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High spin states int”°Ta are populated by th&#%Gd (:°F,4n) "°Ta reaction. This experiment, carried out
at the HI-13 tandem accelerator at the China Institute of Atomic Energy which measurgdsitbeincidences,
gives rise to a new level scheme. Two important new features are embedded in this scheme. First, the seven
decay sequences built gn[541], % [404], 3 [402], and3 [514] proton Nilsson configurations are significantly
extended to higher spins. For example, for§{6541] band, the levels have extended fréﬁw’ to %’ and, for
the% [404] band, from%’ to 42—1’. Second, compared to the neighboring even-even nuclides, the neutron
AB crossing frequency built on theg proton Nilsson staté [541] is significantly larger, which according to
the conventional cranking shell mod€lSM) is an anomaly. In this paper, this large crossing frequency is also
discussed within the framework of the projected shell model. It is shown that this anomaly found in CSM can
be satisfactorily explained, thus suggesting an alternative understah80t56-28136)00909-7

PACS numbgs): 21.10.Re, 23.20.Lv, 21.60.Cs, 27.7@

I. INTRODUCTION The choice of using "°Ta for the present purpose is mo-
tivated as follows. Yanget al. have previously speculated
An interesting phenomenon of the rare-earth high spirf20] that this delay may be caused by the core being polar-
spectroscopy is the observation of a significantly delayeqzed by the odd: [541] proton(see also Refd4,5]). If this
proton ; [541] band crossing frequency: The crossing fre-were true, then the very large orbital quadrupole moment
quency of this band in certain odnuclei is much higher (q,=3n,—~N=7) and the dominant particle nature of the
than their even-even neighbors. This phenomenon was na-[541] quasiproton band should then “drive” the core to be
ticed previously in conjunction with the study of back- g¢yen more prolate. Thus, the “smoking gun” of this specu-
?eecr:g:n%r?;figtilr\a‘ﬂ\}vmthng\]/s (t:r?gpe%ig; I'Q}%géllsar%ﬁedr‘: i lation hingeg on how close the[541] proton Nilsson orbit is
renewed interest in this phenomen@ee, e.g[5-7] ’for an EO lthe ';irml surfa;ce, becal{[sebthe ctlges{t;llt] |§,_Ithe smagl_(ter the
L : N ' elay. There are two ways to bring ilsson orbi
empirical systematic study of the crossing delay pid11] closer to the Fermi level: by increasigor increasing the

for theoretical discussions ; .
Recently, a number of studies on odd Ta isotopes werduadrupole deformation,. Hence, the nucleu$’"Ta is the

performed[12—16 to understand this phenomenon. The re- est testing ground for the s_tudy of the delay in the crc_)ssing
sults showed that only the neutrohB crossing for the frequency because, according to Lund systemd@ds, it
1 [541] band in the odd-Ta isotopes manifests such a delay?as the largest quadrupole deformatigramong the Ta iso-
It is known that the first band crossing for rare earths is dudopes and therefore should have only a small, if any, delay.
to the alignment of thd 3, quasineutron pair. Since the = We note that although high spin states for the bands
Fermi levels for protons and neutrons in this mass regiors [404], § [402], 5 [514], and3 [541] of '"°Ta were previ-
occur in different major shells, one would expect the bandsously measured by Foiet al. [22], they were not high
crossings to exhibit a weak dependence on the odd proton ienough for the present study. For example, the highest spin
the odd-even nucleus and hence no delay in the crossingtate of the} [541] band measured by Fogt al. was below
frequency. While this is true for most proton bands, it is notthe first band crossing. This paper will present the results of
true for the3 [541] band. In fact, the delay is observed this extension. Some preliminary results were previously re-
systematically not only in the Ta isotopes, but also in otheported[23].
oddZ rare earths, e.g.**Ho [17], *®3Tm [6], 1®%Lu [18], The content of the present paper is organized as follows:
167 u [5], and Y*Re[19]. In Sec. I, the experimental procedure and the new level
scheme are given. Consequences of various model predic-
tions regarding the delayed crossing frequency for the
*Present address: Department of Physics, Florida State Univers [541] band are discussed in Secs. lll and IV. In Sec. Ill, we

sity, Tallahassee, Florida 32306. conclude from the various analyses using the conventional
TPresent address: Joint Institute for Heavy lon Research, Oakranked shell modelCSM) that the CSM cannot quantita-
Ridge National Laboratory, Oak Ridge, Tennessee 37831. tively reproduce the observed delay. In Sec. IV, the projected
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TABLE I. y-ray energies, relative intensities, and DCO and branching rdtibklncertainty in 0.5 keV, for some weak transitions and
doublets up to 1 keV(b) Relative intensities from a single spectrum, uncertainties between 5% and(80®CO ratiol , (32°)/88°)
obtained from spectra gated on interi2 transitions of each band, for a high spin and weak transition obtained from the sum spectrum of
several gated spectréd) Branching ration=T,(I—1—-2)/T(I—1—1) measured from spectra corresponding to gates above sfon
higher spin states the ratios were also obtained from spectra gated on low spin transitions. The values given are averages.

1 [541] band

(@ E,(keV) (b)1,(%) (c)DCO (d)A li— 1y @ E,(keV) (b)1(%) (c)DCO  (d) =1,
745 5/2°-9/2~ 2 [402] band
1725 91 1.0412) 9/27-13/2 240.0 7 0.8019)  0.184)  9/27-5/2*
274.0 100 13/2-17/2° 343.4 16 0.9216) 0.598)  13/2"—9/2"
371.7 73 1.1p14) 17/2-=21/2" 432.3 33 1.0813) 1.3016) 17/2"-13/2*
461.7 61 0.9618) 21/27—25/2" 505.0 20 1.06l5 2.0330) 21/27-17/2"
543.7 50 1.06L2) 25/2-—29/2" 558.0 14 1.1018) 25/2+—21/2*
617.0 37 1.08L8) 29/2--33/2"
682.2 25 1.0019) 33/2--37/2" 293.0 18 0.9216)  0.357)  11/2*—7/2*
741.6 14 1.0(22) 37/27-41/2" 390.0 36 0.9612) 0.8612) 15/2"-11/2*
792.0 10 0.9(3) 41/2-45/2" 471.7 32 0.9812) 1.5030) 19/2"-15/2*
732.5 7 1.025) 45/2-49/2" 534.4 23 1.0615  2.0250) 23/27-19/2*
751.1 4 1.4(28) 49/2~ -53/2" 574.0 16 1.0619) 27/2* -23/2*
822.0 4 0.8632) 53/2--57/2"
911.0 2 1.2040) 57/2"—61/2" 106.0 17 712 —5/2*

134.0 32 0.4R2) 92+ -7/2*

7 [404] band 159.0 24 0.427) 11/2++ —9/2++

283.0 24 1.0814) 1.0212) 7/27-11/2° 184.0 29 0.5@5) 13/ 2+ -1 2+
372.4 37 1121 29032 11/27-15/2* 205.0 42 0.30) 15/ 2+ —13/ 2+
4433 32 0966 42050 15/2°—19/2¢ 2287 22 0.3®0 L2 =152
490.8 28 0.9019)  2.3629 19/2"-23/2* igg'g 146 gggg ;91);; ‘g;;
526.6 20 1.045 3.2024) 23/27-27/2" : ' . .
562.8 10 1.089 2727 —31/2¢ 2844 =2 23/2 -21/2"
607.4 60 1.025) 31/2-35/2" 2898 ~1 25/2°~2312
659.0 4 0.9(80) 35/2—39/2*
716.0 <4 1.0632) (39/2+—43/2+) 2 [514] band

315.2 16 1.16)  0.301) 13/27-9/2"
3315 38 1.1006) 1.8020) 9/27-13/2" 4105 22 0.9812)  0.548) 17/27-13/2"
411.1 43 0.914) 3.5029 13/2"-17/2* 493.6 15 1.08l6) 1.2019) 21/2--17/2"
468.5 36 0.8al7) 3.1026) 17/2"-21/2* 560.0 20 1.2614)  2.416) 25/27-21/2"
509.0 34 0.9811) 2.2025 21/2+-25/2* 623.0 10 0.8220) 27/2--25/2"
543.8 14 1.1@4) 3.1030) 25/27-29/2°
585.3 10 0.9619) 29/2*-33/2* 364.0 26 1.0214 0509 15/27-11/2"
631.0 7 0.9%3) 33/2"-37/2* 453.4 23 1.15 0.9013 19/27-15/2"
685.0 5 1.080) 37/2"-41/2* 528.6 35 0.9813) 1.6024) 23/27-19/2"
732.0 >5 11435 41/2" -45/2* 586.0 20 0.9614) 2.0040) 27/2”—23/2"

662.0 >13  0.9219 31/2-=27/2"
130.0 32 0.4712) 92+ —7/2*
153.0 23 0.5214) 11/2*-9/2* 131.0 30 0.50113) 9/27 =712~
178.5 19 0.4019) 13/27-11/2* 145.0 68 0.4012) 11/2--9/2~
193.9 16 0.37119 15/2*-13/2* 170.2 75 0.40L2) 13/2-—11/2"
217.2 6 0.5121) 17/2*-15/2* 193.8 80 0.372) 15/27-13/2"
226.1 6 0.4R23 19/2*-17/2* 216.7 60 0.47L3) 17/2--15/2"
242.3 7 0.40) 21/2-19/2* 236.7 45 0.573) 19/2--17/2"
2485 6 0.3819) 23/2F-21/2* 256.9 16 0.3614) 21/27-19/2"
260.5 4 0.5225) 25/2+ -23/2" 271.7 6 232 -21/2"
226.1 2 0.4130) 2712+ -25/2* 288.3 5 25/2 —23/2°
277.7 >1 29/27 -27/2* 297.7 4 27/2 —25/2~
285.1 >1 31/2F—29/2*

300.2 >2 33/2t-31/2*
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shell model(PSM) as well as its analysis of the data is pre-

sented. The complete PSM spectrum is compared with the 61 79984
data. Discussion about the delay mechanism in the frame-
work of the PSM is given. Finally, the paper is summarized
in Sec. V. e

Il. EXPERIMENTAL METHODS AND RESULTS
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The present experiment was carried out at the HI-13 Tan-
dem Accelerator of the China Institute of Atomic Energy in
Beijing. Using the reactiort®®Gd (*°F,4n) "*Ta induced by
the 87 MeV florine beam, we were able to obtain high spin

o
|~—o
o
&
<5
o

states of1”°Ta. The y-y coincidence measurements were | gt
made by four HPGe-BGO Compton-suppressed spectrom- i . 16515 7324
eters, which are placed at about 15 cm from the target. The woo A -

energy resolutions of the detectors are 1.9 — 2.0 keV for the A —
1332 MeVy ray of the ®%Co source. For this experiment, we e 60

used an isotopically enriched metallié%Gd target, which i 600 SLI6I01
was rolled to a thickness of about 2.1 mgfknit has an prisry Bvsees 6310
evaporated lead backing of 1.0 mg/&nThroughout the ex- e |67 33M2079.1

— 4L 26706

periment, the beam current was limited to 15 nA so that the o
individual counting rates of HPGe detectors were below oy T
2000/s. The data were collected by the VAX 11/780 com- ZLM% 5710 6o,
puter in an event-by-event mode, with a total of about [, . k

15x 10° events accumulated and recorded on magnetic tapes,| '
for off-line analysis. The energy and efficiency were cali-
brated using*®%Eu and®°Co sources. In the experiment, we 1
extract DCO ratios from the detectors positioned at 32° and |
88° from the beam direction. In Table I-ray energies, &
relative intensities, DCO ratios, branching ratios and the spin -
assignments are listed. From the gate spectra, relationshipg—
of coincidence, summed energies, transition intensitieg of . - ' -
rays, DCO ratios, and, basedgon the previous work b; Foin pfelanz) 1/ o] a/er (o) 9/2 [514]
et al.[22], a new level scheme are establisiiede Fig. L
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FIG. 1. Proposed level scheme fbf°Ta with energies in keV.

A. Rotational band based on the% [541] proton configuration

From the data, a sequence of transitions consisting of 1gated on known transitions of thg [404] band [22] in

7 .
y rays, most strongly populated H{°Ta, is obtained. From Ta. Furthermore,_one obs'e.rves at low energies a set of
this sequence, seven new transitions with energiiekeV) weakly populatedA1 =1 transitions of 130.0, 153.0, 178.5,

682.2, 741.6, 792.0, 732.5, 751.1, 822.0, and 911 are adde®3-9; 217.2,226.1, 242.3, 248.5, 260.5, 266.1, 277.7, 285.1,
to the  [541] band. The remaining ones with energiaso and 300'0.(‘."‘"%0 in keV) y rays. After sett!r)g gates on_the

in keV) 74.5, 172.1, 274.0, 371.7, 461.7, 543.7, and 617.dew transitions, the order for most transitions can uniquely
were the same as those re;,)orted k’)y R-:diai.[22]. The sum Pe determined from the coincidence relationship and the

gate spectrum as well as the two spectra gated on new tragummed energie;. Based on the intensit_it.as from the spectra
sitions are shown in Fig. 2. The order of these new transig2t€d on each side of the knovi® transitions, the upper

tions in this band was ascertained on the basis of the trangR@'t transitions without the relevakt1 decays were ordered

tion intensities in the sum gate spectrum as well as in théS€€ Fig. 3 The spins and parities are extended frgm to

SO . 4 Bkl T 23+ ¢4 39+ - -
individual gate spectra. The spins and paritiesof, 4-, 2z (from 37 to 3°7) for the sequence with the signature

45- 49— 53— and %~ are assigned to the new levels in quantum numbet- 5 (—3). The transitions of 716 keV and
accordance with the angular momentum selection ruleg32 keV are weak and are placed at the top of the bands.
I=a; mod 2 and a systematic comparison with Ref2].

The weak 911 keV transition appearing in the sum gate spec- C. 2 [402] and 3 [514] rotational bands

trum is placed at the top of this band and assigned a spin-

parity value ofSL ™. In the present work, the previously known transitions be-

longing to the3 [402] and ¥ [514] bands[22] have all been
identified. Unfortunately, in the present experiment, neither
of these two bands can be extended to higher spin states.
Two parallel sequences of transitions with=2 and en-  There are only two additional transitioi662 keV and 623
ergies 331.5, 411.1, 468.4, 509.0, 543.8, 585.3, 631.0, arkkV) which may contribute to thé [514] band and are as-
685.0 and 283.0, 372.4, 443.3, 490.8, 526.6, 562.8, 607.4igned to the transitions fror®~ to 2~ and from3~ to

and 659.0all in keV) can be clearly located from the spectra 5 ~, respectively.

B. Z [404] rotational band
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FIG. 2. Spectra gated o) % [541] sum gate(b) 617 keV, and(c) 682 keV.
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FIG. 3. Sum-gate spectra ¢f) % [404] band(the peaks marked with an asterisk are contaminated from other ))bdbdsa = +1/2
E2 transitions(marked with #), andc) M1 transitions ¢ = — 1/2 E2 transitions marked with-).
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FIG. 4. Experiment Routhians and alignments '6fTa, with  wheregy is theg factor of the collective rotatiorg,(g,) the
Harris parametet{, = 30 MeV~! #2 andH; = 70 MeV 3 #4. intrinsic g factor of the quasiprotoriquasineutrop andi,

andi, aligned angular momentum for the proton and neu-

tron, respectively. The terme’/Aw is the relative experi-
D. Experimental data in the rotational frame mental signature splitting an&K=K(w) the frequency-
dependent effectiveK value in accordance with the

In order to study the effect of rotation on the single- L : . )
particle motion, we shall transform the experimentally mea_prescnpnons given by Ref26]. Qo is the quadrupole mo

sured excitation energies and spins into the intrinsic rotating?]ent for the relevant configuration. In the present calcula-
frame[24,25. The experimental quasiparticle spin aligments.lon’ 9r is assumed to be 00.3) below (above the cross-

and the Routhians plotted as functions of the rotational fre!"9 point. This variation of thg accounts for the increased

quencyZo for 17°Ta are displayed in Fig. 4. The Harris neutron contribution. Also, thg, values were obtained for

parameters of the rotational reference configuration7ége each band from the Nilsson calculationg;=1.36 for 3
- 5 - z
~ 30 MeV~ 142 and’H, = 70 MeV"~ 4. We noticed that the L2 +4» 9p=1.50 for ; [402], andg,=0.72 for 3 [404]. The

. : g, value, on the other hand, was assumed to-{#2. For
r11eutronAB band crossing fre_quency for the band bu_llt on thethe quadrupole momenQ,), we have used 6.9e(b) for
5 [541] proton configuration is about 0.375 MeM/whichis 5 [402] and 7.3 € b) for both £ [514] and 3 [404], which

the highest one so far observed in this mass region. Thé

delay frequencies observed H#THo [17] and 5°Tm [6] are assumes tha, is proportional to thes, deformation[28].
comparable in magnitude to this one Finally, the alignments, andi, were taken directly from the

experimental results. The present calculations were carried
out without any signature splitting and the results are dis-
played in Fig. 5. Obviously, below the neutron crossing
One can deduce the empiridd(M 1)/B(E2) ratios from  point, there is reasonable agreement for all three bands be-
the observedy-ray energiesE, and branching ratiod as tween the theory and the data. However, beyond the neutron
follows: crossing for band; [404], the theory fails to reproduce the
data. One should note that the neglecbdh determining the
experimental ratios requires generally a smaQgr[13].

E. B(M1)/B(E2) values

B(M1;l—1—1) E3(1—1-2)
————————=0.697-3 .
B(E2;l—1-2) ES(I=1 =1\ (1+67)

D
Ill. ANALYSIS WITH THE CRANKED SHELL MODEL

A. Neutron AB band crossing frequencies

For the cases here, the factéf is sufficiently small and is for the 2 [541] proton configuration

neglected.
Likewise, by using the semiclassical formu26] which The experimental, extracted from the Routhian plot is

assumes a smally deformed rotational model for the approximately 0.375 MeW. This is significantly larger by

B(E2)’s [27], one can compute thB(M1)/B(E2) ratios: about 80 keV than those of the yrast sequences of its even-
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TABLE Il. Comparison of the band crossing frequencies of

174Hf, 175Ta, and”G\N. 0.41
Nucleus Rotational band o (MeV) 039 [ (exp) =0.375
1744 Yrast 0292 P c..
15T 3 [541] 0.375 037 |
176y Yrast 0.291 N //Q
S A Q
éuoss beb‘” §
even neighbors"4Hf [29] and "% [30] (see Table . In = PN "
fact, this delay in crossing frequency is so far the largest 0z | “n v
observed in thg [541] band in odd-Ta isotopesee Table
[II') or any other odd nuclei of this region. It is interesting st |
to note that the shifAiw.=fw, (0-€) —hw, (e-e) in the ’
odd-Ta isotopes forsma V shape with increasing neutron
number with a minimum alN=98. As mentioned in Sec. |, 0.29 — U S
this shift may be due to the so-called deformation driving 025 026 027 028 029 03 031 082

effect of the 3 [541] proton with a larger prolate orbital £

momentum. It is worth noting that in the same nucleus one

obtains also a lower crossing frequency by about 40 keV g, 6. Crossing frequency of the[541] band in"°Ta vs the
(0.25 MeVF) than its immediate even-even neighbors for guadrupole deformation parameter.

the 2 [404] band. This is the lowest crossing frequency in the

[404] band for the odd? Ta nuclei. Thus this means that the . . . I

oblate orbital quadrupole moment he®, & 3n,— N= —4) One_ _pos&ble reason why this calculatlon fails is because
should reduce the prolateness of the core. One may conclud@€ Pairing gapA, is too small. To improve the agreement
from this discussion that the shift in the crossing frequency i&Vith the data, a second calculation utilizing an average pair-
partially due to some shape driving effect and should bd"d gap of 0.916 MeV is used. This gap is obtained by fitting

configuration dependent. the band crossing frequencies of the yrast sequence of its
even-even neighbor$Hf (A,= 0.843 MeV) and "Hf
B. CSM calculation for 3 [541] proton configuration (A,= 0.990 Me\). Unfortunately, this calculation also pre-

dicts too low a crossing frequency of 0.293 Mé&Vivhich is

In this section, we shall use the CSM to analyze the dat : ;
Three versions of the CSM calculations are performed. In tha"eOughly 80 keV below the experimental value. In Fig. 6, we

) : ; plot the change of the crossing frequengyas a function of
grrztlzvsvgdcalculanons, the Nilsson parameters from R&1] £, With £4 = 0.034,y = 0, andA,, = 0.916 MeV. It shows

The parameters for the first version ase= 0.250,¢, = that in order to reproduce the observed crossing frequency,

0.032(taken from Mdler and Nix[21]), and a pairing gap of 1€ guadrupole deformation, should be around 0.30, a
A,=0.730 MeV which is extracted from the odd-even massvalue which is neither consistent with the conventionally

difference formula used deformation parameter given by Mo and Nix [21]
nor the configuration-dependent deformation parameters of
A,=3[B(Z,N—2)—3B(Z,N—1) Nazarewicz, Riley, and Garrefi28]. The configuration-

dependent deformation has been shown from a recent life-
time measuremerjtl7]. However, no significant difference

) ) ) ) was detected in the deformation between $hg541] band
The result of this calculation gives ahB band crossing 4n4 the others.

frequency of 0.27 MeW, which is not only lower than the The third
observed value fot"*Ta, but is also lower than its adjacent
even-even nuclei'™Hf (Aw,~ 0.291 MeV} and "W
(hwe~ 0.293 Me\).

+3B(Z,N)—B(Z,N+1)]. 3)

calculation was performed with the
configuration-dependent deformation parameter deduced by
using the shell correction method with the Woods-Saxon po-
tential and a monopole pairing residual interacti@g]. Un-
fortunately, the obtained, in this case is 0.291 MeVsee
Table IV), which is still too low. It should be pointed out that
all the above calculations used the simple versions of the

5 CSM with the deformation parameter determined by the

¢ hog ho, Aho. . -
Nucleus (MeV) Nucleus (MeV) Nucleus (MeV) (keV) ground state. A_Ith_ough the parameter was configuration de-
pendent, its variation as a function of rotation was neglected.

167Ta 0.295 1%4f 0.255 1% 0245 45 There were two recent CSM calculations aimed at resolv-
16973 0.305 %Hf 0260 YW 0270 40 ing this difficulty. First, using a deformed Woods-Saxon po-
iTa 0290 YSWf 0275 YAV 0.275 15 tential and the deformation parameter obtained from total
17314 0360 1Hf 0290 YA  0.300 65 Routhian surfac€TRS), Yanget al. [32] obtained a similar
17574 0375 YHf 0291 %W  0.202 83 (low) value of w; = 0.292 MeV#. The results for the odd
Ta isotopes are listed in Table V.

TABLE IIl. Shift in crossing frequency fos [541] band in Ta
isotopes.
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TABLE IV. The deformation parameters used in various CSM  Hence, although the CSM has had much success in por-
calculations and the obtained crossing frequencies fo;th®41]  traying the global features of a deformed heavy system, the
band of *’*Ta and the yrast band of the even-even isotone. Thanherent mean-field nature may render it difficult to quanti-
deviation between theory and experimentipfor the 3 (541 band  tatively account for subtle features, such as those at or near
of **Ta is given in the last row. the band crossing. In fact, without attempting to go beyond
the mean field, it is not obvious how one could overcome
this apparent failur¢35].

hw, (0-€) hw (e-€e) Ao,

&y €4 y (MeV) (MeV) (keV)

0.250(31] 0.032 @ 0.293 0.292 82 IV. THE PROJECTED SHELL MODEL ANALYSIS

0.265[28] -0.016 d 0.291 0.290 84 )

0.290(3,) [32] -0.026(;) -0.2° 0.292 0.288 83 To go beyond the mean field, one needs to resort to a shell
0.274[33] 0.031 P 40 model approach. It is of course well known that a straight-

forward implementation of the shell model is impossible for
heavy systems. The projected shell mgd] (PSM) is de-
Very recently, Cher{33] performed a CSM calculation signed for this purpose. The PSM. is in fact a shell mopiel
which uses the Nilsson potential with configuration- @PProach. Yet, unlike the conventional shell model, which
dependent shape parametessandy obtained from the TRS ~ begins with the spherically symmetric single-particle basis,
calculation. The neutron gap paramete; was taken as the PSM begins with the deformetNilsson-type [37])
1.4A, (the odd-even mass differencéhe absolute value single-particle basis. Such a basis has the advantage of in-
At w, in this calculation is only about half of the observed corporating important nuclear correlations more readily, es-
value. pecially for a well-deformed system. Hence, in a manageable
In Table IV, we have summarized the results of the aboveonfiguration space, one can treat the heavy systems in the
calculations. In the last row of this table, we see that thereshell model framework. Using the PSM, it has been demon-
are large deviations between the theoretical and experimentatrated that one can quantitatively account for many high
crossing frequencies. spin phenomenf38,39, and the results obtained can be in-
In early discussions along this line, the deficiencies ofterpreted in simple physical terms. While this shell model
standard cranked shell model calculations including theyasis violates the rotational symmetry, it can be restored by
monopole pairing force were discuss@ee[34]). The inclu-  the standard angular momentum projection technicig.
sion of the quadrupole-pairing force resulted in an improvedrne pairing correlation is included by successive BCS calcu-
agreement with experiment for the description of the crossyations for the Nilsson states. Thus, the shell model trunca-
ing frequency in rare-earth nuclei. tion is carried out within the quasiparticle states with the
vacuum|¢). Recently, based on the PSM, an alternative ex-
C. Summary of the CSM calculations planation of the anomalous crossing frequency in odd proton
rare-earth nuclei has been suggedtea.

After examining various CSM calculations, one may con-
clude that this problem’s resolution does not lie within the
CSM framework. These CSM calculations with deformation
parameters obtained from the TRS indicate that while the
quadrupole deformation driving effect can have an effect, it The ansatz for the angular-momentum-projected wave
is a minor one and cannot explain the delay of & band  function is given by
crossing frequency of thé [541] proton orbital. Increasing
the deformatiore, alone is insufficient to produce the abso- [IMY=" f,Phx |@), (4)
lute experimental crossing frequency. Such failures raise the K
guestion of whether the inadequacy of the mean field of the
CSM, where the residual interactions can at best be partially
and indirectly included8,9], can address this problem. where « labels the basis states. Acting on an intrinsic state

|@,), the operatoP:\,IK [40] generates states of good angular
) TABLE V. Calculated neutrom\B crossing frequencies of the  momentum, thus restoring the necessary rotational symmetry
7 [541] band for Ta isotopes and their even-even neighbors, angiplated in the deformed mean field. The advantage of the
comparison of thle theoretical and experimental delay in Crossm%resent approach is that the crossing and mixing of bands at
frequency for the; [541] band[32]. a given angular momentum are treated fully quantum me-
chanically. This turns out to be crucial to treat the present
problem since the observed anomalies are consequenses of

A. Theory

hw (0-€) hw(e-e) AhwTheor) AfLw(Expt)

Nucleus  (MeV) (MeV) (keV) (keV) the band crossings.

167Ta 0.232 0.222 10 45 In the present work, we have assumed that the intrinsic
16%Ta 0.242 0.233 9 40 states have axial symmetry. Thus, the basis statgsmust
11Tg 0.266 0.263 3 15 have K as a good quantum number. Since the nucleus in
17314 0.280 0.274 6 65 question has only a weak deformation, such a constraint
17514 0.292 0.288 4 83 will not prevent us from investigating the physics at hand.

The basis statelsp,) are spanned by the set
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{ah 6).al,af, ab &)}, s
[
{|¢>: aﬁialjldm agkaalw, aliaﬁjaﬁkagllw}, ) 7.5 | neutron pair = -5/2[642] + 7/2[633] ,’_‘>"/,' ]
for odd proton and even-even nuclei, respectively. The qua- 65 7 _ ?Z {gm '\‘ A
siparticle vacuum ig¢) and a, (aTm) is the quasiparticle ' = = 8/2[514] + neutron pair Ly
(gp) annihilation(creation operator for this vacuum; the in- 55| 12 [541] + newtron pair
dexn; (p;) runs over selected neutr@proton quasiparticle — 1 i
states andk in Eqg. (4) runs over the configuration of E(p). > i i
The vacuum is obtained by diagonalizing a deformed Nils- =2 45 i
son Hamiltoniar{ 37] followed by a BCS calculation. In the 5 i
calculation, we have used three major shells, N4, 5, g 35 1
and 6 (N= 3, 4, and % for neutrong(protons as the configu- W -
ration space. For the odd system, the BCS blocking effect 25 .
associated with the last unpaired proton is taken into account LT .
by allowing all the odd number of protons to participate 15| .
without blocking any individual level. The size of the basis L , )
states, which includes the most important configurations, is 05| negative parity |
determined by using energy windows of 1.5 MeV, 2.5 MeV, |
3 MeV, and 4 MeV for the 1qp, 2qp, 3qp, and 4gp states, 050 T
respectively. 0 4 8 12 16 20 24 28
In this work we have used the HamiltonigB6] Spin (R)
N 1L At A DTR Bt b FIG. 7. Band diagram for negative parity bands'iATa. Two-
H=Ho ZXE QuQu=GuPP GQ; PuPu, (® proton 1qgp band$ [514] and 3 [541] and the corresponding 3qp

~ bands are plotted.
whereHj is the spherical single-particle shell model Hamil-
tonian. The second term is the quadrupole-quadrupole integuce a one-quasiproton band. The energies of each band are
action and the last two terms are the monopole and quadrgiven by the diagonal elements of E§)
pole pairing interactions, respectively. The interaction
strengths are determined as follows: The quadrupole interac- ( ||:”5| PRET
tion strengthy is adjusted so that the known quadrupole E ()= Pl T kKl P = KK (10)
deformation ¢, from the Hartree-Fock-Bogoliubov self- “ (@ Pirle)  Nix
consistent procedurgtl] is obtained. It turns out that, for
175Ta, e, = 0.260. The monopole pairing streng@®y, is

adjusted to the known energy gap A diagram in whichE,(l) of various bands are plotted

against the spim will be referred to/36] as a band diagram.

N—7Z It will reveal information to understand the character of the

Gy=|20.12r13.13——|A 1 (7)  observed band crossings. The results obtained from diago-
A nalizing the Hamiltonian of Eq6) can be compared with the

where the minugplus) sign is for neutrongprotons. The experiments.

quadrupole pairing strengts, is assumed to be propor-
tional toGy, and the proportional constant is fixed to be 0.24 B. Comparison of the calculation with experiment
in the present work. The effect of adjusting the quadrupole |, Figs. 7 and 8, the band diagrams for negative and posi-

pairing will be discussed later. _ _ . tive parity bands of'’°Ta are presented, respectively. Al-
The weightsf, in Eq. (4) are determined by diagonalizing hoygh the calculation produces more bands, for the present

the HamiltonianH in the basis given by Eq5). This will  purpose, only the most interesting ones are plotted to illus-
lead to the eigenvalue equatidior a given spinl) trate the main features. The rotational frequency of each
band,o(1)=dE(1)/dl, is naturally described by the slope of
2 (H, o —EN,)f =0, (8) the curve and its inverted value by_ the moment of inertia.
o In Fig. 7, one sees that for a given angular momentum,
different configurations give rise to different slopes. As a
with the Hamiltonian and norm overlaps given by function of increasing angular momentum, th¢514] band
“n - shows the usual smooth behavior. From this figure, we see
HKK/:<<PK|HPKKK/K,|¢K/>1 NKK':<<PK|PKKKIK,|<PK'>- that it roughly crosses with thi[541] band at spirét # and

9) continues upward monotonously. At about sgi, it is a
converging point of several bands and all will interact with
Projection of good angular momentum onto each intrinsiceach other. At this point, the empirical assignments of the
state generates the rotational band associated with this intriflevels cannot be clear-cut. From Fig. 7, we can predict that
sic configuration|¢,.). For example,P:\,,Kagl|¢> will pro-  the 3 [514] band will cross the 3qp band at spi:.
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»»»»»» 712 [404] i’ L — 5 o0 —
65| --- 52402 g — s
’ —-= 7/2[404] + neutron pair k L Sr— —
F —— 5/2[402] + neutron pair /{' S — 612 —
55 | i 8r — 552 570 e
. . — s
% I ; [ 532 — —®
2 4s) l‘/:: | i r T
s — 512
3 L . ~~ | 492 =—— — 512
5 35| y > 2 — S92 —
c ya o) 6 — e o —
w L VA —
o5 | A E -45/2 w— —a
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FIG. 8. Band diagram for positive parity bandsiffTa. Two- C— p— Ty W
proton 1gp band$ [402] and 2 [404] and the corresponding 3qp Foe— g R me—
—_— R —_ - pa—
bands are plotted. b= —m g== wORT —m B=
For the3 [541] band, the zigzag behavior indicates that 7/24{404] 5/24402] 912{514) 112541)

the energies have a strong signature splitting. In fact, one
empirically observes the favored branch with signature

+ 3. This one-quasiproton band crosses the 3gp band at spin FIG. 9.
£ 4, thus producing the observed anomaly in the spectraFig. 1.
Beyond this point, the structure of the yrast band is mainly
3gp in nature. It should be pointed out that without any ad- _ _ _ _ _ _
ditional assumption, our calculation indicates thatjg41]  Yrast region and will be important. Since such configurations
band crosses the 3gp band at a much later stspje % #) are absent here, it is reasonable that the predicted levels at
than the? [514] band(spin ¥#). This means that from the Very high spins are found to be too high in energy.
PSM, band crossings are sensitively configuration depen- EXperimentally, since the linking transitions are missing,
dent. the excitation energies of the bandheads are unknown. This

In Fig. 8 one sees the smooth behavior of the bandsalculation, on the other hand, suggests thatlthé of the
5 [402] and [404]. This is quite similar to thé [514] band.  band $* [402] is in fact the lowest and is regarded as the
In fact, these two bands_ are found to be nearly degeneratground state E=0) (see Fig. 9. The excitation energies of
This was also observed in tH&Ta calculatior{42] and can the other bandheads related to the ground state are 122 keV
thus be congd_ered as a general featyre for the_ Ta |sotope(§.: Zin the 1* [404] band, 5 keV (1= 2 in the ¢~ [514]
Although their interaction causes a slight repulsion, the two 5 . _

gnd, and 181 keV (= 3 in the 3~ [541] band. Although

bands nevertheless remain parallel and have nearly identic3 o ;
moments of inertia. It is predicted that the crossings willthez "~ [514] band has the lowest state at very low spins, due

occur around spifé 7, which is clearly earlier than those of 0 the crossing with; ™ [541] band at spin%#i, the latter
the negative parity bandsee Fig. 7. becomes the yrast band after that spin. The two positive par-

In Fig. 9, the theoretical level scheme is presented. Thidy bands%f [402) and 3 [404], due to their interactions,
was obtained by solving the eigenvalue equati®n(band &€ now shifted from each_ other_ in a parallel man_ner_by
mixing). The seven lowest-lying positive and negative parity"™ughly 100 keV at low spins. Still they roughly maintain
bands(to be compared with the measured levels in Fig. 1 identical transition energies.
are obtained by diagonalizing the matrix or{see Fig. 7 and
Fig. 8 for their exact locations and the positions of band
crossing. This calculation includes states up to sgif for

those with signaturet 3 and 32 # for those with— 3. For In this section, we shall address the question of the delay
higher spin states, we expect that 5gp states will be near thia the band crossing of the protgn[541] band. The results

Theoretical level scheme &f°Ta, to be compared with

C. Delay of the crossing and the quadrupole pairing
interaction
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FIG. 10. Rotational frequency vs angular momentum plot for ~FIG- 11. Rotational frequency vs angull7ar momentum plot for
the proton} [541] band in "*Ta. (a) Top: comparison of the cal- the yrast band of the two isotoné&Hf and "% . Data are taken

17 17 i
culation with the present datéb) Bottom: influence of the qua- fro_rr_w Hf [29] and MW .[301‘ The mflu_ence of the quadrupole
druple pairing force on the crossing frequency. pairing force on the crossing frequency is shown.

of our calculations are shown by plotting the rotational fre-W€ noticed that the effect is less pronounced at very low
quency as a function of the angular momentum in Fig. 10SPinS than higher spins, as seen in Figlal0
For Fig. 1a), the PSM predictions agree well with the data. ~AS Summarized in Sec. Ill, one cannot account for the
In particular, it reproduces the rotational alignment at spir@bsolute value of the observed crossing frequency by merely
45 7. It is interesting to notice the role played by the quad-changing deformatiog, alone in the CSM. The question of
rupole pairing force in the Hamiltonian of E@6), whose What is the effect of the deformed field to the shift of the
sensitive influence on the results is demonstrated in Figerossing cannot be answered directly within the present
10(b). Indeed, by increasing th€ from 0.16 to 0.24, one model because the deformed single-particle scheme serves in
obtains a significant delay of the alignment. If this force isthe PSM only as a basis from which the many-body wave
absent from the Hamiltoniafi.e.,C = 0), the alignment can functions are constructed. Since the physics should be basis
occur as early as spiff #. The physical reason behind the independent, the physical consequence must emerge from
delay is as follows: If a zero angular momentum pair is bro-any suitably chosen basis provided no addtional effexts,
ken in the absence of quadrupole pairing, then there is neaused by basis truncatipare introduced. In Ref.10], we
additional force to resist the alignment process beyond thadtressed that including both the quadrupole pairing interac-
point [43,10. In other words, the quadrupole pairing inter- tion and the shell model configuration mixing is important
action prevents the alignment from occurring too early.  for the PSM to reproduce the observed delay of the crossing
As was mentioned at the beginning, the delay of thefrequency. It would be interesting to see how the CSM re-
crossing frequency is measured by comparing an 2dd- sults can be improved by including this force. However, we
nucleus with its even-even neighbors. Hence a unified treatyould like to point out that in the PSM, angular momentum
ment demands us to examine the even-even neighboring N@rojection generates states in the laboratory system and en-
clei with the same theory as well. In Fig. 11, we present oUlsyres the states to be mixét) by two-body residual inter-
results for"Hf and *"%W. By varying the quadrupole pair- actions and?2) at a given angular momemtutnot a given
ing strength, one observes the effect of shifting the crossingotational frequency We believe that these two ingredients
points. However, because of stronger band interactions, thgre important for a more complete description of the phe-
influence of varied quadrupole pairing strength cannot beomenon at hand. Clearly, both of these ingredients are miss-
seen as clearly as in th€°Ta cas¢see Fig. 1M)]. Further  ing in the CSM.
inspection of the dynamical moment of inertig'®)) indi- The quadrupole pairing has not been studied as much as
cates that for'’®, one can reproduce the peak @@ at  other effective interactions. Therefore, it will be interesting
| =18 when a quadrupole pairing stren@ik=0.20-0.24 is  to see if one could gain additional information and insight
used, while for'Hf, a smallerC=0.16 is required to re- about this interaction from the study of high spin spectros-
produce the peak off?) atl =16. This implies that the force copy. The quadrupole pairing strength is an adjustable pa-
can be dependent on the mass numier further discus- rameter according to the PSM. The average ratio of the
sion, see the last paragraph of this subsegtiBarthermore, strengths of quadrupole and monopole pairing used in the
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PSM is 0.2[36], a value which is consistent with that intro- that for this nucleus, the shift in crossing frequency for the
duced by Refs[44,45|. % [541] proton band is the largest one observed to date. In

At this stage, what we have done is to confirm the signifi-order to understand this shift, we have performed several
cant contribution from the quadrupole pairing interaction toversions of CSM calculations and found that none can quan-
the anomalous crossing frequency. It is important to note thditatively reproduce this feature. Thus, from these CSM stud-
the PSM is able to account for the trend of the variation ofies it is difficult to ascertain which mechanism within the
the crossing frequency as a function of mass number. In facCSM framework, if any, is the leading cause for this obser-
preliminary results obtained by the PSM satisfactorily repro-vation. On the other hand, the PSM is able to reproduce the
duce the crossing frequencies for all the odd proton nuclei imeasurement satisfactorily. The essential difference between
the rare-earth region by adjusting the quadrupole-pairing inthe PSM and the CSM is that the former is a fully quantum
teraction(with the ratio of the strengths of quadrupole andmechanical theory and treats the band crossings properly.
monopole pairing varying from 0.16 to 0.24nly [46]. In  One of the effective interactions, the quadrupole pairing
particular, the V shape of the observed shift in the Ta isotopéorce, is found to be responsible for the observed delay. It is
chain (as discussed in Sec. )lis successfully reproduced. therefore suggestive that a systematic investigation of the
Adjustment of this parameter around the average value focrossing frequency may open a new empirical window to
different nuclei(e.g., along an isotope chaimay indicate study this subtle effective interaction.
the orbital-dependent nature of this force. Work towards un-
derstanding this problem is in progress.
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