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Directional distribution ofy rays following the decay of®®Ho%*™ oriented in a gadolinium host at low
temperature has been studied. Fhey anisotropies of transitions from the levels below 3 MeVDy were
measured and multipole mixing ratidswere determined. The variations in both sign and magnitud&fof
the M1+E2 transitions between the-vibrational K™=2") and ground-stateK"=0%) bands were ob-
served. Th€E2/M 1 mixing ratios for the 22 and 4— 4 transitions from thgs-vibrational (K™=0%) band to
the ground-state band were determined, andBB#E2 probability ratios obtained are consistent with the
values for thegB-vibrational bands. Th&E2/M1 mixing ratios of they—g transitions in*6y obtained
previously by the nuclear orientation 4°Tb are compared with the present results. The dynamic deforma-
tion model is employed to calculate the collective bands, electromagnetic moments, transition probabilities,
and mixing ratios int%Dy. A sign change of th&2/M 1 mixing ratio is predicted for the 10+ 10, transition.

Our experimental results give such a sign change for the 4, and 6,— 64 transitions. Comparison with the
presently determined experimental values XfEO/E2) for y—g and B—g transitions is also given.
[S0556-28188)04010-2

PACS numbsgs): 23.20.En, 27.70tq, 23.20.Gq, 21.60.Ev

[. INTRODUCTION measurements is provided by tgg¢ and EC decay of two
16%0 isomers[1]: the ground state with™=5% [Ty,
Studies of the directional distribution ofrays following  =25.6(3) min and the first metastable state witf=2"
the decay of oriented nuclei give the experimental data profT,,,=5.02(5) H. The decay scheme df™Ho%" ™ [1] is
viding a good possibility of testing the validity of various based largely on the work of Grigoriest al. [2], extended
nuclear models. The experimental investigation of the magand modified by the results of Ref8&, 4]. The ***Ho? decay
nitude and particularly of the sign of multipole mixing ratios, scheme was proposdd] from the data on the combined
defined as the ratio of emission matrix elements, is one ofiround-state and isomeric-state decay$®8fio. Levels with
those studies. The even-ev&iiDy nucleus, in the family of energy up to 3 MeV in®Dy are populated by th&#Hod "™
the highly deformed nuclei with very rich level schemes anddecay, and high-spin membe(ap to | =6) of collective
well-developed rotational and vibrational bands, is quite apbands as well as low-spin statds=(1) are excited. An ad-
propriate for such examinations. ditional advantage is that both isomers are products of the
A number of studies have been carried out in the past tgnuch longer-lived'®Er (T,,=28.58(9) h[1]), and only
determine the level structure 8¥Dy through the™ decay  two soft y rays, 7.1 and 60.0 keV, are emitted after the EC
of *°Th and thep™* and electron capturéEC) decay of  decay of'8%Er. Having in mind the very high hyperfine mag-
180409* ™. The y rays, conversion electrons anely coinci-  netic field of neighboring Dy and Er, dissolved in GHL],
dences were measured from the decay®flo*™ [1], and  one could expect that the magnetic field at the Ho nuclei in a
the internal conversion coefficient&CC) and multipolarities  Gd host lattice could be about 700 T.
of many transitions in'®*®Dy were determined2-5]. The In the present work, th&®Ho?" ™ nuclei were oriented in
levels of 1Dy have also been studied by several types ofa Gd host at low temperatures. The directional distribution of
nuclear reactions and by Coulomb excitation. The results arg rays was measured and multipole mixing ratios of the
summarized in the Nuclear Data Sheft§ Multipole mix-  mixed transitions were determined. The dynamic deforma-
ing ratios ofy rays have been investigated extensively by thetion model (DDM) was used to interpret the experimental
low-temperature nuclear orientati¢6—9] and y-y angular  data. Preliminary results of our experiments are presented in
correlation(see Ref[1]) measurements of°Tb and by the Refs.[12,13.
(a, 2n) reaction[5] and Coulomb excitatioh10]. Experimental details are given in Sec. Il, while the data
An excellent possibility for the nuclear orientatigNO) analysis is discussed in Sec. lll. Our results are presented and
discussed in Sec. IV. Section V gives a brief review of the
DDM calculations, while Sec. VI gives the summary and
*Electronic address: kracik@nusun.jinr.ru conclusions.
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Il. EXPERIMENTAL DETAILS obtained have been analyzed on the basis of'tAdo?"™™

The radioactive source was produced in a spallation reaéjecay scheme_of Re.m which iS. iIIustra_ted in Fig. Your
tion on tantalum making use of the 600 MeV proton beam of €SUlts on multipolarities and spins are includdd may be
the Dubna phasotron. Chemical separation of the erbiumi®en frp_m Fh|s f|glure that the produc@&ﬂotég#rge contains
fraction from the irradiated target was carried out, and thex" €quilibrium m|xturelGof ”r]ne ground-state;Ho’, and the
160Ey isotope was mass-separated and implanted into a gadg[st metastable—stgt(_a, Ho™, activities. These actwmes_
linium host. Thermal treatment of the sample was performed?@ve not been sufficiently well separated to allow a precise
Details of the sample preparation procedure are described frstaPlishment of two separate decay schemes. However, by
Ref. [14]. The %rGd (**HoGd) sample in the form of a USINg the,B-d_et_:ay spin sequence and the intensity b_alance for
disc of diameter 0.5 cm was soldered to the cold finger of £2¢N level, it is still possible to deduce the intensity of any
top-loading®He-*He dilution refrigeratof15] which is able Particulars” + EC transition and to separateg%%’l—l&ngdg-
to maintain the sample temperature stable during long per€dY Schemél]. Although the decay scheme 6fHo""™ is
ods (24 h). An external magnetic field of 1.2 T was ap- not complete because out of 343rays from the decay of

: - 16049t ™ 180 y rays are not placefil], the intensity bal-
plied to polarize the sample. ' yray P ' y

The y-ray spectra were taken simultaneously at the ang|e§nce_i_s not influenced much as the intensity of the unplaced
between the direction of thg-ray emission and the orienta- ansitions represents only abollét 7% of the total. Thus, the
tion axis of®=1 by a HPGe detector of the 20 éraensi- Major features of thé®Ho? and **Ho™ decays are known,
tive volume and o = /2 by a 33 crA coaxial GéLi) de- and can be used to calculate tg coefficients quite satis-
tector. The resolutions of these detectors are 1.9 and 4.5 kefi%ctorllinNatlrJnrally, ti‘ee poelrjnlatlon of th&Dy levels from
at 1.33 MeV, respectively. The source-to-detector distances H0° q'!o , and **Ho%" ™ must be considered and the
were 8—-10 cm. The data were collected for periods of 200§0°Tespondingd, and U, values must be determined. We
or 4000 s, and the relatively long half-life %r allowed us ~ave evaluatefll7] the appropriate expressions for all meta-
to take several “cold’[14(2) mK] and “warm” (~1.2 K) stable states which have to be used in such cases.

spectra when the source was oriented and random, respec- The directional distribution ofy radiation emitted from a
tively. ' level populated by two different initially oriented states is

Ill. EXPERIMENTAL DATA ANALYSIS

The directional distribution of rays from oriented nuclei W(0) =2 ever\Qu[BA(9)U,(9)
is given by(see, for instance, Ref16]) +B,(m)U,(m)]P,(cos®). (3.9

W(O)=3, oeBrU A Q,P,(cos0), (3.1 HereB, (g) andB,(m) are the orientation parameters of the
ground and metastable states, ddg(g) and U,(m) are
whereB, are the orientation parameters of the initially ori- deorientation coefficients connected with these states, re-
ented statd, U, account for the deorientation due to the spectively. Thus, it is necessary to determine separately the
unobservegB andy transitions preceding the observeday, values ofB,(g), B,(m), andU,(g), U,(m). The orienta-
A, describe the properties of the observethy, Q, correct tion parameters are determined from the experimental
for the real geometry of the experiment, aBg(cos®) are  anisotropies of pure multipole transitions. The deorientation
Legendre polynomials. Summation over the indexs re-  coefficients are calculated on the basis of the decay scheme,
stricted as usually to the even values, 2 and 4. branching intensities, and transition multipolarities. For the
The directional distribution coefficients, are feeding from the ground state, the deorientation coefficients
of the observed level are

CRM(LLI)+26F, (LL 1)+ 8%F,(L'L"I4l))

A 1+ 6° ’ -
1PUE(g)+ N1 (g)u}, Uy,
(3.2) U)\(g)= )\(g) |EM||(0utEg) Ni M(g), (35)
whereF, are the angular-momentum-coupling factors deter- H
mined by the sping; andl; of the initial and final states, (t0) (out) .
respectively, linking the observeg ray, whose multipole Wherel™ andl;™™ are the totaly plus conversion electron
orders ard_ andL’=L+ 1. The mixing ratiod is defined as intensities of transitions populatétb) and depopulatetut
of) the observed level /=3 1{*—3,; 11, Uf(g) are the
deorientation coefficients of th@ radiation to the observed
i level, andU!}; and U?}; are the deorientation coefficients of
6= m theith intermediate level and of its depopulating transition.
Both U# andU; depend on the spins of the initial and final
In order to evaluate the directional distribution coeffi- states, and on the multipole orders@®#&nd y radiations. The
cientsA, and consequently the multipole mixing ratié®f U, (m) coefficients are calculated using E8.5), where the
v rays, the orientation parametddg and the deorientation symbolg is replaced byn and the appropriate values of the
coefficientsU, must be determined. The experimental dataintensities, mixing ratios and, coefficients are taken.

(3.3
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FIG. 1. Partial level scheme for the decay'8Ho%* ™ to 16Dy. Transitions, with absolute intensities ce) per 100 decays, observed
in the present experiment are shown. Transitions located twice are denoted by a star.

IV. RESULTS and 966 keVvy rays are quite small0.23, 0.67%, because
The directional disrbutions of 29 rays from the decay - med e i 0g'e ST IUCER B B OR
f?f or|e,r,1ted ®Ho?*™ were measured. Five “cold” and five \yhen there are good detectors and high statistics, it is pos-
warm” spectra were chosen and after the peak area deteksipje to obtain small uncertainties for intenserays with
mination and the decay correction, the corresponding areagrge anisotropies. For instance, Kraf@ obtained uncer-
were averaged and the anisotropies/(w)—1] and [1 tainties of 0.93, 1.6% ifiW()— 1] for the 299, 1178 ke\y
—W(w/2)] were determined. They are listed in Table | rays in the nuclear orientation ¢#°Tb in Tb metal.
where the corresponding-ray intensities[1] are also pre- There are large differences in Table | in the uncertainties
sented. of [W(7)—1] and[1—W(7/2)] of the 728 and 966 ke
Uncertainties, given in Table I, f¢MW(#) —1] of the 728  rays, because different detectors were used for the two angles
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TABLE I. Anisotropies of y rays following the decay of ori-

NUCLEAR ORIENTATION OF 09" "Gd:

SIGN. ..

1989

chosen to determine the orientation parameBgig)). These

ented'®Ho% MGd. Relativey-ray intensities are also given. Spins transitions, the correspondir, and B, values, and their

and parities of the initial and final levels are given in Table IV.

E, W(Z)—l 1—V¥(W/2) ot ma 0 transitions have large uncertainties. Particularly the latter,
(keV) (%) (%) 15 5 whoseB, value has no significant contribution to the final
197.0 —236(61) —10.1(58) 1000L0)  780(40) result, is shown for the gake of completeness.
297 2 ~30.9(61) —17.8(99) 805) 80(5) ngh-energy levels of®®Dy are populated by the decay of
_ _ the %®Ho metastable statd”=2". There is a number of
298.6 12(11) 9(16) 745) a _ >
309.6 15.192) 22(3) pure E1 transitions from the levels with spin~1to the O
538.6 23.923) 13.9700  28020) 280(20) ground state. Howe_ver, the majo_r_ity of them are very weak.
_ B Three of the most intense transitiof@675 and 2735 keV,
728.2 79.17(18) 20.0(24) 220(®0) 220060 _ N h
both 1" —07, and 2185 keV, 2—2™) were used to deter-
753.1 —62.3(16) —23.2(36) 20020 200120 . . . .
- mine theB,(m) parameter. The fourth-order directional dis-
65.3 18.128 6.531) 260120 24020 o L . .
856.9 2390) 10.564) 3603) 36(3) tribution coefficientA,(1—0) is zero as is théJ,(2—1)
872'0 10.951) 3' 27 44040) 44040 deorientation coefficient. In agreement with the systematics
879'4 17'9;35 11'6(19 145050 125 50) of the M2/E1 mixing ratios and with th@&, parameters ob-

.d’ -615) A19 as0) as0 tained from the anisotropies of the 2675 and 2735 keV tran-
941. 25.1(84) 10.650 21(3) 21(3) sitions, the value o= —0.05+0.05 was used to calculate
962.4 0.414) 1.622) 130050)  120050) the A, coefficient of the 2185 keV transition. The fourth-
966.2 —74.45(50)  —20.8(27) 12000 1030500  order term in Eq.(3.1) is very small in this case:
1004.7 23.489) 4.14) 13610 136100 (B, ,U,,A,,Q,,P,)<0.0002. Three values oB,(m) and
1069.1 —37.0(19) —17.6(33) 19015 19019  their weighted mean value are listed in Table Ill. Since there
1271.9 —16(11) —7.3(58) 19018 is no suitable transition to determine the fourth-order orien-
1312.1 1810 11.089 46(5) tation parameter, th8,(m) value was estimated from the
1419.0 —11(24) 2@3) theoretical orientation parametdrk8]. The value ofB, ob-
1432.0 —18(10) 597) tained is very close to the saturation value Bf(m)
1717.7 —22.6(69) -3(12) 506) =1.195(as well as these values of ground-state parameters:
2184.7 —18.0(73) 445) B,(g)=1.698 andB,(g)=1.177), so we concluded that the
2544.1 6.759 90(9) theoretical value oB,(m)=0.24(3) corresponding to our
2574.6 2417) 203 BS*A(m), with similar uncertainty, is a good estimate.

2588.4 1119 142)
26145 3.072 T4(8) C. Multipole mixing ratios
gggjg 48133 11?)(11(2; The directional distribution coefficient#, , for the M1

: ' +E2, E2, andE2(+M3) transitions were determined as
2735.1 5018) 12(2)
°Reference1]. TABLE II. Deorientation coefficients.
®The v ray is probably an unresolved doublet.

Elevel

and their resolutions differ by more than a factor ofS&c. (keev\e/) U, U,

II). Also the two anisotropies differ by more than a factor of

weighted averages are presented in Table Ill. Bhevalues
evaluated from the anisotropies of the 753 and 1069 keV

3 0:0.31819) 0.032726)
m:0.090G83) 0.021G25)

A. Deorientation coefficients 581.2 9:0.58163) 0.18429)
6 B m:0.08§16) 0.025449)

Several levels it%Dy are populated by transitions and 066.2 9:0.60623) 0.195573)
via B-y cascades from both isomers ¥fHo. The deorien- m:0.095152) —0.0324(20)
tation coefficientdJ, (g) andU,(m) were calculated on the ;49 1 9:0.527128) —0.0969(86)
basis of the'®®Ho? and 1*®Ho?* ™ decay schemdd] and all m:0.049934) 0.014117)
available data including our results. For all allowgdran- ;- ¢ :0'64 '

i, 16014 g o re 4 180,y M " : . 9:0.64354) 0.12115)
sitions from*®®Ho? and *Ho™ to the positive- and negative- 1264.8 _

; 6 . - FESTHVE” . m:0.30%31) —0.336(39)
parity levels of'®*®Dy, respectively, it is justifiable to assume 1286.7 m:0.5914) 0.23061)
that they are Gamow-Teller transitions wifty ;=1. For 8 1288.6 :0-71466) 0.27:{26)
transitions with a change of parity, it is assumed that one unit ' 9:0.060670) 0.016(139)
of angular momentum is carried off. The valueslf are 1349.6 m:o.e 10 0'030 20
listed in Table II. : m:0.6010 —0.030(30)

1358.7 m: 0.40549) —0.509(64)
B. Orientation parameters 1398.9 m:0.77949) 0.36347)
1438.3 0:0.91048) 0.67112)
The anisotropies of three pufe2 transitions from the 1694.4 0:0.93529) 0.78824)

levels populated by thé®*Ho ground state] "=5%, were



1990 T. I. KRACIKOVA et al. PRC 58

TABLE lIl. Orientation parameters of the ground and metastable stat&€H6Gd.

Ey(keV) I I B, B,?
16040, |7=5"
728.2 4 2+ 1.37277) 0.9712)
753.1 5 3" 1.41(11) 0.6229)
1069.1 Vg 2+ 1.3017) 0.72121)
Weighted average: 1.3780) 0.9211)
160, |7=2"
2184.7 z 2" 1.0245)
2674.8 T o+ 1.1717)
2735.1 T o+ 1.21(44)
Weighted average: 1.18)

@Theoretical value 0B,=0.24(3) was used for th#Ho™ 2" state, see the text.

usual with the fourth-order term taken into account. In most=—0.83"513 or 8.7"33°, the second value was preferred

cases theA, value has a large uncertainty which does notsince the value of5(a)|=2.3 was evaluated from the2®
allow its use for the choice between two solutions of Eq.[3].

(3.2). Therefore these solutions were compared with the val- ap excellent discussion of tHd 2/E1 andE2/M 1 mixing
ues of| 5(a)| calculated using all experimentf8—5] and  atios of y rays from the decay of°Tb, determined by the
theoretical[19] ICC data. For theE1+M2 transitions, the NO [6-9], yy(®), andey y(®) measurements, was made by
fourth-order terms iW(®) were neglected as they are very yjarshaket al. [9]. (It is incomprehensible to us why the
small (considerably smaller than the uncertainties in they—ray anisotropies were not presented the@ince no new

second-order termsThe values ofA,, A,, and § are pre- . ; :
. ; 1T e information was obtained by the latety(®) measurements
sented in Table IV. The obtained results were verified by, y )

. i o o (see Ref[1]) and no new conclusions can be made on the
comparison of the experimental directional distribution coef-NI 2/E1 mixing ratios. we do not discuss them here. It should
ficients for pure multipole transitions with the corresponding 9 ' '

theoretical values. Moreover, when the same level is depoptg;gm;;g;hazt GTE ani;cz)tézgiis\;)f tia J&x g 6%85, d2§;1§5
lated by theM1+E2 and pure multipole transitions, the di- ' ' »an evandp an

rectional distribution coefficients of thil1+E2 transition K&V ¥ rays were firstly measured from the decay of oriented

may be determined independently Bf(1) andU,(Bvy) by ¥ Hoo ™. o ] ]

using the deduced ratios oB(U,A,) for these two transi- TheM3/E2 mixing ratios are a_lso shown in Table IV, and
tions and the theoreticah, coefficients for pure multipole all of them are smaller than their experimental errors. Sys-
transitions. In all three cases, the valuesAf obtained in  teématic studies and theoretical estimates@d 3/E2) show
this way agree welisee Table IV with those determined by that theM3/E2 mixing ratios are so small that we cannot
using the B®® and US: A,(539 keV)=0.204(64), Mmeasure yet with the accurady-A 6 such small quantities
A,(872 keV)=0.100(44), and A,(879 keV)=0.221(26). by the NO and correlation methods. Thusgif A § (except

This is additional evidence of the correct determinatioBpf Of Special cases of forbidden transitipnsuch values are
andu, . too large and do not look reliable. The theoretical estimates

It was assumed in Ref1] that the 941 keVy ray was an give very small values_ oﬁ(MS/EZ). For instance, from the
unresolved doublet since there were two possibilities to lof€commended upper limit for thd 3 transition strength, the
cate this transition in théHo%*™ decay scheme: between M3/E2 mixing ratios of the 197, 728, and 1069 keV transi-

the 1522 and 581 keV levels and between the 2097 and 115¢NS I **Dy were estimateq1] as 5<1.4x10 %, 0<25
keV levels as the #—6" and 4" —4" transitions, respec- X10™%, and §<1.3X10" 7, respectlvely. Therefore it is too
tively. However, the 1522 keV state is not excited in the€arly to make any conclusions ai{M3/E2), and we con-
decay of*6%Ho? and all intensity of the 941 ke ray, which  Sider(and cal) theE2(+M3) yrays as pure multipole tran-
is the same in th&%Ho? and 16%H0%* ™ decaygthe ratios of ~ Sitions when the exper.lmenta.l and theoretical velue@x)pf
the intensities of the 872 and 1069 keV transitions to the 948re compared. The anisotropies of the 297 (64"), 728
keV transition intensity are 4480):140(15):27(3), respec- (4 —2"), 753 (5" —3"), and 966 keV (2—0") transi-
tively, in both decayk is applied to the 2097 keV level. This tlo_ns were measured for the first time from the decay of the
means that the 1522 keV level may be depopulated as @r'e“ted16q'|og_+m- _ _

maximum by 11%the experimental errprof the 941 keV The most interesting results of this work concern the
transition intensity only. Moreover, the calculated anisotro-(4,—4g) 872 and the (6—64) 857 keV transitions. There
pies of the 4-6 transition arelW(mx)—1]=—0.312(13) are two solutions of Eq(3.2: 6=5.0°79 or —0.702" 3058
and[1—W(=/2)]= —0.13§6), while the values of W(w)  andd=>5.1"3§or —1.06"3{, and the larger value was cho-
—1]=0.251(84) and 1—W(7/2)]=0.106(50) were mea- sen in both cases since the ICC dé85] give |5(ay)|
sured. Thus, the values 8§ and s, given in Table IV, were =3.8"7,and 2.5%2, respectively. Thus, the sign change of
determined assuming that the 941 keV transition depopulateabe mixing ratios was observed for thkl=0 transitions
the 2097 keV level, and from two solutions of E§.2), §  between they-vibrational and ground-state bands beginning
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TABLE IV. Directional distribution coefficientsd, , and multipole mixing ratiosg, of the y transitions

in 16Dy,
EIevel Ey
(keV) | (keV) |7 A2 A2 5
283.8 4 197.0 2" —0.40(14) —0.6(28) —-0.05'313
581.2 6" 297.2 4 —0.42(13) —0.15(83) 0.02" 312
966.2 2 879.4 2+ 0.22226) —-0.17(18) -12.5"23
966.2 0 —0.597(40) —1.13(33)
1049.1 3 765.3 4 0.19649) —0.36(58) -12.8"32
962.4 2 0.02633) 0.1936) -12.8"23
1155.8 & 872.¢% 4+t 0.10948) 0.2060)° 5.0°39
1069.f 2* —0.408(52) —0.10(56) —0.038+0.050
1264.8 z 298.6 2 -0.37(31) -0.047930
1288.6 5 1004.7 4 0.14248) 0.3526) -13.2"33
1358.7 z 309.6 3 0.3221) 0.157318
1271.9 2 —0.33(18) -0.07"° 313
1398.9 3 1312.1 2 0.21(10) 0.071+0.052
1438.3 6 856.9 6" 0.17867) 0.0221) 51738
1518.8 4 1432.0 2 —0.31(18) 2922
1694.4 4 538.6 4* 0.20564) -0.03(12) 2.1
728.2 2+ —0.446(32) —0.48(25) —0.002+0.030
1703.2 & 1419.0 4 —0.13(28) 21718
1802.2 5 753.1 3* —0.439(38) —0.147(91) 0.016:0.034
1804.8 1 1717.7 2 -0.31(11) —1.4<6<-0.4
2+ 1717.7 4 —0.23(24) —0.6(10) 362
2096.8 &4 941.¢ 4+ 0.17953) 0.0316) 8.7733°
2271.3 z 2184.7 2 —-0.31(13) —0.09+0.10
2630.9 T 2544.1 2 0.09986) 0.030° 3958
2674.9 T 2588.4 2 0.1628) 0.09+0.32
2674.8 0" 0.7423)
2700.9 T 2614.5 2 0.0411) —-0.03'513
2734.8 T 2648.0 2 0.2218) -0.153%
2735.1 o 0.7429)
2858.4 3 2574.6 & 0.2518) 0.07+0.13

&Theoretical values of, andA, of pure multipole transitions are:

A,(1—0)=0.7071,A,(1—0)=0;

A,(2—0)=—0.5976,A,(2—0)= —1.069;

A,(4—2)=—0.4477,A,(4—2)=—0.3044;

A,(5—3)=—0.4206,A4,(5—3)=—0.2428;

A,(6—4)=—0.4029,A,(6—4)=—0.2088.

be are deduced independently Bf(1) andU, (B87) by using the anisotropies of a pug2 transition from
the same level.

°The value ofA, is determined using@$* and US*°.

dA, are deduced using the weighted averageB,oéxcept for the value determined from the anisotropies for
this transition.

€See the text.

at the 4,—4, transition. In Table V, theE2/M1 mixing  mixing ratios of they—g and alsg3— g transitions(see, for
ratios of they—g transitions, determined by the previous instance, Refs[20, 21]) have indicated that these mixing
NO measurements of°°Tb [6—9], are compared with the ratios do not change sigiin the same nucleus, for the same
present results. Note that the intensities of he g transi- initial and final bands and the mixing ratios of theg—g
tions are considerably higher in the decay'®Ho%" ™ than  transitions in deformed nuclei with>150 were determined
that of  80Tb:l,g5: 157211 g70:196,=18:30:100:90 and to be negative. Therefore for the (4-4,4) 872 keV transi-
7:0.73:100:33, respectively. tion, the negative value of was chosen from two solutions
We should like to point out that in 1979, when our resultsof Eqg. (3.2): §=—0.70+0.10 or S.Qﬁ,‘. The conversion
of the NO study of'**TbGd were reportefi7], nothing was  electrons were not measured up to that time since the 872
known about the mixing ratio sign change for the-g tran-  keV y ray is quite weaK|,=0.723(12) in the decay of
sitions. On the contrary, systematic studies of E®M1  '®Tb and is affected by the close and intenfk,
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TABLE V. PresentE2/M1 mixing ratios of transitions from the-vibrational K™=2") band to the ground-stat&{=0") band in
169Dy obtained in this work are compared with previous results of the N&%Gb.

E, HoGd ThGd ThGd TbTb ThTb(sc)
17— (keV) This work a b c d
2t -2 879.4 -12.5°29 —-18%% ~12.8+15 -16.7°13 -16.6-0.5
3,2, 962.4 -12.8"3%3 -12.01% -11.0+1.2 -13.8+0.3
3,4, 765.3 -12.839 -7.7:%8 -9.0"%3 -8.3'5¢ -13.7°3%8
474, 872.0 5.0°29 5.0°24 2145
554, 1004.7 -13.2°33
6, —64 856.9 51738
3Referencd6].
POur previous work7].
‘Referencd8].
9Referencd9].

€Anisotropies were corrected and reanalyzed.
"Mixing ratio 6 which agrees with the value ¢8(ay)|=3.8"7, obtained froma£® [4,17], see the text.

=100.0(2)] 879 keV y ray. Ten years later, the same con- |q(EO/E2)| were used to calculate the dimensionless ratio

clusion was made by Marshak al. [9] who also preferred [21],

the negative value of= —0.953 3% for the 872 keVy ray

from the decay of the oriente§°TbTb (sg. In the decay of 430 5

16 g+m ; . A" g°ay(E2)E
Ho9*M the 872 keVy ray is much strongeflg;o:lg79 X(EO/E2)=2.56X 10° Y

=30(3):100(3)], and itsay value was determinef8,5]. Qk(Z,k)

Thus, the results of the NO measurements*®¥HoGd < th » . (7 K is th
show that the multipole mixing ratios of the,2:2,, 3, HereEy_lst etra_ns_lt1|on energy |n'MeVa k(ZK) is the
electronic factor in s*. This factor is related to thEO con-

—24, 3,—~44 and 5,—4, transitions and the 4-4, and ) -
9 Oy %g g 7%y
6,— 64 transitions differ in both magnitude and sign, seeVerston coefficientA(EO), see Ref|28], as

Table V.
The mixing ratio sign change was also observed for the O (7 K =8makA(EO 4.2
y—g transitions in'®%Er by the NO study of®®Ho™Ho [22], k(2. =8makAED), 4.2

1%TmGd[23], and of **Ho™Ho (s [24] and probably(the  wherea is the fine-structure constant, akds the transition
uncertainties are largén ***Er by the measurement of the energy. The results are presented in Table VI. Though the
directional distribution ofy rays in the @,2n7y) nuclear re-  uncertainties inX(EO/E2) are large due to the large experi-
action[25]. The possibility and significance of this phenom- mental errors ina$*, the X(EO/E2) values are generally
enon was presented and successfully interpreted by Hamiltogonsistent with the systematics: values for the-g transi-
et al. [24] and by Kumar[27] using the DDM[26]. Our tions are an order of magnitude smaller than those for the
results for'®Dy suggest that the mixing ratio sign change is 8—g transitions.
not a particular property of one nucleus, that it may be a Table VI shows that the second excitéd=0" band has
more general and significant phenomenon. strongEO transitions to the ground band. Furthermore, it is
Two K™=0" bands are excited, but very weakly, in the excited much more strongly than the first excité¢d=0"
decay of'®®Ho9" ™M [1], and the first band is even weaker than band(starting at 1280 ke) Hence, there is strong evidence
the second one. The anisotropies of the 2 and 4-4 tran-
sitions at 1432 and 1419 keV between the levels of the TABLE VI. Magnitudes of theEO/E2 mixing ratios and the
B-vibrational (K™=0*) and ground-stateK™=0") bands relative EO/E2 probabilities of theAl =0 transitions from they-

. . T+ : : T_Nnt
were measured. Since the anisotropie®at 7/2 were not  Vibrational K7=2") and theg-vibrational (K"=0") bands to the

4.9

observed and the uncertainties [iW(7)-1] are large, the ground-state K”=0") band.

fourth-order terms in Eq(3.1) were not considered. Values E E

of 6=2.9"3§0r —0.09°0 15 and 6=2.1"§ or —0.38°33, | kev)  (keV)  |q(EOE2) X(EO/E2)

respectively, were obtained, and the larger values were pre:

ferred since theEOQ admixtures were admitted by the ICC y-vibrational K™=2") band

data[4]. 22 879.4 966.2  0.24°0% 0.043+0.038
Using the E2/M1 mixing ratios, the corresponding ex- 4—4 872.0 11558 0.15°318 0.016'0:9%

perimental4] and theoretical19] ICC data and the relation 6—6 856.9 14383 0.32°31 0.072°33%

aZP=[ F(1+ ) a(E2) + ae(M1)}/(1+ &), the magnitudes of B-vibrational (<™=0") band

the EO/E2 mixing ratios|q(EO/E2)| were calculated for the 2,2 1432.0 15188 0.63°03¢ 0.78" 333

Al=0 transitions from theK™=2" and the seconK™ 44 1419.0 1703.2 0.850.22 1.40°90

=0"% bands to the ground-state band. Then the values of
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TABLE VII. Calculated DDM properties of the ground-stateyibrational, andg-vibrational bands in¢Dy.

KC
Elevel Y Ap A, Q? Mb
| (keV) B (deg (keV) (keV) (e-b) (n.m) 0 2 4

Ground-state K"=0") band

0 0 0.30 13 711 547 0.00 0.00 100

2 85 0.30 13 704 543 —1.83 0.71 100

4 306 0.30 13 690 540 —2.31 1.42 99 1

6 660 0.31 13 675 540 —2.51 2.12 98 2

8 1149 0.32 13 660 539 —2.64 2.81 95 5

10 1750 0.34 13 644 534 —-2.70 3.51 91 8 1

y-vibrational K™=2") band

2 850 0.30 17 740 564 1.78 0.60 2 98

3 989 0.30 17 725 552 0.00 1.00 0 100

4 1120 0.31 16 715 554 —-0.72 1.38 15 83 2

5 1352 0.33 16 686 531 —1.34 1.75 0 98 2

6 1484 0.33 16 677 531 —-1.23 2.12 20 77 3

7 1765 0.35 16 650 509 —-1.96 2.44 0 95 5

8 1898 0.36 16 639 503 —-1.72 2.82 26 72 3

9 2235 0.36 15 635 501 —2.24 3.14 0 91 9

10 2416 0.37 15 626 497 —-2.17 351 22 73 5

B-vibrational K™=0") band

0 942 0.33 13 720 565 0.00 0.00 100

2 1025 0.35 14 659 523 —2.08 0.70 99 1

4 1231 0.37 15 634 496 —2.37 1.40 96 4

®The experimental value is known only for the 87 ke\,)2evel and is|Q|=1.8(4)eb [10].
PExperimental valuefl] are 0.72819), 1.4310), and 0.6%5) n.m., for 2 ,44.,2,, respectively.

s
‘Components witlK=0, 2, and 4 in %.

that the second band starting at 1519 keV is@hgbrational  the 1, 2* and 2" states, respectively, give 12~ or 3~ as

band rather than the first one starting at 1280 keV. possible assignments. Féf=2", the M2 admixture of
(16.2°89 %, obtained from the anisotropy of the 2544 keV
D. Spin assignments transition, rules out spin 2. In the caseldf=3", the value

) ] o of M2=1.24%, for theE1l+M2 2544 keV transition is
Experimental results obtained in this study allow for moregjgse to the upper limit of the admitteb2 admixtures.

precise, and '12 many cases unique, spin assignments of Se\fpyvever, the doubly placed 2631 keV ground-state transi-

eral levels of'*Dy, especially as compared to the multiple tjon together with the more suitabl2 admixture of

spins allowed by the preV|ou+st av+a|lab|e data (0.1739)% for 1-—2" transition practically rules out the
The 1804.8 keV levelTE=1" or27. TheE2 andE2, M1 3~ aséignment

multipolarities of the 839, 1718, and 1805 keV transitifdis The 2858.4 .keV level,"=3". The E1 multipolarity of

to the 2" and 0" levels indicate positive parity and=1 or i S

X the 2575 keV transitiof3] to the 4" state permitsl
2. The 1805 keV level was interpreted as a band-head of the o— - . 5~ The Mrg ]admixture of (582§)p% in the
K™=1" band and assigned as" 1see[1]. However, the ' ' 2

) . : 4~ —4" transition, obtained from the measured anisotropy
measured anisotropies of the 1718 keMay permit both ’
spins:  —14<6(1'—2")<-04 and &2 —2") of the 2575 keVy ray, and the value of log#7.16(9) for

=3.6" 1. The value of| §(ayx)|>2.13 was calculated from the 2" 5" f transition[1], rule out the 4 and 5 assign-

the ICC datd3,19] which prefers spin 2, but the accuracy of ments.

the results is poor and spin 1 is not ruled out. 16
The 2271.3 keV level™=2". The E1 multipolarity of V. MICROSCOPIC DDM CALCULATIONS FOR  *DY

the 2185 keV transitiofi3] to the 2" state indicates negative The dynamic deformation modé26,27, where a large
parity andl =1, 2 or 3. Forl”=1" and 3, the M2 admix-  configuration space is employed for the microscopic part of
tures of (22%) and of (7.839)%, respectively, obtained the calculation and a numerical integration method is used
from the anisotropy of the 2185 ke¥Yray, are too large for for the collective(band-mixing part, has been employed to
the E1+M2 transition. Thus, the 1 and 3~ assignments calculate the low-energy structure 8Dy. Two model pa-
are ruled out. rameters, the proton- and neutron-pairing strengths, were ad-
The 2630.9 keV level™=1". TheE2, M1, andE1 mul- justed to fit the energy and magnetic moment of the first 2
tipolarities of the 1345, 1665, and 2544 keV transitifBlsto  state.
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TABLE VIII. Theoretical and experimental reduced mixing ratios for the-g and 8—g transitions in*¢Dy.

Expt Expt A(E2M1)(MeV™Y) X(EO/E2)
li—1; E, (keV) E; (keV) Theor. Expt. Theor. Expt.
y—g, Al=0
22 879.4 966.2 -19.0 —14.2°33 0.00058 0.0430.038
44 872.0 1155.8 -14.3 5.7°33 0.0064 0.016" 9%
6—6 856.9 1438.3 —-17.4 6.0'53 0.0017 0.072:397
8—8 834.2 1801.2 ~61.6
10-10 794.1 2222.8 55.2

y—g, Al=+1
34 765.3 1049.1 -11.2 -16.7°35,
56 707.6 1288.6 -83
78 650.4 1617.4 -89
9-10 2022.0 —-11.7

Y—3a, Al=-1
32 962.4 1049.1 -14.1 -13.3'3%
54 1004.7 1288.6 -8.8 -13.1"33
76 1036.6 1617.4 -96
98 1055.4 2022.0 -23.1

B—g, Al=0
22 1432.0 1518.8 160.2 2.0°53 0.70 0.78°3%3
44 1419.0 1703.2 -7.0 1532 3.22 1.40°383

The calculated structural properties of the ground-statesign change of the quantityg_ /9y, the y-dependent de-
y-vibrational andg-vibrational bands of®Dy are shown in rivative of the gyromagnetic ratig_ = (9x—9y)/2, which is
Table VII. Values given in columns 3-6 are the rms valuedargely responsible for AK=2 M1 transition[21].
of the quadrupole and pairing deformations, that is they have It might be pointed out here that at present, to the best of
been averaged over th® and y-dependent wave functions our knowledge, there is no other model which is able to
for each nuclear state. Note that the four deformations argredict the mixing ratio sign change for the—g transitions
not constant but vary by 10—-30 %. in the same nucleus.

Values shown in columns 9-11 of Table VII give the As regards theX(EO/E2) values, such ratios fakK=2
percentages of th& components for each nuclear state.transitions are predicted to vanish in the lowest order, since
Mixing of all K values allowed for each were taken into the EO transitions are forbidden. The latter are allowed for
account. However, the components wikh=6, 8, and 10 the AK=0 transitions, which is an important signature of a
were negligiblemuch less than 194that is why they are not  g-vibrational band, as indicated by the relatively large
shown in the table. It is seen from Table VII that the X(EO/E2) values for the8— g transitions in Table VIII.
K-mixing increases witH and with the excitation energy.
For instance, the 2state is 98%K =2 but the §, state is
only 72% K=2. Such variations play a crucial role in the
values of theE2/M 1 mixing ratios, since th#11 transitions Directional distributions of 29 rays (19 of them for the
are much weaker than tHe2 transitions among collective first time), following the decay of the orientetf®Ho%* ™Gd,
bands. Hence, even minute variations in deformations and iwere measured and multipole mixing ratios of all mixed tran-
the K mixing can have dramatic effects on the mixing ratios.sitions were determined.

The calculated reduced mixing ratiosA(E2/M1) Sign change of th&2/M1 mixing ratios of transitions
=§(E2M1)/[E, (MeV)], and theX(EO/E2) values are from the y-vibrational (K"=2") band to the ground-state
given and compared with the experimental values in Tabldand in 1Dy was observed: Mixing ratios of thAl=0
VIII. Considering the sensitivity of the mixing ratios dis- transitions, 4—4, and 6,—6,, differ in magnitude and
cussed abovgnote thatM1 transitions are forbidden in the sign from the negative values éffor all other y— g transi-
lowest-order collective models, rotational or vibrational, thattions. The mixing ratio sign change was also observed in
is the E2/M 1 mixing ratio is predicted to be infinity, when- %Er and probably in'®Er, and in all three cases®Dy,
ever theE2 transition is allowed the calculated\(E2/M1)  ®Er, and '°%r, the effect begins at;=4,, i.e., mixing
values are remarkably close to the experimental mixing raratio of the 4,— 4, transition changes sign first. The avail-
tios, except that the sign change fer-g E2/M1 mixing  able data also show that positive mixing ratios occur in all
ratios (with Al =0) is shifted froml;=4, to |;=10,. three nuclei and are smaller in magnitudgrgerM1) than

Sign change of thé&e2/M1 mixing ratio is caused by a the negatived values. This suggests that the mixing ratio
sign change in tht11 matrix element, which comes from a sign change of the)—g transitions is a more general and

VI. SUMMARY AND CONCLUSIONS
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significant phenomenon. It seems that there is an “island” oftally for the 4,— 4, and 6,— 6 transitions, excellent agree-
nuclei with “anomalous” y-vibrational bands and also with ment was obtained fot*®Er [21].

very weakly excitedB-vibrational bands as compared with
lighter (Sm, Gd and heaviefYb) even-even nuclei.

The anisotropies of two transitions;22 and 4—4, be-
tween the g-vibrational K™=0") and ground-state K"
=0"%) bands were also measured, and E&/M1 mixing
ratios were determined. The magnitudes of BE®E2 mix- M. Krmar thanks Joint Institute for Nuclear Research,
ing ratios and consequently tfi&/E2 probability ratios for  Dubna for granting him financial support and for the hospi-
all Al=0 transitions were obtained. In general, thetality during his stay at this Institute, and Professor I. Bikit-
|q(EO/E2)| and X(EO/E2) values are consistent with the from the Institute of Physics, Novi Sa@PNS) for his sup-
systematics: Th&O/E2 probability ratios of they—g tran-  port of this work. The assistance of J. SlivKNS) in data
sitions are by an order of magnitude smaller than those foanalysis is gratefully acknowledged. This work was sup-
the B—g transitions. On this basis, we have identified theported partially by the University Professor of Physics Grant,
second-excited"=0" band, starting at 1518.8 keV, as the awardedto K. Kuman by the Tennessee Technological Uni-
B-vibrational band. versity, and partially by a travel grant awarded by the Joint

The mixing ratio sign changgén the same nucleus and for Institute for Heavy-lon Research, Oak Ridge National Labo-
the same initial and final bandis described at present by the ratory. The Joint Institute has as member institutions the
dynamic deformation model only. Although the calculatedUniversity of Tennessee, Vanderbilt University, and Oak
results for'%Dy do not agree completely with the experi- Ridge National Laboratory. It is supported by the members
ment, the mixing ratio sign change is predicted for the 10 and by the U. S. Department of Energy through Contract No.
— 10, transition while the effect was observed experimen-DE-FG05-87ER40361 with the University of Tennessee.
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