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High-spin states of>’Th were populated via the reactioh®'Sm(’Li,4n) at 35 MeV and'*Nd(*'B,4n) at
55 MeV. Previously known bands have been extended and one new structure has been identified. The rota-
tional alignment behavior of the bands and band crossing systematics have been analyzed. Experimental
B(M1)/B(E2) ratios for the strongly coupled bands have been extracted and compared with theoretical
predictions. New results were also obtained for e 92 isotone'>*Eu. The[411]3/2 and[413]5/2 pseudo-
spin partner bands were observed in both nuclei. Experim&gt&l)/B(E2) ratios have been determined in
both *5%Eu and'®"Tb. However, the estimated largE1) strengths can be explained without static octupole
deformation. Thg411]3/2 bands in'>*Eu and*"Tb have been found identical up to spir 4%, which might
be explained by changes in deformatip80556-28188)04506-3

PACS numbgs): 21.10.Re, 23.20.Lv, 23.20.Gq, 27.7Q

| INTRODUCTION states in'>"Th. One experiment employed th&'Sm(’Li,4n)

reaction at 35 MeV and used a single target foil of thickness
Much work has been done over the last two decades on.5 mg/cnt of enriched(over 95% 54Sm, which was thick

the oddZ, odd-A~160 nuclei in the rare-earth region. This enough to stop the recoiling nuclei. The deexcitipgays

area has proven to be fascinating due to the variety of Stru‘iivere detected using eigtfour at 90° and four at 145° with
tures resulting from the active proton orbitals and the soft-

ness of the nuclei with respect to deformation. A large num espect to th_e beam d|regtmascape—sqppre_s_sed Ge detec-
ber of high-spin phenomena has been investigated, fdors in the P_lttsburgh-FIo7r|da State Universitipgay array
example, signature splitting and signature inversiai®],  [23]- Approximately 9<10" events were recorded when two
shape changes due jodeformation[3,4], the persistence of or more of the suppressed Ge detectors were in prompt co-
proton pairing correlations at high spif], and band termi- incidence &100 n3. The primary focus of this experiment
nation[6]. However, these studies have been limited to nuwas to produce data with good statistics for the extension of
clei with Z=67 largely because only beams of m#ss11 the level scheme and the analysis of directional correlations
may be used to obtain a significant cross section for thef oriented state¢$DCO) andB(M1)/B(E2) ratios.

lighter nuclei. The promethiumZ=61) [7-11 and eu- The significant collection of rays associated with®>Eu

ropium (Z=63) [12-17 nuclei have attracted much atten- (~20% of the total datafrom this experiment was formed
tion recently due to the possibility of octupole correlations inghrough  the  “massive  transfer” [24] reaction

these nuclei. Thus far no comprehensive study of the terbium543m(7|_i @2n) in which a portion of the’Li beam broke
(Z2=65) nuclei with a modern escape-suppressed Ge detegy, jnig o (“He) and tritium H) particles. One would then
tor array has been performed. Valuable systematic featureeg(pect to see the complementaty’Sm(’Li, t2n) reaction

of the A~160 region can be examined once Me-88-92 o cts leading td%%Gd. The yrast band it5%Gd was in-
Tb nuclei have been studied. The present paper focuses (Qéed seen td™=12" and the 2 —0" transition had an

— 1157 15 H
theN =92 nuclei **'Tb and ***Eu, while the results from our intensity of~30% of the strongest transition #7°Tb. Since

experimental investigations ofP***Th will be published | "o\ information on®Gd [25] was obtained, there is no
separately{18]. Previous studies, which used light beams .ooson to report any further on this nucleus.

(e.g.,n and & beleér7n$, maylsbe found in Refd19,2q and Another experiment producing high-spin states'#iTb
Refs.[21,22 for **'Tb and ***Eu, respectively. was performed using the reactidi®™Nd(*'B,4n) at a beam
energy of 55 MeV. The target was2 mg/cnf in thickness
with a =15 mg/cn? thick Pb backing in order to stop the
Two experiments were performed at the Florida Staterecoiling nuclei and thus minimize Doppler broadening ef-
University tandem-linac facility which populated high-spin fects. Seven escape-suppressed Ge deteétersat 90° and
three at 145°) were used in the Pittsburgh-Florida State Uni-
versitiesy ray array. A total of 1X 10" coincidence events
*Present address: Lawrence Livermore National Laboratory, Livwere collected. This experiment focused primarily on pro-

Il. EXPERIMENTAL DETAILS AND RESULTS

ermore, California 94550. ducing even higher spin states than théreaction for 1°“Tb
TPresent address: Department of Physics, University of Notravhile still having a significant cross section. For this reason
Dame, Notre Dame, Indiana 46556. the beam energy was chosen to populate roughly equal
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amounts &40% of the reaction products eaclf 4n and 37, respectively, as well as the bandhead of the
(**Tb) and 5 (*°¢Tb) evaporation residues. [404]7/2 orbital. The composite level scheme from the two
The data from the two experiments were sorted into sepaexperiments performed in this work is shown in Fig. 1 and
rate X4k -y coincidence matrices. The-ray energies contains over 100 new transitions. In addition to extending
were calibrated using &%Eu source while the detector effi- the[411]3/2,[532]5/2, and413]5/2 bands to higher spin, we
ciencies were determined using both the singles data from bave reassigned tH&23]7/2 band and found a new decou-
152Ey source and coincident data from the experimentallyled sequence. Plots of the excitation eneimgynus a rigid-
produced even-even nucledsS®Gd. The programescLsr  rotor energy and the relative intensities of the bands versus
[26] was used to analyze the coincidence spectra as well &&pin have been provided in Figsiaand 2b), respectively,
to fit the correspondingy-ray energies and relative intensi- for further discussion. At this point, we should note that the
ties. The results are displayed in Tables!¥’{b) and Il  level scheme of**"Th we present in this paper is different
(***Eu), which contain excitation energies of the levels, tranfrom that found in the Table of Isotopga7] and in the most
sition energies, relative intensities, DCO ratios, and spin angecent compilation ofA=157 nuclei from Nuclear Data
parity assignments. Sheetd28]. These references contain preliminary results for
The determination of the spin assignments for new state$>Tb which are superseded by this work.
found in *%%Eu[21,27 and **"Tb [19,20 was based on pre-
vious work and on the use of DCO measurements. Spin and 1. The [411]3/2 band
parity assignments in Tables | and Il have been put in paren- The Fermi level of'®*Tb has been calculated to be near
theses if reliable DCO values were not attainable. The DCQhe[411]3/2 proton orbital, which can be deduced from Fig.
ratios[29] were calculated from the data by the expression 3 for the predicted quadrupole deformatiga=0.257[30].
. o ) . The [411]3/2 band was experimentally found to be the
R _ 1y (at 145% in coincidence withy, at 90°) ground-state band of*"Tb [31,32 and remains yrast up to
DCO_|7 (at 90°; in coincidence withy, at 1459’ spin |=% [see Fig. 2a)]. The combination of the two ex-

! periments has extended this strongly coupled band through
where y, is a stretchedE2 transition. For averaging pur- (heiis; neutron alignmengsee Sec. Illand up to the tenta-
poses and greater statistics, spectra in coincidence with thréiye 1=(%) state. The summed spectrum in coincidence
successiveE2 transitions were summed foy, whenever with the 426.9 and 452.9 keV transitions is shown in Fig.
possible. StretcheH?2 transitions Al =2) haveRpco~1.0, 4(a). Figure 2b) indicates this band is the most intensely
while Al =1 transitions have ratios near 0.5 if the transitionspopulated as is expected with its being yrast for the majority

have a small mixing ratio. of the observed spin region.
A. Level scheme of'*'Th 2. The [532]5/2 band
In the previously published level schemes'dfTb found This negative-parity band was observed up to $pit%)

in Refs.[19,20, four rotational bands based on the quasipro-as can be seen in Fig. 1. Figuréb¥ displays a summed
ton excitations of the[411]3/2, [532]5/2, [413]5/2, and spectrum from transitions in coincidence with the 438.7 and
[523]7/2 Nilsson levels were seen upltd=3", 2~ i+ 488.7 keV transitions of th§532]5/2 band. The band lies
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FIG. 1. Level scheme of®*'Tb. Tentative transitions and levels are denoted by dashed lines. Spin and parity assignments have been
placed within parentheses if reliable DCO measurements were not attainable.
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TABLE I. Results for'5Th.

Ex (kev)? E, (kev)® e e |7et o DCO ratio® 17 17
[411]3/2,a = +3
60.8 60.8° s+ 3+
252.5 191.7 3@) 43(2) 0.882)" 9+ 5+
108.8 9@5) 93(4) 0.883) 2+ I+
531.9 279.4 9®) 82(4) 1.0603) B+ o+
154.4 683) 60(3) 0.802) 18+ i+
890.2 358.3 964 82(4) 1.012) i i3+
196.8 472) 41(2) 0.752) i+ 15+
1317.1 426.9 @) 88(4) 0.993) L+ i+
234.1 231) 26(1) 0.764) 2+ 19+
1800.8 483.7 42) 85(4) 0.942) 25+ L+
264.9 13.06) 26(1) 0.692) L+ 2+
2328.3 527.5 2Q) 65(3) 0.993) L+ 25+
288.2 5.13) 17.69) 0.633) L+ 2+
2887.2 558.9 9.®) 46(2) 1.055) 35+ 2+
304.3 2.31) 10.36) 0.768) 33+ A+
3472.5 585.3 4®) 29(1) 0.956) 3+ 33+
319.9 1.41) 8.0(4) | 37+ 5+
4089.4 616.9 <1 17(1) 1.005)’ 4+ 3+
340.3f 4.43) 4+ 39+
4748.0 658.6 7.25) (454 a+
5456.5 708.5 1.13) (2 (4+)
(6217.6 (761.1") <1 (84 (424
[411]3/2,a = — 3
143.8 143.8 ~10 ~15 I+ 3+
83.1 ~60 I+ S+
3775 233.7 7®) 85(6) 0.901) " i+ 1+
125.1 783) 91(4) 0.832) i+ 9+
693.4 315.9 100 100 1.09) 15+ U+
161.6 532) 55(3) 0.762) L+ i3+
1082.8 389.4 o) 1055) 1.022) D+ B+
192.8 321) 35(2) 0.843)" 179+ %+
1535.7 452.9 68) 100(5) 0.952) B+ 10+
218.6 14.%7) 22(1) 0.712) B+ 2+
2040.1 504.4 4) 89(4) 0.972) 2+ L+
239.2 7.23) 16.1(8) 0.603) o 2+
2582.7 542.6 16(®) 61(3) 0.963) A+ 2+
254.4 2.92) 11.1(6) 0.724) 3+ 20+
3152.6 569.9 8@ 372) 0.995) B+ 3+
265.3 1.51) 7.8(4) | 35+ 33+
3748.9 596.3 1@) 27(2) 0.948)! D+ L+
276.3' 4.6(4) 29+ ar+
4381.8 632.9 <1 13.28) 0.91)! 8+ 30+
292.8' 2.43) 43+ 4+
5061.7 679.9 4.94) (4+) 43+
5794.8 733.1 1.313) (%) (42
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TABLE I. (Continued.
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Ex (kev)? E, (kev)® et 7ot ¢ DCO ratio® 17 iy
(6581.7 (786.9') <1 (354 (8+
[532]5/2, 0 = +3
326.4 326.4 ~40 ~30 0.664) " - 3+
425.6 99.¥ - 5-
63.89 9- 1-
281.8 331) 37(2) 0.562) 5 I+
647.8 222.2 3a) 28(1) 0.975) 13- 9-
130.4 573) 61(3) 0.91(4) - u-
270.2 8.64) 10.37) 0.604) 8- i+
974.2 326.4 56) 59(3) 0.922)" - 8-
191.1 4A92) 47(2) 0.773)" - 5-
280.8 41) ir- 15+
1390.2 416.0 4@) 50(2) 1.024) - -
249.0 281) 34(2) 0.713) Z- 19-
1878.9 488.7 249) 42(2) 0.954) - a-
298.8 14.67) 30(1) 0.6q1) " - 2~
2420.9 542.0 12(B) 37(2) 1.045) 2- -
334.6 5.63) 18.29) 0.664) 2- -
2993.2 572.3 6.B) 2901) 0.976)’ 8- z-
349.2 2.42) 11.76) - -
3571.1 577.9 14@) 18.29) 1.01)] (3 3
340.9 <1 8.64) (2 35-
4153.1 582.0 13.78) (45 S
(339.3) 4.44) (4 39-
4778.1 625.0 5.24) (42_5—) (%—)
(376.0") 2.33) (£ 43-
[532]5/2,a = — 3
357.6 296.8 ~190 ~170 0.633) I- 5+
517.6 160.0 9.09 8.1(4) 1.22) - -
91.7 381) 38(2) a- 2-
265.0 241) 23(1) 0.852)" u- 8+
783.2 265.6 5@) 46(2) 0.852)" - -
135.2 432) 48(2) 0.8422) 5- 13-
251.2 6.14) 7.56) 0.576) - B+
1141.4 358.2 66@) 84(4) 1.01(2) 19— 15-
167.0 301) 392) 0.7033) - i-
1580.1 438.7 5) 794) 1.004) - 19-
189.9 13.27) 24(1) 0.695)" 2 Z-
2086.3 506.2 2Q) 74(4) 0.954) Z- -
207.2 6.02) 15.1(7) 0.61(4) a- =-
2644.1 557.8 13(B) 54(3) 1.024) - 27~
223.1 2.11) 9.36) 31— 29-
3229.9 585.8 5@) 34(2) 1.028)" - 3-
236.7' <1 5.04) 35- 33~
3813.6 583.7 1.7(1) 25(1) 0.989)’ - 35-
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TABLE I. (Continued.

Ex (kev)? E, (kev)® el 7et o DCO ratio® 17 iy
242.5 <1 3.93) B- &)
4401.9 588.3 10.66) 1.028)M 8- 30-
(249.0) 1.8(5) 8- (4)
5034.0 632.1 6.2(4) (2 43—
(255.8" <1 (42_7—) (%—)
5728.0 694.0 3.63) (%—) (%—)
[413]5/2,a = +3
327.6 327.6 ~3 0.789) " 5+ 3+
266.6 1.81) 0.8q7) " g+ g+
513.9 186.3 3.a) 1.02) 8+ 5+
105.7 <1 9+ I+
370.0 10.%7) 2.83) 0.81(4) " 9 I+
156.2 4.%2) 1.33) 9+ 1-
453.3 2.82) 9+ 5+
797.0 283.1 14.®) 5.5(4) i3+ 9+
153.3 1.11) 13+ 11+
419.4 6.%3) 2.83) 0.4603) B+ i+
279.4 9.85) 3.6(5) 0.6713) " 18+ a-
544.3 <1 13+ 9+
1166.3 369.3 18(®) 8.6(6) 0.814)" i+ i3+
195.9 1.51) 17+ 15+
472.8 4.63) 2.003) 0.545) i+ 15+
383.3 5.53) 243 0.547) iy 18-
634.7 <1 7+ 13+
1608.6 442.3 16(3) 13.28) 0.984) L+ i1+
231.8 <1 2+ 19+
525.5 3.82) 3.34) z+ 19+
467.2 2.82) 2.003) 2+ 19-
2108.7 500.1 12(6) 13.44) 1.046) L+ 2L+
572.5 2.82) 3.1(5) L5+ 23+
528.7 1.70) 25+ 2~
2649.8 541.1 6.3) 12.77) 0.896) L+ 25+
3216.1 566.3 2@ 11.66) 0.96(3) B+ 2+
3785.7 569.6 <1 8.66) 1.01)] 3T+ a3+
4349.8 564.1 5.94) (4 a7+
4945.7 595.9 4.1(4) (45 (424
[413]5/2,a = — 3
408.0 408.0 ~5 0.975) " I+ 3+
347.1 3.93) I+ 5+
643.5 2355 6.8) 2.33) 0.978) A+ I+
129.2 <1 L+ 9+
390.8 9.24) 2.5(4) 0.674) U 9+
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TABLE I. (Continued.

E, (keV)?2 E, (kev)® e e d DCO ratio® |7 f I7f
217.7 6.13) 2.003) 0.76(6) L+ 3-
970.4 326.9 22@) 7.87) 0.993) L+ U+
1735 1.51) L+ 8+
438.7 6.53) 2.43) 0.31(3) B+ LB+
322.7 8.63) 2.83) 0.583) L+ 8-
1376.9 406.5 19@) 10.77) 0.975)" L+ L+
211.0 1.01) D+ i+
486.9 3.22) 2.93) 0.457) 2+ g+
402.6 4.12) 2.803) 0.636) D+ i-
1849.4 472.5 16(2) 15(1) 0.995) 2+ D+
532.5 2.01) Z+ L+
459.0 1.61) 8+ a-
2372.6 523.2 8@) 13.78) 0.936) ax+ 8+
2930.9 558.3 3@ 11.68) 1.024) 3+ 2+
3511.0 580.1 1) 6.2(4) 1.1(1)] B+ A+
(4080.5 (569.5') 3.393 (24 L
(4669.1 (588.6') 2.93) (24 (324
(5307.6 (638.5)) 2.43) (4 (24
Band 1,a=—3
1047.1 669.6 2@) (%) U+
795.2 <1 (%) o
1261.0 213.9 2@ 2.32) () (%)
567.5 <1 1.12) (%) L+
1556.6 295.6 42) 4.1(3) (2 (k-
473.5 2.02) 1.32) (2 D+
1935.1 3785 3@ 3.393) (2 (&2
2394.0 458.9 2@) 3.13) (Z) (&)
2920.8 526.8 1) 2.803) (&) ()
3487.6 566.8 <1 (&) (&)
(4082.3 (594.7 <1 (2 (&)
Band 2,a=+ 3
708.8 137.3 <1 ) (24
351.2 <1 (4 1-
1033.9 325.1 <1 (24 (24
173.9 <1 (234 (L)
(1426.6 (392.9 <1 () (24
Band 2,a=— 3
571.7 245.3 1.a) (34 3-
859.4 287.7 <1 (L) (2%
151.2 <1 (A1) (4

2949
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TABLE I. (Continued.

E, (keV) @ E, (kev) " et e et d DCO ratio® |7 f I7f
434.2 <1 2+ s-
1220.1 360.7 <1 (L5+) (4
2 2

aBandhead excitation energies have been taken from previous[w@kJ except for band 1.

bEnergies determined from tH&*Sm(’Li,4n) reaction unless otherwise noted. Accurate to 0.2 keV for most
transitions. For weak or contaminated transitions, accurate to 0.5 keV.

°Relative y-ray intensitieq | ,(315.9)= 100] measured from thé>*Sm(’Li,4n) reaction.

“Relative y-ray intensitieq | ,(315.9)=100] measured from thé*Nd(*!B,4n) reaction.

°DCO ratios were determined by summing spectra in coincidence with one or more st tiethsitions
as gates. Unless otherwise noted, DCO ratios were measured usiftjShe’Li,4n) reaction.

fSpin and parity assignments are based on the previous [8rR(Q and on the DCO ratio determining the
multipolarity of any new transition.

9Transition was not observed in this work, but was seen in previous public4fi6r0.

"DCO value has been contaminated by an unresolvable doublet of different multipolarity.

iEnergy determined from th&Nd(1B,4n) reaction.

IDCO ratio determined from th&Nd(1!B,4n) reaction.

near thd411]3/2 band in excitation energy above £, and  lar excitation energyFig. 2@]. We therefore expect the

in fact the = — 1 signature becomes yrast bt (%), see intensities of these two bands to be nearly equatatyl) if

Fig. 2(a). One may also notice the relatively large separatiorthis spin assignment is correct. FigurdRindicates that our
between the two signatures of this band in Figs. 1 a@l 2 expectation is confirmed and that any other spin assignment
The a= — 3 signature is energetically favored over the contradicts the intensity profile. Unfortunately, due to the

+ 1 signature under nuclear rotation which causes the stagveakness of the band, DCO measurements were not possible
gering effect in the intensity profile, Fig.(l®, as well as on any of the connecting transitions to add validity to our
other signature dependent behavior. TB82]5/2 band de-

cays into thg411]3/2 band via a series of sevé&l transi- L L B B B L AL AL
tions. 1ok R i
; _m5—0
3. The [413]5/2 band 3 op ) /v/‘i }6/"/i9;0—3 i
— -~ fat
The [413]5/2 band has been extended frdm ¥ up to ~ o8| _— /°/3/?D i
I =(%). A coincidence spectrum is provided in Figch Fig- =+ ~ A//;éa’
ure 2a) shows that the signature partners have nearly the = 061  J° / /%g/ 7
same excitation energies up to spia (). This is reflected 8_ 0.4 ° x y it |
in the intensity profile of Fig. @) where no signature effects OI 4»5‘:0"/5/
are seen; however, one may observe the reduction in inten- - 02r XD"{ ]
sity below | =%, where the[413]5/2 strongly depopulates 0.0 | o=" (a)
into the two previously discussed bands. The band feeds into
the yras{411]3/2 band through elevekl = 1 transitions and 0.2
three stretchedE2 transitions. The[413]5/2 band also Q 100 - L. TR, .
strongly feeds thg532]5/2 band through a series of nine < - / e . o 4132 1
Al=1 E1 transitions. A discussion of th8(E1) strengths % gob « \g e o [532]5/2 -
for these as well as the oth&1 transitions in**Eu and S I 4 & [§13(]1542 ]
157 H H = v Ban
Tb is presented in Sec. IV B. i ol o . e o Band2 |
[
4. Band 1 & i / \.\D\ i
>~ 40 u -
This weakly populated band<(3% of the yrast bandis o | g \ |
displayed in Fig. 4d). The estimated spin assignments have = ° .\O\
largely been based on the intensity profile in Fifh)2Since o 20r an B (b) 7
the low-spin states lie much higher in energy 400 keV r A/ “‘A\AA:‘O%.:B\ 7
Aj, Ak e
above thd413]5/2 band at = (%)) compared with the other S e s ey

bands, this band was most likely populated at higher spin. Spin (7
This is supported by observing the virtually flat intensity pin ()

profile displayed. in Fig. @). lBly.assigning the lowest S_tate FIG. 2. (a) Excitation energy¥minus a rigid-rotor energyversus
of the band a spin value ¢f= 7, it can be seen that at high- g, for 157, (b) Relative intensity of the bands iF*Th versus

spin[1=(%)] the[413]5/2 band and band 1 have very simi- spin from the’Li experiment.
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TABLE II. Results for %°Eu.
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E, (keV)? E, (keV)® e DCO ratio? |7 e |7 e
[413]5/2, a=+ %
179.2 179.2 100 0.72) ¢ 2+ 5+
100.6 523) 2+ I+
443.0 263.8 6@®) 1.034) i+ 8+
142.4 8.14) 13+ U+
85.8 8.96) 0.7(2) B+ a-
785.3 342.3 2a) 1.047) i+ 8+
181.0 2.62) i+ 15+
160.8 6.34) 0.608) 9 i+ i5-
1198.2 412.9 13(¥) 0.956) a+ i+
230.8 1.81) 2+ 19-
1672.6 474.4 58) 1.0(0) 25 2+
2198.8 526.2 <1 (2 25+
[413]5/2, a=—3
78.6 78.6 I+ 5+
300.6 222.0 8¢6) 1.026) U I+
121.6 172) a4 9+
604.2 303.6 5@®) 1.046) L+ A+
161.1 5.74) 15+ 13+
117.5 5.14) 5+ i3-
982.5 378.3 2@) 1.025) D+ B+
197.0 2.51) 19+ i+
181.7 2.31) D+ (X°)
1427.1 444.6 8@ 1.048) L+ 9+
1929.1 502.0 2(1) (2 2+
[532]5/2, a=+3
254.6 85.8 10.8) - 1-
176.0 976) 0.767) 9 2- I+
487.0 232.4 9.6) is- 8-
129.9 191) i3- a-
186.5 281) 0.656) 9 - i+
801.1 314.1 14@) (27 is-
177.1 16.48) (2 15-
196.8 9.15) (12 15+
1190.6 389.5 9.®) (%—) (%—)
223.2 7.44) (%) 19-
208.2 2.12) (2 19+
(1648.5 (457.9 2.02) (22_5—) (%—)
[532]5/2, a=—3%
169.0 169.0 ~15 I- 5+
357.4 188.4 3@ - 1-
102.7 12.97) a- 8-
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TABLE Il. (Continued.

E. (keV)? E, (kev)® et DCO ratio® Ime |7 e
178.1 432) 0.827)9 a- o+
624.3 266.9 17.®) 1.0(2) - a-
137.1 191) 8- 13-
181.3 181) 0.626) 9 8- B+
967.2 342.9 15@) 1.028) - 5-
165.9 9.05) - (X°)
181.6 2.93) 9~ i1+
1380.2 413.0 6.@) 0.978) 8- -
189.4 2.33) 2- (29
182.1 <1 Z- 2+
[411]3/2, a=+3
307.4 61.6 5+ 3+
500.5 193.1 2.8Y) 2+ 5+
109.4 8.17) 8+ I+
331.6 2.12) 2+ 1-
781.8 281.3 5.61) i3+ 9+
154.9 5.24) i3+ A+
424.6 8.05) i3+ u-
1140.2 358.4 4@®) (24 13+
195.9 3.12) (124 (i)
516.0 3.53) (424 18-
1567.6 427.4 2@) (%Jr) (%Jr)
[411]3/2, a=+3
245.7 245.7 ~10 3+ 5+
391.1 145.4 1.2 I+ 3+
84.1f I+ 5+
287.1 3.64) I+ 5-
626.8 235.7 4@ A+ I+
126.2 4.%4) U+ 9+
372.1 8.05) A+ 9-
943.9 317.1 5.6) () U+
161.9 2.63) () 13+
457.1 3.03 () 13-
1332.5 388.6 3B (2 (i)
532.7 3.13) (L2 (2
(1785.0 (452.5 1.94) () (i)

3 evel energies; bandhead excitation energies have been taken from previou2@jork
bEnergies determined from th8“Sm(’Li,4n). Accurate to 0.2 keV for most transitions. For weak or con-
taminated transitions, accurate to 0.5 keV.
°Relative y-ray intensitieq | ,(179.2)=100] measured from thé>*Sm(’Li,4n) reaction.
4DCO ratios were determined by summing spectra in coincidence with one or more strE&lithsitions

as gates.

€Spin and parity assignments are based on the previous \#@tkand on the DCO ratio determining the
multipolarity of any new transition.
MTransition was not observed in this work, but was seen in previous publid@fn

9DCO value has been contaminated by an unresolvable doublet of different multipolarity.
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FIG. 3. Single-particle energy diagraf80] for protons in the
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spin assignment. The band overlaps the positive-parity
[413]5/2 band in energy above spir % [Fig. 2@)] and yet

no observed interaction occurs between the bands, so i
seems most likely that band 1 has negative parity. By in-
specting Fig. 3, one discovers that the nearest negative-parit
orbitals to the Fermi surface are the50]1/2, [541]3/2, and

[523]7/2 orbitals. Considering that band 1 is decoupled and
the «=— 3 signature is strongly favored, it seems the most

likely orbital assignment would be a mixture of the™

=1~ and2~ orbitals. With thel =(%}) state at an energy of

1047.1 keV, the assignment is in good agreement with Ref.

[30], which predicts that the bandhead for tf&#41]3/2 is FIG. 4. (a) Spectrum of thg411]3/2 band from summing spec-
near 1 MeV. Further arguments for the suggested assignmeg} in coincidence with the 426.9 and 452.9 keVays from the’Li

of band 1 are given in Sec. IIl. experiment. The high-energy insert was produced by summing
many transitions from the''B experiment.(b) Spectrum of the
[532]5/2 band resulting from transitions in coincidence with the

5. Band 2
. 7 . -
This extremely weak band was not populated to particu_438.7 and 488.7 key rays in the’Li experiment. Once again, the

. : - high- i t duced b i t iti
larly high spin(see Fig. 1, however, we were able to estab- 'gn-energy inser was procucec Dy Summing many transtions

_ _ - . from the B experiment.(c) Spectrum of thd413]5/2 band in
lish the band tentatively up tb=(3). As seen in Table I, coincidence with the 369.3, 283.1, and 327.6 keV transitions in the

the in-band transitions were all below 1% of the strongesf'Li experiment. A summed spectrum from théB experiment is
transition in "Th. Also, due to the weakness of the band,again displayed as an inseftl) Spectrum of band 1 in coincidence
DCO ratios could not be extracted so the spins are based ovith the 669.6 keVy ray from theLi data. C labels contaminant
the work of Ref[19]. In Ref.[19], the band was observed up peaks. In panel&), (b), and(c), O denotes that the transition is at

to spin =4 and was associated with the negative-parityleast a doublet and therefore an exact energy cannot be labeled. In
[523]7/2 proton orbital originating from thi, ;,, subshell. It pgnels(b), (c), and(d) transitions in thg411]3/2 band are labeled
has been well established that e $ members of thé,,,, ~ With anx.

subshell in this region have large signature splittjdgp].

However, there is no evidence of splitting in band 2 as canp to (X 1), (X7), and &), respectively. Our experiment

be seen in Fig. @). Therefore, negative parity is questioned as extended these bands up 870, (27), and @),

and we suggest that band 2 originates from some oth ) ) ) -
respectively(Fig. 5), with over 40 new transitions observed.

strongly coupled orbital. Once again by inspecting Fig. 3, X o .
two positive-parity orbitals in the region appear to be pOS_A number of states at high excitation energy reported in Ref.

sible candidates, thgt04]7/2 and the[402]5/2. We suggest [22] were also seen; however, since no new information was
that band 2 is based on tf€04]7/2 orbital simply because it ©Ptained in this work and these states are at low spin (
is closer in energy to the Fermi surface. This reassignment i&-4) discussion of these levels has been omitted.

further supported by its alignment properties which are dis-
cussed in Sec. lll.

600

DA
500

4(|)O
ENERGY (keV)

1. The [413]5/2 band

Figure Ga) is a summed spectrum in coincidence with the
303.6 and 342.3 keV transitions in the band. One can ob-
serve that th¢413]5/2 band feeds thgb32]5/2 band through

Previous level schemes fdP*Eu can be found in Refs. many Al=1 transitions (see Fig. 5 This linking of
[21,22. Referencd21] identified three rotational structures opposite-parity bands by stretched dipoles is similar to that
based on the413]5/2,[532]5/2, and[411]3/2 proton orbitals  found in lighter nuclei within the lanthanide region and the

B. Level scheme of'>*Eu
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FIG. 5. Level scheme fol®Eu. Tentative transitions and levels are denoted by dashed lines. Spin and parity assignments have been
placed within parentheses if reliable DCO measurements were not attainable.

heavier actinide regiofi33]. By referring to Table Il, one The [411]3/2 band undergoes a smooth upbend: af;
may also note the near degeneracy of the states in the0.28 MeV which we attribute to the rotational alignment of
[413]5/2 band with the states of equal spin in f#82]5/2  two iz, neutrongalso known as thAB band crossing The
band. Such strongly linked, opposite-parity bands withsimilarity of this crossing frequencyigw,) and the observed
nearly degenerate levels have been denoted as “parityslignment gain ofAi~9.7 # to otherAB band crossings in
doublet” bands. The observance of these parity-doubleheighhoring nuclef34] led to this assignment. The slope of

bands has been associated with octupole correlations, s, glignment for thé411]3/2 band is slightly less than the
Ref.[33], and the references therein, which will be dlscusseq)ther coupled bands for th&B crossing. This is indicative

in Sec. IVB. that a larger interaction strength is involved with the
[411]3/2 band than in thg532]5/2 and[413]5/2 bands.
Cranked shell model calculations suggest that interaction
Transitions in coincidence with the 176.0 keV transition, strengths increase with increasing deformafid4]. Thus a
which connects thg ~ state in th532]5/2 band to thei™  slightly higher deformation may be associated with the
state in the[413]5/2 band, are shown in Fig.(®. This  [411]3/2 orbital compared to the other bands*HTb.
negative-parity band also strongly feeds the positive-parity The alignment of th¢413]5/2 band is nearly identical to
[413]5/2 band thrOUgh nind |l =1 transitions. It should be that of the [411]3/2 band over a frequency range bt
noted that the stretche2 transition between th&”—3"~ <005 to 0.20 MeV. Observing the single-particle diagram
states was not observed. This 150.2 kgVay was not ob- j, Fig. 3, one can notice that pairs of levels originating from
served in Ref[21], but weakly ~1%) seen in Ref[22]. neighboring oscillator shellsdg, andg-,) are nearly paral-
lel as the quadrupole deformation increases. This creates a
large amount of mixing between these levels which results in
The[411]3/2 band can best be seen by the transitions irthe large number and strength of transitions connecting the
coincidence with the2 ™ —3* 2457 keV transition[Fig.  [413]5/2 band to th¢411]3/2 band(see Fig. 1 Due to this
6(c)]. Efforts to observe the band to even higher spin werestrong coupling, it may be more appropriate to describe the
greatly impeded by the fact that the entire band is virtuallybands as being pseudospin doubl&@8]. In the pseudospin
identical (within 2 keV) to the[411]3/2 band in**"Th. This  scheme both bands have identical Nilsson vajiés,,A],
band in **Eu is also coupled to thg532)5/2 band by seven pt giffer in & ((1=A +1). It is not surprising then to ob-
E1 transitions. Measurement of tB{E1)/B(E2) ratios has  gserve the similar alignment profile at low frequendyaf
allowed the calculation of thB(E1) transition strengths for g o Me\) between these bands, which come from the
these El's as well as those found connecting thesame pseudospin orbital. However, a break in the similarity
[413]5/2 and[532]5/2 bands. Discussion of these propertiesis found at the alignment of thigs, neutrons ati w.~0.28
and of the similarity in they-ray energies of various bands \ev. This is likely due to the suggested small difference in
follows below. deformation between the bands.
Band 2 was originally assigned as tf&23]7/2 band in
Il ALIGNMENTS AND BAND CROSSINGS IN  57Tb Ref.[19]. Hovyever, assuming Fhat the spin assignment of the
lowest state is correct, the alignment of the band is contra-
The alignmen{34] of the bands in*>Tb has been plotted dictory to this assignment. Since tfi823]7/2 is a highj,
versus rotational frequency in Fig.(&f and 7b). The  midshell orbital, some initial alignment would be expected.
positive-parity bands are displayed in Figi@7while the Instead we observe roughly zero initial alignment which,
negative-parity bands are shown in Figbj7for clarity. The  along with the lack of signature splitting discussed in Sec.
Harris parametrizatiof35] was employed with7,=34.3 1l A5, leads us to suggest that the band may be better asso-
h2IMeV and 7, =45.0%*/MeV? to subtract a reference term ciated with the[404]7/2 orbital.
representing the angular momentum contributed by the col- The[532]5/2 band has an initial alignment ot 1.8% and
lective core {°%Gd [25]). has a gain in alignment d&w.~0.29 MeV. Thea=—3

2. The [532]5/2 band

3. The [411]3/2 band
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FIG. 6. (@) Spectrum of thg413]5/2 band in coincidence with 2 from **"Tb. (b) Alignment plot for the[532]5/2 and band 1 from
the 303.6 and 342.3 keV transitions. C labels contaminant peaks. Th. The Harris parameters/y=234.3 #?/MeV and J,=45
(b) Spectrum of transitions in coincidence with the 176.0 kekay ~ #*/MeV® which gave zero alignment for the low frequency part of
which displays thé532]5/2 band. Transitions in thet13]5/2 band  the ground-state band i*°Gd were used.
are labeled with arx. (c) Spectrum of th¢411|3/2 band in coin-
cidence with the 245.7 keV transition. Peaks labeled with an L ar ; ; _ .1
links to higher lying band heads which are mentioned in Sec. Il B%rossmg frequencies for the=+;
In panels(a) and (b), a O denotes that the transition is at least a
doublet and therefore an exact energy cannot be labeled.

and a= — 3 signatures,
‘respectively. Several trends can be observed in Fig. 8.

(1) The a=—3 signature has a delayed crossing fre-
quency with respect to the= + 3 signature. However, the

) ) o ) difference decreases as the neutron number increases.
signature has gained 9.44 in alignment and it appears that

the a= + § signature follows this trend. The alignment of the
lowest energy pair of 3, neutrons is interpreted as being
responsible for this gain. The systematics of B band
crossing frequencies for neighboring odd-oddA nuclei 032
involving anhy4, proton are discussed below.

Band 1 is too low in energy and spin to be considered as
a three-quasiparticle band. The alignment properties of band
1 help in determining its configuration assignment. There are
limited choices for possible decoupled bands in this region /
(see Fig. 3 The[411]1/2 orbital is available, however, the - : N A
initial alignment ofi=3.24 is too high to be a realistic 0.26 - L A--TT B
choice. The alignment of band 1 is quite similar to that of the
yrast band in'®3Tb [18,37,3§, which is a mixture of lowK
h,1» Orbitals. This evidence along with the information in O %90 92 91 9
Sec. I A 4 has led to the suggested assignment of band 1 as
a mixture of theg[550]1/2 and[541]3/2 orbitals. N

The AB band crossing frequencies for the addFb, Ho, FIG. 8. Systematics of th&B band crossing frequency: o)

Tm, and LLI nUC|eI have been plotted |n F|g 8 as a functiomersus neutron number for the Tﬁ;é 65)7 Ho (Z: 67)’ Tm (z
of neutron number. Bands based oh,,,, orbitals are ob-  =69), and Lu g=71) isotopes. The= + 3 anda= — § signatures

served in each of the nuclei; therefore, these bands were useglthe h,,,, orbitals are represented by solid and open symbols,
to obtainiw.. The solid and open symbols represent therespectively.
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(2) The crossing frequency is greater in the=88 nuclei
than in theN=90, 92, and 94 nuclei.

(3) In the N=92 and 94 isotones, the crossing frequency
systematically increases dsdecreases.

The first trend(1) can be explained by the fact that the
a=— 3 signature is energetically favored. Therefore, it takes
more rotational energy for the favored signature to reach the
interaction region of the three-quasiparticle batwdhich
does not strongly favor either signature initialhAs these
odd-Z nuclei increase iN, the energy gap between the two
signatures decreases. Thereby, the crossing frequencies of
the signatures become assimilated.

The last two trends are in good agreement with the ob-
served band crossing systematics in the light rare-earth even-
even nuclei. The even-even systematics were investigated in
Ref.[39] and we will give a brief summary of their conclu-
sions here. The trends may be understood by the deformation
changes with proton and neutron number and the location of
the neutron Fermi surface with respect to the lowest pair of
down slopingi s, neutron orbitals. Trend2) is a result of
the N= 88 nuclei’s neutron Fermi surface being further away
from the i3, orbitals than theN=90 nuclei in the region.
This is due to the fewer number of neutrons and the lower
deformation of theN=288 nuclei. Therefore, a greater rota-
tional energy is necessary for the band\ir 88 nuclei to
undergo theAB crossing. The third trend3) can be ex-
plained by the fact that the deformation in the isotonic chain
increases aZ decreases. For thid=92 and 94 nuclei, the
neutron Fermi surface is located above the lowest paifgf
orbitals. The highest (Lu), therefore, has its Fermi surface
located nearest thesgs, orbitals and so has the lowest
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crossing frequency. An inversion of this trend occurs in theratios for(a) ***Eu and(b) **'Tb.

N=288 nuclei since the Fermi surfaces are below ithg

FIG. 9. Experimental and theoretical plots of BEV 1)/B(E2)

orbitals. The N=88 nuclei with the highest deformation
(Tb/Ho) will be closest in energy to thé;s, orbitals and
therefore have the lowe#tB crossing frequency.

IV. ELECTROMAGNETIC TRANSITION PROBABILITIES

IN 5%Eu AND *Tb
A. B(M1)/B(E2) ratios

ExperimentaB(M 1)/B(E2) values were extracted from
the ’Li data using the observegray energies and branching
ratios[\=1,(I—1—2)/I ,(I—1—1)] according to the stan-

dard formula

B(M1:1—1-1) oE§(|_>|—2)><
B(E2:1—1-2)  ""TE3(I-1-1)  A(1+6%)\eb
where E,, is in MeV. Rotational model calculationt0]

Theoretical calculations have been made using the geo-
metrical model discussed by "‘Dau [41] and Frauendorf
[42]. Quadrupole moments @,= 6.7 and 6.8& b were used
for 1% u and®®'Tb, respectively. These values were derived
by averaging the measured quadrupole moments of the 2
states in the nearest even-even nuglgj. The other param-
eters which were utilized in the calculations are displayed in
Table Ill. The value ofgg was taken as 0.Z{A) and the
gyromagnetic ratios dx) were obtained from a Woods-
Saxon potentidl44,45 calculation. The alignments were de-
termined from the low rotational frequencyw=0.1 MeV,
portion of Fig. 7. Calculations for the three-quasiparticle
configurations after the alignment of tihgy, neutrons were
also performed for thp411]3/2 and[532]5/2 bands in*>‘Tb.

The parameters used to represent the neutrons are denoted
with a (v) in Table IIl.

The results of these calculations are displayed along with
the experimental results in Fig. 9. There appears to be a
general agreement between theory and experiment for all the

were performed to determine the magnitude of the mixingbands in both nuclei. The theoretical predictions for the ra-
ratios § for the Al =1 transitions using the measured branch-tios of the[411]3/2 bands are somewhat larger than what was
ing ratios. The results were that the mixing ratios were smalexperimentally observed. This may well be a result of the

(6<0.2) for the[411]3/2 and[532]5/2 in-bandAl =1 tran-
sitions in both nuclei but quite significant for thé13]5/2
in-band Al=1 transitions §~0.6 and 0.5 for®*Eu and
157D, respectively. These mixing ratios were included in
the determination of the experimen&{M 1)/B(E2) values
and the results are shown in FiggaPand 9b).

mixing of the [411]3/2 and the[413]5/2 bands from the
pseudospin symmetry discussed in Sec. Ill. One can also
observe the signature dependence of the experimentally ex-
tracted values of thE532]5/2 band in*°Tb. This adds valu-
able data to the systematic study of the signature effects of
the bands based on theh,4,, orbitals in this region.
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TABLE lll. Parameters used in the calculation®fM 1)/B(E2) ratios.

Band gr gk K (%) i (h) gk(v) K(v) (%) i(v) (%)
155Eu
[411]3/2 0.28 1.81 3/2 0.5
[532]5/2 0.28 1.43 5/2 15
[413]5/2 0.28 0.53 5/2 0.8
157Tb
[411]3/2 0.29 1.81 312 0.8 -0.20 0 9.7
[532]5/2 0.29 1.43 5/2 2.0 -0.20 0 9.4
[413]5/2 0.29 0.53 5/2 0.7

In the ’Li experiment, reliable dipole transitions were ob- dipole moments in the Ba-Sm region where octupole corre-
served up to spin=% in ®Th. However, the'!B experi- lations are believed to be quite preval¢B8]. The transi-
ment disclosed a few more intraband transitions and the retions connecting th&K"=32" and 2* bands have smaller
sulting B(M1)/B(E2) ratios are displayed in Fig.()  B(E1) strengths compared with thAK=0 transitions,
without line connections. ThB(M1)/B(E2) ratios beginto  put they are still considerably large~@x10 * and
rise in the[411]3/2 band above spih= % to values of~0.4  ~5%x 105 W.u. for %°Eu and 157D, respectively.

(un/e b)2. This may be attributed to the neutron alignment |t is well known that low-energyE1 transitions are not
as can be seen2 by the theoretical prediction tha.t ratios g&yvored and thaB(E1) strengths are typically 6 W.u. in
~0.45 (un/e b)” should be reached after the alignment. 5iomic nuclei. However, small regions of nuclei have been
There is a steady rise in ti&M1)/B(E2) values through-  ¢,,nq in the actinide and lanthanide series which have tran-

oult the spin region fohr tth%h32]5/2t.banthC)I\évevgr, t:(%C?al' sitions strengths 100 times or more stronger than those found
culations suggest tha € ratios should Tmise . in other nuclei[33]. Much work has been done to explain

(un /e b)? once the neutrons become fully aligned. Unfortu-, . . )
nately, we were not able to establish the band up all the WathIS phenomenon and the possibility of stable octupole defor

. ) . s ¥hation has been suggested as a likely scenario. Theoretical
through the band crossing region to test this prediction. predictions find that nuclei witll~58, N~ 88 are good can-
. didates for octupole deformati¢a6]. Since *>Eu and*®>Tb
B. B(EL)/B(E2) ratios haveZ=63 and 65, respectively, amtdl=92, these nuclei are
Experimentally determineB(E1)/B(E2) ratios were ex- somewhat removed from the predicted areas of stable octu-
tracted using they-ray energies and branching ratios)( pole deformation. However, strong octupole correlations
using the formula have been invoked in the discussion of phenomena observed
in the N=90 nuclei **¥Pm[10,1] and >¥u[16,17.
5 Parity-doublet bands have been predicted to be evidence
B(ELl—1-1) _ 1E(1—=1-2) (106 fm-2) for octupole shapes as the bands arise from the same asym-
B(E2:1—1-2) " "N E3(1>1-1) ' metric reflection statgd47]. The apparent parity-doublet
7 bands found in the Pm/Eu region have led theorists to inves-
tigate theseK™=3= bands using the quasiparticle phonon
whereE,, is in MeV. The results for'®Eu and 1°Tb are  nuclear model(QPNM) [47] and the particle-rotor model
displayed in Table IV along with the calculat&{E2) val-  [48]. The conclusions from both of the studies were that the
ues, and the deduc@&{E1) strengths. The rates between theenhancedEl transition strengths were not from the singly
K™=3" and 2~ bands in'®*u are~1x 103 Weisskopf occupied orbitals driving the nuclei to an octupole shape.
units (1 W.u. ~1.87e? fm? for A~155), while in'>Tb the  Instead, both Refs|47,4g cite the QPNM particle-rotor
B(E1) strengths between the same bands a@x 10 4 calculations in Ref.[49] to explain the largeB(E1)
Weisskopf units. We can determine an average electric distrengths. The calculations in Re#9] found that large con-
pole momentD,| for these nuclei using the equatig40] tributions to the M(E1) matrix elements of odé Eu and
Tb nuclei come from the enhancé&dl (AK=0) transitions
in the even-even cores. The lowB(E1) strengths for the
E1(AK=1) transitions were also well reproduced with the
QPNM-+ particle-rotor model. The small energy splitting of
the states between th&”= 3= bands was then suggested as
an accidental near degeneracy of the two Nilsson orbitals
After averaging thé8(E1) values and using an average spin[48]. Our data appear to further support these conclusions as
of I =% for both nuclei, electric dipole moments [, = theB(M1)/B(E2) ratios in Fig. 9a) for the K™= %* bands
0.143) and 0.061) e fm were found for'®Eu and **'Th,  are decisively different. The bands resulting from an asym-
respectively. These values are very similar to the electrignetric reflection state would have similar magnetic moments

B(E1)=iD2<|K10|(|—1)K>2
40 '
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TABLE IV. The measuredB(E1)/B(E2) ratios with the calculateB(E1) andB(E2) transition rates.

|\ E, B(E1)/B(E2) B(E2)? B(E1)
(keV) (X107 fm~?) (X 10* e fm?) (x1073 e? fm?)
155Eu

[413]5/2—[532]5/2

3+ 85.8 2.22) 0.96 2.12)
L+ 117.5 1.21) 1.10 1.31)
i+ 160.8 1.91) 1.20 2.22)
D+ 181.7 0.81) 1.28 1.11)
2+ 230.8 1.11) 1.33 1.41)
[532]5/2—[413]5/2

- 178.1 4.23) 0.76 3.23)
13- 186.5 2.31) 0.96 2.21)
- 181.3 1.81) 1.10 2.q1)
(2 196.8 2.00) 1.20 2.42)
- 181.6 1.11) 1.28 1.42)
(2 208.2 1.82) 1.33 2.42)
&- 182.1 1.44) 1.38 1.96)
[411]3/2—[532]5/2

I+ 287.1 0.184) 0.64 0.083)
g+ 331.6 0.061) 0.96 0.061)
i+ 372.1 0.121) 1.14 0.141)
3+ 424.6 0.262) 1.25 0.333)
(84 457.1 0.142) 1.33 0.193)
(2 516.0 0.244) 1.38 0.336)
(24 532.7 0.478) 1.42 0.72)

57T

[532]5/2—[411]3/2

- 265.0 0.110) 0.78 0.091)
13- 270.2 0.081) 0.99 0.081)
- 251.2 0.072) 1.14 0.081)
i- 280.8 0.081) 1.24 0.101)
[413]5/2—[532]5/2

2+ 156.2 0.6%4) 0.46 0.302)
i+ 217.7 0.473) 0.78 0.313)
B+ 279.4 0.4%2) 0.99 0.4%3)
o+ 322.7 0.322) 1.14 0.313)
i+ 383.3 0.281) 1.24 0.3%2)
L+ 402.6 0.281) 1.32 0.372)
a+ 467.2 0.221) 1.37 0.302)
8+ 459.0 0.181) 1.42 0.262)
2+ 528.7 0.221) 1.45 0.323)

3B(E2) values calculated usirg(E2)= (5/16m) Q3(1;K;20/1 ;K )2, whereQ,=6.7e b and 6.8e b for **Eu
and °7Tb, respectively.
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[47], which would lead to similaB(M1)/B(E2) ratios in F I e B B T T
the parity-doublet bands. Since this is not the case in the L A T e .
15%u parity-doublet bands and that there is a lack of parity- 0 N [0 e HoTm hs
doublet bands in*"Th, it appears unlikely that these nuclei = | R Lagatene N\ |
are octupole deformed. Therefore, our experimental results 5; 8R40
are in agreement with the conclusions of R¢f&,48. ‘:j O ey T © -
N=92 ofs32s2 T (¢)
15 15 60 LEIB2 T N=92 ]
V. IDENTICAL [411]3/2 BANDS IN *%Eu AND Th | Eu-Tb x 155 1964 | A%[ a
Ty

The discovery of identical superdeformed bands led to T I _/:_,__'.\_\_\I-\ i __o,,,iﬁHol_Tm IR ]
great excitement recently which launched a search for iden- ol " & 87 Ho-Trm
tical bands in normal deformed nuclei. Numerous normal | R L o
deformed bands having strikingly similar moments of inertia E 20 - N \O\LLC/A/S T ? o
were found between even-even neighbors, adjacent even and . nant o
odd-A nuclei, nearby odd nuclei, and even within the same = “°[ @) waipe | o]
nuclei (see Ref[50], and references thergirSeveral identi- sl N=90 zﬁgﬁg ik N(il)90 AZ s Afé ]
cal normal deformed bands have been found between neigh- L Eu-Tb %825 BSiGgg | T \Aj ]

boring oddA nuclei involving the[402]5/2 and[404]7/2 -80
proton orbitals in theA~170 region[50]. In the present
study we observe bands based on the midsthg)l proton

orbital being identical to each other in the nearby @dd- FIG. 10. Energy differenceAE, between similar bands in the

. 15 157
nucle|. *EU a}nd Th. o (@ N=92 and(b) N=90 Eu and Th nuclei. The energy difference
By inspecting the level schemes in Figs. 1 and 5, one caeqyeen the ground-state bands of the Sm and Gd nuclei have also
quickly observe the near duplication of thé11]3/2 bands peen included for discussion. Note thAE.—E (A —E_(A,)
between the two nuclei. In fact by referring to Tables | andwhereAb>Aa. The AE,, of bands in neighéorinyggc) N:gyz and

I, one finds that all 15 transitions in this band froRYEu are (d) N=90 nuclei are also plotted with their respective cores.
within 2 keV to they rays from ®“Tb. Using the criteria

defined in Ref[50], we may classify the bands as identical if jngicates a slight decrease in the moment of inertia in the
the fractional chang€~C) in the dynamical moment of iner- heavier nuclei. Th&\E., for all the orbitals in the neighbor-

1 1 1 L L 1 I 1 1 1 I
0 100 200 300 400 500 600 O 100 200 300 400 500 600

E, (keV) E, (keV)

Y

tia ing N=92 and 90 nuclei is also given in Figs. (D and
32— 10(d). The same pattern as seen in &= 3~ bands of the

FC= 2 Eu and Tb nuclei is observed in these bands. However, as
Ia discussed above, th@11]3/2 orbital in theN=92 Eu/Tb

of the bands is no larger tharl—2 %. We found the frac- nuclei have an energy difference ef0 keV and theN
tional change of th§411]3/2 bands to be F€1.0%. Thisis =90 Eu/Tb nuclei have an energy difference of abeétit5
similar to that established between t(#04]7/2 bands in keV even though the cores for the latter are nearly identical.
189Tm [51] and 1"3Lu [52]. However, the difference between One can also observe that in both examples [#EL]3/2
the identical bands if°*Eu and **Tb and those in'®*Tm  band lies~20 keV above the energy difference of the cores.
and Lu is that the cores for th&=92 nuclei are not From these two cases, there appears to be some anomaly
identical as the cores are f3f°Tm (*%%r [53]) and 1"3%Lu  concerning this midshells, orbital. Unfortunately, there is
(}"2vb [54]). In fact, the general explanation for identical no other reliable pair of411]3/2 bands to compare with the
bands between nearby oddnuclei is that they result from Eu/Tb nuclei in theN=90, 92 Ho, Tm, and Lu nuclei.
the same spectator particle coupling to two identical even- The observed behavior of tHd11]3/2 orbital is consis-
even nuclei[50]. In Fig. 10a) we have plotted the energy tent with the results of our alignment analysis. It was stated
differences AE,) between the stretchell2 transitions of in Sec. Il that the[411]3/2 orbital may have a larger defor-
the known bands it°®Eu and*®"Tb versus the energy of the mation than the other bands /‘Th as suggested from the
157Th transitions as well as thAE, of the ground-state larger interaction strength observed at &R crossing. Simi-
bands in%Sm and'%%Gd versus the energy of th®%Gd lar interaction strength results are obtained from the same
transitions. While th¢411]3/2 bands havAE,~+2 keV it  rotational bands in*°Tb [18]. Therefore, an increase in de-
is guite clear that there is a divergence between the othdprmation gives th¢411]3/2 band a larger moment of inertia
bands in®Eu and 1*"Tb as well as the ground-state bandsas compared to the other bands and seemingly just enough in
in the even-even cores dP°Eu and **'Th. 5Tb to make it identical to th¢411]3/2 band in >Eu.
Therefore, if the core is not the cause of the identicalUnfortunately, thd411]3/2 bands in*>***Eu have not been
bands, then is it the valence orbital that is responsible? Bgxtended into the band crossing region in order to make the
inspecting Figs. 1@ and 1@b), we can make a few obser- same interaction strength comparison possible.
vations about th¢411]3/2 orbital in this region. First, one

can see a pattern developing in the other orbitals-*3Eu V1. SUMMARY
and °Tb as well as in theN=90 nuclei °3u [16] and '
155Th [18-20,5% in Fig. 10b). TheK™= 3= bands in the Tb In summary, we have placed over 100 new transitions in

nuclei have largeE2 transition energies than in the Eu nu- the level scheme of°Th. The massive transfer reaction in
clei which give the negative values seen in the figure. Thighe ’Li experiment allowed the extension to higher spin of
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three bands in*>*Eu. The firsti, 5, neutron band crossing helping to give it an identical moment of inertia to that found
systematics for od@- rare-earth Kl=88—94) nuclei were in the[411]3/2 band of**Eu,

studied and shown to be consistent with those of the even-
even nuclei. Extracte®(M1)/B(E2) ratios for both'®*Eu

and **Tb compared well with the geometrical model calcu-  Special thanks to D. C. Radford and H. Q. Jin for their

lations for their given configurations. Unusually lafgéE1) software support and also to R. Darlington for help with the

transitions strengths were observed in both nuclei and attribtargets. Helpful discussions and suggestions from L. P. Ek-
uted to contributions from the even-even cores rather thastram are gratefully acknowledged. Support for this work

stable octupole deformation. Identid@11]3/2 bands were was provided by the U.S. Department of Energy, the Na-
found in the ®Eu and **Tb nuclei even though their re- tional Science Foundation, the State of Florida, and the U.K.
spective cores are not identical. Rotational alignment analyEngineering and Physical Science Research Council. M.A.R.
sis offered evidence for a slightly larger deformation in theand J.S. acknowledge the receipt of a NATO Collaborative
[411]3/2 band of °**Tb compared to the othel®’Tb bands Research Grant.
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