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Observation of three-quasiparticle structures in theN =88 nucleus *°Tb
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High-spin states of*Tb were populated via the reactidi®La(*®0,4n) at a beam energy of 100 MeV.
Previously known bands have been extended beyond the region of thesfinseutron alignment and two new
structures have been identified. The rotational alignment behavior aflihg, and new bands are discussed.
Quasiparticle assignments are suggested for the |&¢&1.1)/B(E2) ratios were extracted and compared to
theoretical calculationgS0556-28188)05508-3

PACS numbsdis): 21.10.Re, 23.20.Lv, 27.78q

A stark contrast is observed between the largely singlethe previous spin valudd,8] of 17=22~ and &+ to (3 )
particle structure ilN=82-86 nuclei and the collective ro- 41+ , :
tational structure of th&=90 nuclei. TheN=_88 nuclei act and (; ), respectively. The band built upon the02]5/2

as the bridge between these two classes of nuclear behavi \r'/(\;gnr?i Shtim{i?]] &asugggggmﬁg;ebgtbgg?\g dn?;rbtehgxgi?;d?ir%e
In addition, the transitionaN=288 nuclei near Gd are the gn-sp q

: C . and are labeled as bands 1 and 2. The spins of the states that
heaviest nuclei still underthe influence of the 64 subshell could not be determined by DCO analysis, due to the weak
gap. Although these nuclei have enough valence particles tyensity of the depopulating transition, are placed within
sustain rotational structures_, they are significantly |E_SS deparentheses in the level scheme. Tentative transitions and
formed than theN=90 nuclei where the subshell gap is ap- states are denoted by dashed lines in Fig. 1.
parently eliminated1]. These features partially fueled the  The band based on a mixture of the léwerbitals from
interest in the present study §§°Thgg, which is a part of our  the h,,,, proton shell is built on the isomericTg,,= 173 us
systematic investigation of thed=88, 90[2,3], and 92[4] [10]) "=~ state at 163.3 keV. This isomer feeds the
terbium nuclei. We are particularly interested in thé,,, %' state of thg404]7/2 band by an 82.6 keWl 2 transition
bands of these nuclei such that a comprehensive study of tH&0], which was not observed in our data due to the relatively
signature splitting in the odé~ 160, 7h,,,, bands could be long lifetime of the ~ state and the high electron conver-
performed2,3]. Therefore, in this work, we will concentrate sion coefficient g+~150[11]). A coincidence spectrum of
on this negative-parity band and the two new threethemhy;, band is shown in Fig.(2). The high-energy insert
quasiparticle structures it*3Tb. of Fig. 2(a) is a coincidence spectrum from the 733.7 keV

High-spin states of->*Tb were populated using the reac- ray (¥~ —%7), which displays transitions depopulating
tion ¥*%L.a(*®0,4n) at a beam energy of 100 MeV. The beam some of the highest spin states in the band. The—3
was provided by the Florida State University tandem-linacsignature is favored over its partner below spin3?; how-
accelerator facility and the de-excitingrays were detected ever, above this spin value, neither signature is significantly
with the Florida State University arrd$]. Five high-purity  favored over the othefsee Fig. 1 This quenching of the
Ge detectors, surrounded with bismuth german&e&0) signature splitting has been observed in the neaiby90
shields for Compton suppression, were used in the array withdd-Z nuclei, but it is not as dramatic as in the=88 ®'Eu
two located at 145° and three at 90° with respect to the beaf2,13, *°°Tb, **Ho [14], ¥*"Tm [15], and **%u [16] nu-
direction. A single, self-supporting foil of natural La with a clei. The alignment of the;3, neutrons is suspect¢di7—19
thickness of~70 mg/cnt was used for this experiment. to be responsible for this loss of signature splitting as they
Over 140 million events were recorded when at least twdrive the nucleus from triaxialhonsymmetrit to more pro-
detectors fired within a prompt coincidence windg®00 late symmetric shapes. A full systematic study of the experi-
ns. The data were sorted into &, X E, symmetric matrix ~mental signature splitting in theh,,, bands of the od@,
which was inspected with the prograescLsr[6]. Energy  odd-A= 160 region will be given in Ref.3].
calibrations and detector efficiencies were determined with Band 1 feeds thp404]7/2 band directly through the 485.0
an %Eu source. Directional correlation of oriented states] Rpco=1.1(1)] and 688.0 ke Rpco=1.1(1)] Al =2 tran-
(DCO) data sorting and analysis were performed in order tasitions, thus suggesting a positive-parity assignment to the
determine the spins of new energy levels. band and a spin o¥ * to the lowest observed state. Band 1

The level scheme of*Tb is displayed in Fig. 1. The also decays directly into theh,;,, band through the 211.7
7hy1, and[404]7/2 bands were significantly extended from [Rpco=0.7(1)] and 516.4 ke\{ Rpco=0.6(1)] dipole tran-

0556-2813/98/5@)/1321(4)/$15.00 PRC 58 1321 © 1998 The American Physical Society



1322 BRIEF REPORTS PRC 58
. (57/7)
(85/20)___ 881 1 5 3
)
H "
U A 65 | b88
1
s i
_)_‘\ - 809.2 (853)
@7/29 ____ 7524 Loy  (49/27) “7/2% 4
i 27 /2 381 /
(766) (45/2%) /2y 7337 ko
43/20 ) P 25 1§ a5/2 ) -
- 729 4/ | 3779 (43/2) y
687.7 41/20 = 6510 _ 2
: B — 3230 - - i
41/2 7263 '
39/2%) ¢ 6437 i Sy (39/2) (627)
39/2- § 2889 | 39/2 2')
L 37/2 g 565.5 - ! 3772
© 596.2 —— a3 2766 37/2" 6m7 (6?2)
35/24)_J4 5437 S8 s - (35/2¢ 602.8
] 258 33/2 35/2 T 4862 35/2* 33/2%
sy ) 8 L | i-ﬂf‘g  33/2 . 584.8 .
Lo\ 196§ 29/2 6868 4909 e 3 3z 6054
27203562 V42 e B AR "
LR S 2823 95, /2 . 20/2- 217 3405 A \ X  29/2
23/29 2160 ¥.124. 2 S 27/2+ 349 4178 ) 4850 556.
86 sahs I T _\ 27/2 \27/£i 5760
29 685.8 - ! - 516.4 524, Y o+
19/2%) 21/2% s 2772 A R PV S RSV 6830 6105 5434 25/2
’ \\ .................................... 23/2* ¥ 5297
5452 6228 5624 600.2 5918 o2 X 21/2*
i R s [ o
3549 oo y 3
15/2+ 454 I—/
................................ / g e 3508 1/ 8 / 4440
4367 219 13727 7 [ q3/2%
Uz Sl 1-X VN Y2458 JJL/
........ 4040 ] ot
o B0 4 0/2% 1 PSS 4304
7/2* e 1905 4445 / 44 ’—JL‘QZ2+
...................................................................................... 2541 T D g ot TL2E 3249
........ _i_f”'-—\j_lr@ S
Band 2 Ty /5 Band 1 [402]5/2 [404]7/2

FIG. 1. The level scheme df°Tb. The widths of the arrows are proportional to the relative intensity of the transitions.

sitions, which are consistent with the band feeding ameither signature is strongly favored. The systematics of the
opposite-parity structure. The lack of an observed signatur&B crossing in themrh;,, bands for oddZ nuclei near ter-
partner indicates that band 1 most likely has a Kwalue.  bium has been discussed in REf].

The decay of band 2 to theh,;,, band is fragmented Band 1 has a nearly constant alignment-atl2.5#% and
between intermediate states and one direct high-energy linkpasses through thAB band crossing regiorisee Fig. 3.
ing transition. Analysis of the intensity of band 2 indicates Since theAB crossing is blocked, an, neutron is likely to
that more decays out of the band must also be present, bbe involved in the quasiparticle configuration. Although
were not identified. The 1172.6 keV linking ray has a band 1 shows evidence for the beginning of a cros&imgst
Rpco=0.5(1), which suggests that it has dipole character;likely the BC) at the highest observed frequencies, no defini-
therefore, the state at 2705.4 keV is assigned a spfi.oh  tive crossings can be identified in this band. However, a
spectrum of the transitions in coincidence with the 1172.6similar band has been observed'itiTb [3] and experiences
keV v ray is shown in Fig. t). Band 2 has essentially no both theBC and B,C, crossings. This suggests that tAe
signature splitting and thus it likely arises from a high- (m,a)=(+,+3) i3, Neutron andA, (—,—3%) hyqp proton
configuration. This assignment is consistent with the ob-are involved in the initial configuration. These quasiparticles
served fragmented decay path to thé,;,, band through are also likely to be associated with band 1*MTh. There-
states that possibly have intermedi#tesalues. fore, the third quasiparticle would likely come from a

The alignments of therh,;,, band, band 1, and band 2 in negative-parity neutron orbital near the Fermi surface and
153Th are plotted in Fig. 3. The Harris parametefg=12 have a=—3 in order to give the band the experimentally
#%/MeV and [7;=90 #*/MeV® are chosen such that the determined positive-parity and=—3 signature, respec-
ground-state band in the even-even core nucf@dsd[20] tively. Either the favored signature of tlig, neutron orbital
has nearly zero initial alignment. or the unfavored signature of the,, orbital are possible

The high alignmenti~=4 #) of the 7why1, band at low choices, although it should be noted that these orbitals are
rotational frequency{w<0.25 MeV) is characteristic of a strongly mixed with each other. Since the= + 3 signature
band based on a high- low-K orbital. The large gain in of the hg, bands in theN =89 nuclei 1*Gd [22] and **®Dy
alignment, observed in both signatures wih=10.8%, is  [22,23 have been observed to be favored over dhe—1
attributed to the lowest pair df;3, neutrons aligning their signature, we suggest that band 1 has as its major component
spins along the nuclear rotation axishich is known as the thewhy1,® v(i135f7,) configuration. In cranked shell model
AB crossing[21]). This crossing occurs at a rotational fre- nomenclaturg21], this band would be labeled #s,® AF.
quency of 0.28) and 0.3183) MeV for the a=+3% and  However, theB,® AE configuration cannot be completely
a=— 1} signatures, respectively. The difference is a result ofuled out since the band crossings observed in b
the = — 1 signature being energetically favored below theband, particularly thd&,C,,, have not been identified in band
crossing region and the fact that at high rotational frequencyt of *3Tb. Either configuration would be consistent with the
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FIG. 3. The alignment of therh,4,, band, band 1, and band 2 in

I T T T T T T T T T
200 00 400 300 600 700 1531 plotted versus rotational frequensys. TheK values3, 2,
ENERGY (keV) and % were used for therh,,,, band, band 1, and band 2, respec-
tively. The solid and open symbols represent me+% and a=

FIG. 2. (a) Spectrum of transitions in coincidence with the 600.2 1 . .
— 5 signatures, respectively.

and 666.6 keVy rays in thewh,q, band. The transitions marked
with asterisks arey rays from band 1. The high-energy insert con- . o . . . .
tains a spectrum of transitions in coincidence with the 733.7 kev duasineutron excitation has been identified in the neighbor-
ray. (b) Coincidence spectrum of band 2 which results frgmays N9 even-evert>Dy [26] nucleus. The difference of 674in
in coincidence with the 1172.6 keV linking transition. Peaks alignment between band 2 and thé,,, band is consistent
marked with crosses in pan@) are the three strongest transitions With either configuration.
in the 7h4,, band. The B(M1)/B(E2) transition strength ratioR27] were
extracted from therh;,, band and band 2 if>*Tb. Theo-

experimentally observed:8 # difference in alignment be- retical calculations of th&8(M1)/B(E2) ratios were also
tween band 1 and theh,,,, band at low rotational frequency performed using an extended formaliqi28] of the geo-
(hw<0.25 MeV). The A,®AF or B,® AE assignment metrical model from Doau[29] and Frauendorf30]. The
agrees well with the depopulation of band 1 into thle;;,,  parameters used in the calculations are summarized in Table
band as a result of the neutrons re-coupling and the decays The intrinsic quadrupole mome®, of the wh,,,, band
into the[404]7/2 band are a product of the close lying inter- was estimated by averaging the measured quadrupole mo-
acting positive-parity states. ments of the neighboring even-even nudl@i]. The gyro-

The large initial alignmentsee Fig. 3 and excitation en- magnetic ratio of the collective motion was taken gs
ergy of band 2 also indicate that it has a three-quasiparticle- 0.7Z/A and thegy values for the protons were determined
structure. Similar to band 1, band 2 does not undergo the ABy a Woods-Saxon calculatidi32]. The alignments for the
crossing implying that at least omgy, neutron is involved in  quasiparticles were extracted from Fig. 3, and the results of
the configuration. The decay into theh,,,, band also sug- the B(M1)/B(E2) analysis are shown in Fig. 4.
gests that arn,,, quasiproton is associated with this band. The B(M1)/B(E2) ratios of thewh;;,, band are quite
Both of these quasiparticles are ldw therefore, in order to  low at~0.1 (uy/e b)? in the low-spin region (< %) which
give bar 2 a highK configuration, as its experimental prop- is reproduced by the theoretical calculatigase Fig. 4, but
erties suggest, a higk-quasineutron must be included as theabove spin®?, the B(M1)/B(E2) ratios increase signifi-
third quasiparticle. The only higk- neutron orbital near the cantly. This increase is associated with the alignment of a
Fermi surface oft>°Tb is thevh,;/,[505]11/2 orbital, and so  pair of i 13, neutrons and has been reproduced by the theo-
we suggest that band 2 has thB,,,® v(ii3411,) configu-  retical calculations(solid line abovel=2%). While the
ration with the signature partners resulting from the twotheory is in reasonable agreement with the + 3 signature,
equally favored signatures of ting,,, neutron. Following the the experimentaB(M1)/B(E2) ratios for thea=—13 sig-
quasiparticle labeling convention of R¢24], this would be  nature are somewhat higher. The strong signature depen-
theA,® AX(Y) band[although again thB,® AX(Y) cannot  dence of theB(M1)/B(E2) ratios after theAB crossing oc-
be ruled out This configuration was also given to a similar curs in a spin region where the splitting in the energy levels
band in ®Ho (band 6 in Ref.[25]) and theAX(Y)two- is nearly quenchedsee Fig. 1L Other N=88 nuclei, e.g.,

TABLE |. Parameters used in the calculation®fM1)/B(E2) ratios for the bands if®°Tb.

Band Qo(eb)  gr  gk(m)  K(@(®) i(m)(h)  g(v) K@) i(v)(R)

mhin 46 030 151 312 40  -0.20 0 10.8
Band 2 46 030 141 5/2 40 —050 5 6.4
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[ T tios of over 0.8 {1 /e b)? were calculated. It is only when
& USE s« 7] the K= 3 value is used that a reasonable agreement with the
N 7] experimental data is obtained. This is consistent with the
~ e o Band2 ———- o suggestiorf 33] that the AX(Y) configuration drives towards
é— Lol 5 ] larger deformation and thus moves the proton Fermi surface
S s O closer to thg532]5/2 orbital in *>3Tb. The increased defor-
S| ? ] mation, which is not included in the calculations shown in
g s % Fig. 4, would also be consistent with the slight overestima-
E 031 . ] tion in the calculated ratios compared to the experimental
< ] data.
[ ]
- /———— ] In summary, rotational structures in the weakly deformed
i o * 0 0% ] 15 ot i ; :
00l e L @i OW L Lol *Tb nucleus were observed for the first time with rotational
0 5 10 15 20 25 . .. .
frequencies at and beyond the fifgt, neutron alignment.
Spin (%) Over 70 new transitions have been placed in the level

_ _ _ scheme and two new three-quasiparticle structures have been
FIG. 4. The experimental aﬁdstheoretlﬁ(lM'l)/B(EZ) ratios  observed. Configuration assignments have been made for the
for the 7hyy/, band and band 2 if>*Tb. The solid and open sym- new bands from the analysis of their respective alignment

bols represent the'=+ 3 anda= -5 signatures, respectively. behavior and comparisons of experimental and theoretical
B(M1)/B(E2) values.
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