
100w . 0.55(7) 0.44 -0.16 +2.5 +7
102p, 0.41(3) 0.43 0.03 -20 -110
1042u '0.29(4) 0.42 0.20 -5.8 -19
10654 0.38(3) 0.43 0.09 -7.8 16
108p4 0.30(4) 0.43 0.20 -5.5 -7.5
1054 0.25(3) 0.42. . 0.25 -5.9 -12
11004 0.35(8) 0.44 0.14 -4.8 -1.8
204 0.30(6) 0.43 0.20 -4.5 -1.3
122, 0.27(5) 0.43 0.22 -4.6 -6.0
1240e 10.29(4) 0.42 0.21 -4.5 5.6
1260¢ 0.41 0.25 -4.5 -8.2

0.25(7)
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FIGURE CAPTIONS
Fig. 1. Histogram of E2/Ml mixing ratios A of 2' =+ 2 transi£ions in even-
" even nuclei 66 < A < 150. The labels + and - refer tq“the phase of A,

as defined in the present work. |

Fig. 2. vE2/M1 ﬁixiﬁg.ratios of 2' » 2 ﬁ;énsitions in:eyéﬁfeveﬁ nuclei 60
< A € 150, The solid curve indicates the trend of thevmeasured values
and shows pronounced.minima in the vicinity of cléSed shells.

Fig. 3. Spect;ﬁm{qf excited sﬁates expected on the basié.éf the phonon
vibrational model. The aqtual spectrum of lone ;é shéﬁh to the left.

To the right is indicated the decomposition of the phonon states into

quasi-rotational'bands, which might be identified (in order) as the ground--

state, v, B, YY, BB, YYY, BY, and BBB quasi-bands.
Fig. 4. Relationship between energies of 2°' states‘ahdvlowest 2-proton
configuration. The 2' states are labelled with + or -"to indicate the

phase of the 2' + 2 E2/Ml mixing ratio.

)
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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