PHYSICAL REVIEW C, VOLUME 65, 014309
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Excited states in®°Ta, populated in thé®Hf(p,n) and (d,2n) reactions, were investigated by in-beam
y-ray and conversion-electron spectroscopy. In addition to the excited two-quasiparticle ban#s™ with
and 1" known from previous work, we have identified six other low-lying two-quasiparticle bandsKuvith
<4. At intermediateK, 12 previously unkown levels were identified that could, however, not be associated
reliably with rotational bands. These levels might be of significance in connection with the as yet unresolved
problem of the stellar production mechanism for theiSomer of *¥Ta. At higherK we observe only levels
known from the previous in-beamrspectroscopic studies with heavier projectiles, but suggest for some levels
a different ordering into rotational bands based on band-mixing considerations. We also report a deuteron
spectrum measured in tH&Ta(p,d)*8Ta reaction with high resolution and statistics. This spectrum served for
configuration assignments and yields an energy of T8keV for the 9 isomer in ¥°Ta.
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[. INTRODUCTION with in-beam y-ray spectroscopic methods following com-
pound reactions with’Li and B ions [4—6] and deep-
The nuclear structure of the doubly odd nucléfi®ra is  inelastic reactiond7]. In these investigations many low-
of current interest in connection with the nucleosynthesis ofying two-quasiparticle states and their associated rotational
this isotope. The®®°Ta species found in nature, with an abun- bands were identified, but due to the nature of the reactions
dance of 0.012%, is a quasistable” 9isomer ¢, used preferentially excitations with high(the projection of
>10' yr) at an excitation energy of approximately 78 keV, the spin on the nuclea.r deformatlon_ e)ms_e populated. Be-
whereas the 1 ground state decays with a half-life of 8 h. In 10W K=4 only two excited two-quasiparticle states were ob-

spite of considerable experimental and theoretical efforts, thgig\’e‘iﬂh‘g’:&h were already known from the previous transfer

roduction and survival of the spin-trap isomer in nucleosyn- . . . . '
P b P Y In order to identify the two-quasiparticle states i#fTa

thesis is not cleafl,2]. One open question is the extent of . . ) i

. . . with low and intermediat&K we have performed in-beam
the coupling of the isomer and the ground state in the photon rav and conversion-electron spectroscopy following the
bath of the stellar environment via resonant excitation of’ oY P Py 9

higher-lying excited levels. An understanding of this problem(p’n) and (d,2n) reactiond8]. The results of these investi-

. detailed knowled f th | truct ations are reported in the present paper. In addition, we
requires a detaied knowiedge ot the nuclear structure 0gresent the results of an earlier high-resolution measurement

H0Ta. _ o of the deuteron spectrum in the reactitiTa(p,d)¥°Ta[9]
" The expenmental knowledge on the r_1uc|e§1r excitations ofhat is an essential help in the assignment of two-
°Ta available before 1996 is summarized in &l Ex- quasiparticle configurations to the levels observed®fia.
cited states were studied in proton and neutron transfer on
targets of 1"*Hf and *¥Ta. The intrinsic levels observed in
180Ta are essentially restricted to those due to the coupling of
the proton ground state of'Ta with the intrinsic neutron The ®Hf(p,n)&Ta reaction is expected to dominate at
states and the coupling of the neutron ground stat&’%ff ~ proton bombarding energies below 10 MeV, as compared to
with the intrinsic proton states. Furthermore, these investigathe Coulomb barrier for this reaction ¢£13 MeV. We,
tions do not provide information on thg decay of the iden- therefore, chose thed(2n) reaction for our first measure-
tified levels. Recently, excited states 1#i°Ta were studied ments. In a later measurement of the excitation functions for
the (p,xn) reactions, we found that thep(n) reaction at
E,~9 MeV is most favorable for the investigation of the
*Permanent address: Institute for Nuclear Research, 252028 Kielpw-spin-level structure of®°Ta[10,11. In this section, we

II. EXPERIMENTAL METHODS AND RESULTS

Ukraine. will first present some results obtained in tltkZn) reaction
TPresent address: Lawrence Livermore National Laboratory, Livfollowed by a more detailed discussion of the results ob-

ermore, CA 94551. tained in the p,n) reaction. The deuteron spectrum mea-
*Present address: Institut rfuiernphysik, Universitazu Kaln, sured in the'®'Ta(p,d)®Ta reaction will then be presented

D-50937 Kdn, Germany. and in a final subsection we will give a graphical summary of
SDeceased. the band structure observed #°Ta.
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TABLE I. Energies of selecteg rays in ®Ta.

T T T T T T T T T T T

350

Transition E, (keV) é 180Hf(p’n)180-r0
(1™,K); (1™, K); Present work Ref. [4] Ref. [5] r - gate 100.8 keV -
4-,0 37,0 83.86 83.9 83.9 o50k § ]
57,0 40 101.64 101.5 101.7 S
0,0 11 107.71 107.8 107.6 2 .
6,0 57,0 127.84 127.8 127.6 3
77,0 67,0 138.19 138.0 138.3 © 150 - .
87,0 7°,0 171.30 171.2 170.9
4~ 4 31 177.68
37,1 470 226.04
27,1 37,0 243.74
171 2,0 252.39 252.5 252.1
171 0,0 315.63 315.8 315.4 _
2°1 17,0 347.53 347.8 346.8 i g o _
37,1 2°,0 373.07 373.5 372.8 9
5+,4 4* 4 121.44 1211 121.8 6or P o ]
4% 4 3,1 409.14 409.1 408.8 i 2 1
8+.8 9,9 100.75 100.7 100.6 2 o |
6.6 7.7 111.32 111.0 111.1 5 - .
7.7 88 179.12 179.0 178.9 8 t = 8
9*,8 8*,8 196.35 196.3 196.2 ol c
6,6 77 217.88 218.0
10*,8 9* 8 221.22 221.3 221.1 -
777 8*,8 285.60 285.7 285.3 o
8Estimated accuracy: 0.05 keV. T Y ST S

160 200 240 280 320 360

A. yv coincidences following the'®Hf (d,2n)#Ta reaction E, (keV)

A target of 8 mg/cri HfO, enriched to 94.3% in®Hf
was bombarded with 12.4 MeV deuterons at the cyclotron og+
the PSI (Villigen, Switzerland. Gamma-gamma coinci-
dences were measured using a setup containing fivg
Compton-suppressed Ge detectg]. A total of ~5 mil- £

FIG. 1. Gamma-ray spectra in coincidence with the 100.8 keV
— 97 transition measured in the(n) and d,2n) reactions.

re shown in Fig. 1. This comparison illustrates the much
etter counting rates obtained in thg,1t) reaction(see also

ig. 3, but also the enhancement of the population of the
states with increasing spin in thd,en) reaction: the 179.1
and 285.6 keVy rays result from the decay of levels with
spin 7, whereas the 196.4 and 338.0 keVays depopulate
levels with spin 9 and 8, respectively.

To illustrate the limit for the identification oy coinci-
dences imposed by the energy resolution, we show in Fig. 2
the y ray spectra in coincidence with 217.2 and 217.9 keV
transitions. The peaks resulting from therays in coinci-
Yence with the gate transitions are labeled by thay en-

lion twofold coincidences were recorded in list mode, sorte
with an appropriate time window into ak& 4k matrix and
analyzed with the interactivRADWARE packagg 13].

In addition to the @,2n) reaction, we observed the deu-
teron breakup reactions leading t8'Hf, 8%Hf, and 1"Hf.
Using the precisely known energies pfrays in *¥Ta (from
the radioactive decay dfHf), 18%Hf, and 1"Hf, we derived
accurate energies for the strongrays in %Ta listed in
Table |. For comparison the energies reported in Re&f&]
are also included in the table. We note in this connection
problem with they-ray energies reported by Saitehal.[5]:
the energies of thal=1 andAl =2 transitions within rota-
tional bands are inconsistent, with, e.g., a systematic discrep-
ancy of~0.4 keV for the energies between250 keV and
~500 keV. Gamma-gamma coincidences following the,1f) reac-

For all weaky rays oury+y coincidences measured in the tion were measured at the Bonn cyclotron with a coincidence
(p,n) reaction provide better information, apart from a few setup containing five Compton-suppressed Ge detectors. A
transitions between high-spin states, due to much bette® mg/cn? thick target of HfQ enriched to 94.3% int8Hf
counting statistics. We will, therefore, only discuss two ex-was bombarded with 8.9 MeV protons. A total sf15 mil-
amples of thed,2n) data and include the results in the tableslion twofold coincidences in®%Ta were accumulated during
presented in the following section. an effective time of data accumulation of 4 days. Again, the

The y-ray spectra in coincidence with the 100.8 keV 8 list-mode data were sorted into &% 4k matrix and ana-

— 97 transition measured in thep(n) and d,2n) reactions lyzed with theRADWARE packagd 13].

B. yv coincidences following the®Hf(p,n)*°Ta reaction

014309-2



LOW-K TWO-QUASIPARTICLE STATES IN®Ta PHYSICAL REVIEW C 65 014309

T T T

260 _ 350F
- g gate 217.9 keV | g gate 100.8 keV
2201 i : _
180: : 2501 2 il
2 ol 1 2
§ 140 |- i =
g T - :
100 | i
o 0
I B 82 2 7
L - 335 g |
60- 8 g o
o ™)
ZOM . bl b
i gate 217.2 keV i 8 gote107.7 ke
ror iy 3500 i
100 | ) | |
» B0F 2 _ *UE) 2500+ . i
_g i o ] 8 L R |
3 6or i 3 :
3 i 1500 g
40t 8 ]
o i
§ |
. 500
L ! L 1 1 1 1 1 | L L
1 1 1 i 1 ] 1 ! 1 L 180 220 260 300 340 380

H 1
100 140 180 220 260 300 340

E, (keV) E, (keV)

9 FIG. 3. Gamma-ray spectra in coincidence with the 100.8 keV

FIG. 2. Gamma-ray spectra in coincidence with 217.2 and 217.
y sp —9~ and 107.7 keV 0— 1" transitions.

keV transitions measured in thd,@n) reaction.

the 4 member of this band and discussed in Sec. 11l D 1.
As an illustration of the quality of our data and our rea-  Several levels populated in the,f) reaction decay pre-
soning for the assignment of therays in the level scheme dominantly to the T ground band. The rotational members
of 18Ta, we show some-ray spectra in Figs. 3—6. Sections of this band decay by intraband transitions and thus+the
of the y-ray spectra in coincidence with the transitions fromrays populating these levels are not in coincidence with the
the bandheads of the first-excitdd™=0" band to the 107.7 keV 0 —1* transition. Up to the 4 member of the
ground state(107.7 keV y ray) and the first-excitedk™  ground band the depopulatingyl =1 intrabandM1 transi-
=8" band to the 9 isomer(100.8 keVy ray) are shown in  tions have too low energies andray intensities to be de-
Fig. 3. The figure illustrates the predominant population oftected in our coincidence setup, and therefore excited states
low-spin states in theg(,n) reaction. The rotational members populating predominantly these levels can only be identified
of the 0" band decay byAl=1 intrabandM1 transitions in the yy coincidence measurement if they are populated by
and, therefore, ally rays populating this band are observed sufficiently strongy transitions. As an example, we show in
in coincidence with the 107.7 keV transition. Similarly, @ll  Fig. 5 the corresponding-ray spectra for the two lowest
rays from the high-spin states populated in tipen) reac- members of the first-excitedd™= 1" band with its bandhead
tion, which are observed in oyry coincidence spectra, pro- at 320 keV. The figure demonstrates in particular the weak-
ceed via the 8 level. ness ofAl=1 M1 transitions in this band: the rays popu-
The rotational band most strongly populated in tpen( lating the 371 keV 2 level and depopulating the 320 keV
reaction is the first-excite”=1" band with its bandhead 17 level are not in coincidence. Thi§™=1* band, which
at 423 keV. The members of this band decayMy=1 in-  was not known from the previous work, is one of the most
trabandM 1 transitions and bi¥ 1 transitions to the 0 band  strongly populated bands in thp,f) reaction(see Table V.
(e.g., the 252.4, 315.6, and 373.1 keMays in Fig. 3. The The established band with the highé&sidecaying to the
depopulation of the three lowest members of HE=1" ground state is £"=4" band with its bandhead at 520 keV.
band is shown in Fig. 4. Most significant is the predominantThis band is a promising candidate to be involved in the
decay by the intraband transitions, in particular for the 2 transformation from the 9 isomer to the 1 ground state by
level. This feature will be used below in the identification of inelastic photon scattering or Coulomb excitatid#]. In
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FIG. 4. Gamma-ray spectra in coincidence wjthays populat- FIG. 5. Gamma-ray spectra in coincidence wjthays populat-

ing the 423 keV 1 level (gates on 230.1, 284.7, and 453.3 keV ing and depopulating the two first members of Kig=1" band in
y-rays, the 478 keV 2 level (gates on 310.3 and 398.8 keV 180Ty at 320 and 371 keV. The spectra shown were created with
y-rays and the 544 keV 3 level (gates on 177.7 and 265.2 keV gates on the peaks marked in the figure by theiay energies.

y-rays. In each spectrum the rays depopulating the populated ] ) . )
level are marked by their energies. ation. This requires a knowledge of relative depopulation

intensities that can have large uncertainties, and therefore
Fig. 6, we show a section of the ray spectrum in coinci- thesey-ray intensities are listed in Table Il in parentheses
dence with the 409 keV transition depopulating the 520 keVand should be considered as indicative values.
47 level, as observed in thep(n) and (d,2n) reactions. A Most of the levels listed in Table Il are only identified in
comparison of these two spectra provides some informatiothe yy coincidences by depopulating rays. It is clear that
on the spins of the populated levels, as discussed below. we do not observe the transitions to the lowest two members
The y rays observed in thep(n) and (d,2n) reactions of the ground band for all those levels that are only popu-
can be categorized in three groups listed for reasons of cleafated by y rays too weak to be observed with the coin-
ness in separate tablgd) y rays populating and depopulat- cidence setup used in the present experiment. Consequently,
ing the ground band and the first-excitéd=0" and 1* we miss the levels that are only populated and depopulated
bands with the exception of the 520 keV 4evel (bands by suchy rays. This might be a reason for our failure to
with low K); (2) y rays from levels depopulating via the identify the higher-lyingK "=0" bands predicted by theory
K™=4" band with the 520 keV level as bandhedmhnds (see Table VII).
with intermediateK); (3) y rays leading to the 179 keV'8 The bands with intermediate and hidh are listed in
level (bands with highK). Tables Il and 1V, respectively. Levels for which only one
The properties of the bands with lofvare summarized in  deexcitingy ray is observed in they coincidences are only
Table Il. The y-ray intensities listed in the table were de- included in the tables if the coincidences are observed in
rived, when possible, from the-ray spectra in coincidence both the p,n) and d,2n) reactiongexcept for a fewy rays
with y rays populating a given level. For those levels, forknown from the previous work as indicated in the tahles
which we do not observe populating rays, intensity esti- We note here that we observe, in three cases, levels with
mates were obtained from the coincidences withays de- the same energy in the differeit regions: (1) A level at
populating the level populated by theray under consider- 809.3 keV listed in Tables Il and 11i2) a level at 892.6 keV
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7 Table V contains a list ofy-ray intensities for the bands
that are most strongly populated in tH&Hf(p,n)*°Ta re-
action. For each level the transition is listed for which the
intensity was normalized to 100 in Tables Il-IV.

FIG. 6. Gamma-ray spectra in coincidence with the 409 keV
ray depopulating a 4 level at 520 keV, observed in th@,n) and
(d,2n) reactions.
listed in Tables Il and IV, which might also appear in Table C. Conversion-electron experiments
Il (892.9 keV level; (3) a level at 907.3 keV listed in Tables Conversion electrons were recorded with an iron-free or-
Il and IV. The latter two levels are particularly interesting ange spectrometer at the Bonn cyclotron. Singles electron
since they could provide a link between thé ground state  spectra are measured with this spectrometer by stepping the
and the 9 isomer. However, we should emphasize that thecurrent over the region of interest. The pulse height from the
energies of the levels listed in Table IV have an error ofelectron detectofNE102 plastic scintillator viewed with a
+1 keV and therefore the identification of these levels withphotomultipliey, and the time relative to the beam pulse are
those of Tables Il and Il is uncertain. recorded on magnetic tape and analyzed off-line. For the

The configuration assignments given in Tables II-1V will measurement of e”y coincidences, four Compton-
be discussed in detail in Sec. Ill. The listing of the intensi-suppressed Ge detectors are placed behind the target opposite
ties, with separate normalization for each level, emphasize® the spectrometer. Gamma-ray spectra are measured in co-
the physics of the decay, but conceals the strength of popuncidence with electrons of a given energy by selecting these
lation of the various bands observed in ther() reaction, electrons at a fixed spectrometer current. The targets used in
which is important for a judgment of the reliability of the these measurements were400 ug/cn? thick layers of
proposed assignments. We, therefore, show in Fig. 7 #&fO, enriched to 98.3% int®™Hf on ~30 wg/cn? carbon
singles y-ray spectrum in the region of the strongrays foils.
resulting from the decay of the first-excit¢t™=1", 2%, A singles electron spectrum is shown in Fig. 8. The spec-
and 1" bands to the ground and first-excitskd=0" band. trum shown in the lower part displays electrons that are de-
Apart from the 239 and 511 keV lines, all reasonably strondayed by more thar=3 ns with respect to the pulsed beam
lines belong to'®°Ta. The 239 keV peak results predomi- of the cyclotron. The steep rise of the total spectrum at low
nantly from the decay of the 238.6 keV level #f°Ta, which  electron energies results fro@ electrons. The strong 239
collects almost the total intensity of th@,@n) reaction. keV lines in the delayed spectrum result predominantly from

The spectrum shown in Fig. 7 was used for the normalthe 239 keV isomer in‘’°Ta. Table VI contains a list oK
ization of the intensities ofy-rays in '8Ta populating the conversion coefficients for the strong peaks of Fig. 8, which
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TABLE II. Transitions for levels in*°Ta with low K observed in TABLE II. (Continued)
the 8%f(p,n) and '®Hf(d,2n) reactions.
Initial level Final level TransitioR
Initial level* Final level TransitioR Eexc (keV) I"K  Eexc(keV) 17K E, (keV) I, (rel)
Eexc (keV) I"K  Eexc(keV) 17K E, (keV) I, (rel)
320.2 1,1 239.2 13
0.4 141 370.8 2°1 188.8 2
39.9 2+ 1 0.0 1 395 600.3 7t 1 310.8 5,1 289.6 29
1107 3+ 1 395 21 712 624.1% 3%,2 0.0 11 624.3 100
130.9 1-0 1077 0,0 22.F 320.2 1 303.9 63
171.0 27,0 130.3 1,0 40.6 370.8 2'1 253.3 78
184.8 a4+t 110.7 31 74.1 100 447.9 31 176.2 22
39.5 2'1 145.3 ~8 559.4 2"2 64.7F
234.7 37,0 171.0 20 63.2 645.4 [4-,3] 2341 3,0 411.3 (100
310.8 5,1 110.7 3,1 2002 ~13 544.0 3.1 101.4 (100
184.8 41  126.0 100 6534 11 0.0 1,1 653.4
318.0 47,0 234.1 3,0 83.9 320.2 1,1 333.2 (51)
320.2" 171 0.0 1,1 3202 100 370.8 2" 1 282.6 27)
39.5 2t1 2807 66 423.3 1,1 230.1 (100
370.8" 2+ 1 0.0 11  370.8 100 477.9 2.1 175.5 (28)
39.5 2*1 3313 45 658.3 [4-,1] 544.0 3.1 114.3
110.7 3,1 2601 59 663.6™ [4-4] 2341 3,0 429.4  (~70)
416.3 67,1 184.8 41 231.4 36 549.1 33 114.5 (100
310.8 5,1 105.4 100 676.3 5,1 184.8 41 491.4
419.6] 57,0 318.0 4.0 101.6 547.8 41 1285
423.3 17,1 0.0 11 4235 9 685.7 7.0 547.5 6.0 138.2
395 21 3838 18  708.0 271 00 11 708.6
107.7 0,0 315.6 100 320.2 1+'1 387.9 (60)
1303 1.0 2930 3 370.8 21 337.2 (15)
171.0 20 2524 37 423.3 1 2847 (100
447.9" 3*,1 39.5 21  408.4 100 447.9 31 260.4 32
110.7 31 3372 25 549.1 33 1587 (~6)
. 1848 41 2628 32 7085k [42] 5594 @ 22 149.F
471.9 271 0.0 g'l 478.2 126 o9 7m 4-4 5440 31 1777 (100
39.5 14387 93 5491 3.3 1726  (~20)
110.7 31 3674 =15 731.0 171.0 2.0 560.1 (100
ﬁg'g 12'8 23;2 12;) 318.0 4,0 412.9 (55)
. , . N
031 30 2437 e 735.3 8+,1 416.2 6,1 319.1 (100
544.0 37,1 39.5 21 5046 ~3 600.3 71 135.0 (76)
. , . , . " _
1107 31 4334 —3 784.1 [5,4] 234.1 3,0 550.1  (100)
171.0 2,0 3731 100 318.0 4.0 466.0 (53
. 7 . | _
184.8 £1 3502 > 787.80 (371 3708 2°1 417.0
2341 30 3007 5 788.2 33 477.9 2.1 310.3
318.0 L0 2260 13 809.3P [5°,5] 544.0 3.1 265.2 (100
4233 1 1208 2 658.3 [47,1] 151.0 (100
547 9 6- 0 4196 50 1278 857.¢ 87,0 685.7 7.0 171.3
547.8" 471 1107 31 4372 100  876.7 (272 110 2.0 7055
1848 41 3630 <10 3202 11 5567 (16
3108 5,1 2370 21 4233 11 4533 (100
549.1) 373 171.0 2,0 3782 100 477.9 2,1 398.8 13
4779 21 713 880.7 423.3 1,1 456.9 (70)
559.4K 2+2 0.0 1,1  559.6 23 559.4 22 321.4 (59)
39.5 2°1  519.9 100 624.1 3.2 256.6 (100
110.7 31 4487 53 892.6 721.7 44 170.9
130.3 1,0 4293 <15 907.3° 4°3 721.7 4.4 185.6 (100
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TABLE II. (Continued) TABLE III. Transitions for levels in'®%Ta with intermediateK
observed in thé®™Hf(p,n) and *8Hf(d,2n) reactions.
Initial level 2 Final level Transitior?
Eexc (keV) 17K Eq(keV) 17K E, (keV) 1|, (rel) Initial level @ Final level Transitior?
882 33 1193 @7 Ecyc (keV) 1" K  Egxe (keV) 17K E, (kev) I, (rel)
915.8 320.2 11 595.6 (100 519.¢ 4% .4 395 2'1 480.3 ~1.5
370.8 2'1 545.2 (22 110.7 31 409.1 100
423.3 ra 492.4 (42 184.8 41 335.2 16
935.1 00 11 934.9 310.8 57,1 209.1 16
3202 I'1 614.8 (70 448.0 31 71.8
4779 21 457.0 (100 592.¢ [5%, 5] 519.8 4 4 72.2
951.5 3202 1,1 631.3 (95) 641.3 5%4 519.8 4.4 121.4
370.8 2" 1 580.7 (100 671.9 519.8 4.4 152.0
423.3 ra 528.0 (89 729.4 519.8 4.4 209.6 100
977.2 9*1 735.3 8.1 241.9 641.3 5.4 88.1 ~1
996.5 370.8 2.1 625.7 (100 732.8  [6%, 5] 592.0 [5%, 5] 140.8
447.9 3,1 548.6 (61) 738.4 519.8 4.4 218.6 100
1030.9 97,0 857.0 8,0 173.5 641.3 5.4 96.9 20
1037.1 3202 11 716.8 (100) 787.0 674 519.8 4.4 267.2 10
370.8 2"1 666.2 (84 641.3 5.4 145.7 100
1113.1 370.8 2.1 742.3 (63 792.4 671.9 120.5
447.9 31 665.2 (100 809.9 [57, 5] 519.8 4" .4 289.4
12414 10°,0 1030.5 9,0 210.9 863.6 519.8 4.4 343.8
14478 1170 12414 10,0 205.9 883.9 641.3 5,4 242.6 100
- - : - - - - 729.4 154.5
aFor tgntatlve spin-parity and configuration assignmdrftX is 8929 738.4 154 5
given in squared brackets. 8944 [7%, 5] 7328 [6%, 5] 161.6

bEstimated accuracy: 0.1 keV for the energies antd 20% for the

. o i . . S 938.7 792.4 146.3
Ln;znsmes. Intensities given in parentheses are only indicative val- 956.4 7+ 4 787.0 6.4 169 4
‘Gamma ray not observed. 991.4 519.8 4.4 471.5 51
dGamma ray only observed in the singles spectrum. Its placement in 6413 5.4 350.2 100
the level scheme is not confirmed by coincidences. 1042.9 . 513.8 ?'4 523.1

€Only observed in thed,2n) reaction. 10769 [8%, 5] 8944 [7:‘ 5 1824 100
19127 [624]— w7/2 [404]}K™=1" band. 7328 [67,5] 3447 83
9 79/27[514]— v9/2"[624]}K™=0" band. 1100.5 641.3 54 459.2

h r9/27[514]— v7/2 [514}K™=1" band. 1149.5 8*.4 787.0 6.4 362.3 100
" 7/27[404] - v5/27[512]}K"=1" band. 956.4 7.4 193.2 53
w712 404 — v1/27[510]}K"=3" band. 1204.9 519.8 4.4 685.2 100
k{19127 [624]— 75/2"[402]}K™=2" band. 863.6 341.2 ~60
Y v7127[514]— w5/2'[402)}K™=1" band. _ _ _ _ _ _ _
" 7 7/2 [404)+ v1/2 [S10}KT=4". %For tentative spin-parity and configuration assignmdritK is

given in squared brackets.

PEstimated accuracy 0.1 keV for the energies and20% for the
intensities.

‘See discussion in Sec. Ill C.

dEnergy proposed by Dracoulit al.[4,6]. See discussion in Sec.
I c.

) ) N Only observed in thed,2n) reaction.
are not contaminated by doubly assigned transitions. Allf;9/2-[514— 11/27 [521]}K™=4" band.

transitions listed in the table have predominamiifl multi-  stentative assignmenfz7/2[404]+ »3/2 [512}K™=5".
polarity.

The various weak peaks in the electron spectrum can reallow an unambiguous assignment from &iey coincidence
sult, in general, from a superposition of conversion electronsneasurements due to lack of counting statistics. Helpful con-
from different atomic shells. Their composition can, in prin- clusions could only be obtained from two measurements:
ciple, be identified by measuring the coincidentay spectra (1) A measurement with 102 keV electrons corresponding
for a comparison with the correspondingy coincidence to thelL; conversion electrons of 114 keV transitions in tan-
spectra. Unfortunately, most of the electron peaks that canndéalum performed following the g,n) reaction. We assign
be assigned from the singles measurement were too weak towo transitions with energies of 114.3 keV (658 keV

" 712" [404]+ v1/2 [521]}K™=4" band.
o 77/2"[404]— v1/2 [521]}K™=3" band.
Pl 7/2+[404]+ 13/2 [512]}K™=5"".
U 77/2°[404]— v3/2 [512]}K™=2".
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TABLE IV. Transitions for levels in'®°Ta with highK observed TABLE V. Selectedy-ray intensities for the rotational bands
in the 8%Hf(p,n) and 8Hf(d,2n) reactions. that are most strongly populated in th&Hf(p,n)*8°Ta reaction.
Initial level 2 Final level Transitior? Band Initial level Transition
Eexc (keV) 17K Egyc(keV) 17K E, (keV) I, (rel) K~ Eexc (keV) K E, (keV) 2
78.0° 9.9 1* 320.2 1+ 320.2 50
w100 1008 780 99 2080 w082 30839
357:95 7*,'7 178..8 8*:8 179:1 1 23?; ;_ gi?g 11010
375.F 9*8 178.8 8.8 196.4 ' '

464.4 777 1788 &8 2856 X 544.0 3 3731 41
506.3¢ 11°9 2810 10,9 2253 2 559.4 2 519.9 56
516.7" 8*8 1788 8§58 3380 100 624.1 3 624.2 12
357.9 77 158.9 12 3" 549.1 3 378.2 14
575.7' 67,6 357.9 7.7 217.9 100 4" 519.8 4 409.1 98
464.4 7.7 111.3 50 7 357.9 7 179.1 25
576.9 (87,71 178.8 8.8 398.1 100 7° 464.3 7 285.6 23
357.9 77 219.0 50
596.3° 10,8 3751 9.8 2218 “Estimated accuracy- 20%.
681.9 8,7 4644 T,7 2172
685.5 . 3679 7.7 3276 —544 keV levely and 114.5 keV (664 keV:549 keV
724.4 98 375.1 g*s 349.3 <10 levels in the level scheme ot%°Ta that are in coincidence
753.6¢ 1 9 2(1)2'; 1 I’% ;g;; 100 with 373.1 and 378.2 keVy-rays, respectively. The intensity
' ' ' ’ ' ratios of these twoy rays observed in thgy ande™ y mea-
757.6 575.7 6,6 181.9 . . .
7645 76 464.4 77 300.1 100 s_urements are identical, proving that_ the two 1_14 key tran-
575.7 6.6 188.9 92 sitions have the same—almost certaiiMyl —multipolarity.
808.0 [97] 3751 98 433.6 ~70 Furt_he_rmorg, t_he 151 k_e\f—ray (809 keV—>§58 keV lev- _
576.9 [8%,7] 2312 100 e!s) is in coincidence with delayed conversion electrons in-
8315 3579 7.7 473.6 100  dicating that the 809 keV level has a lifetime of several
464.4 7.7 367.1 ~5 nanosecondssee also the discussion at the end of this sec-
5757 6,6 2558 g1 tion).
837.0 575.7 6.6 261.3 (2) A measurement with 228 keV electrons corresponding
842.% 118 375.1 9.8 467.3 100 to thelL, conversion electrons of 239 keV transitions in tan-
596.3 10,8 245.6 18 talum performed following thed,2n) reaction. In this mea-
867.9 576.9 [8%,7] 291.0 surement, we observeg-rays in coincidence with electrons
892.6 5757 6,6  316.9 100  from the 238.6 keV transition it’°Ta and the 239.2 keV
357.9 77 5349 8  transition (559 keV-320 keV levely in ®Ta. Unfortu-
907.3 757.6 149.6 ~10 nately, theyy and e” y measurements were performed at
575.7 6,6 331.6 100
923.¢ 977 681.5 8,7 242.fF
957.3" 108 7244 98 2328 100 4500l S 1
977.5 87,6 464.4 77 512.9 3500: 2 ]
5757 6,6 4020 2 t ¥ .
6815 8,7 2958 g 2500t 2 ]
764.5 7.6 213.06 1500 - 1
1017.7 831.5 186.3 500l
&The spin-parity and configuration assignments are adopted fror 1400: - demyed_
Refs.[4-6] except for the 576.9 and 808.0 keV levésge discus- o r & 7
sion in Sec. Il D 2. All level energies have an error af 1 keV § 1000: ]
resulting from the uncertainty of the™99 level. 3 600l .
PEstimated accuracy 0.1 keV for the energies and20% for the 200 1
intensities. 1 1 1 1 1 1 1 1 1 L 1
‘Only observed in thed,2n) reaction. 1200 1400 16008 [ 180]0 2000 2200
o 79/27[514]+ v9/2 [624]}K™=9" band. P L= em
S m7/27[404]+ v9/2"[624]}K"=8" band. FIG. 8. Singles electron spectrum frof,-~120 keV to
{75/2[402]+ »9/2[624]}K™=7" band. ~360 keV measured following th¥Hf(p,n) reaction at a proton
w7127 [404]+ v7/2 [514)}K™=7" band. bombarding energy of 9.1 MeV. The momentum resolutigrip is
h{779/2+[514]+ v7/27[503]}K™=8" band. approximately 0.7% corresponding to an energy resolution of
i{777/2+[404]+ v5/27[512]}K™=6" band. ~1.5 keV at 120 keV and=4.0 keV at 360 keV.
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TABLE VI. Comparison of experimental and theoretiéaton-

PHYSICAL REVIEW C 65 014309

prompt

version coefficients for transitions itf°Ta. 250

(5]
E, K conversion coefficient § 150

[e]
(keV) EXp.a E1l E2 M1 ©
209.1 0.34 0.045 0.149 0.469 >0
252.4 0.29 0.028 0.091 0.280
260.1 0.25 0.026 0.084 0.258
280.7 0.25 0.022 0.069 0.210 °
315.6 0.16 0.017 0.051 0.153 g
320.2 0.12 0.016 0.049 0.147
370.8 0.08 0.011 0.033 0.099
373.1 0.09 0.011 0.033 0.098 o B0 B0 o 20 m0 20
409.1 0.10 0.009 0.026 0.077 %0 8 g prompt
3 stimated accuracy: 20%. *g 70 -
®Corrected for the 315.6 kel/; conversion electrons. 8§ 50

30

different deuteron bombarding energies, thus preventing a

quantitative analysis, buE1 multipolarity can be excluded 60F 8 deloyed
for the 239.2 keV transition. 50 ]

We have also performee™ y coincidence measurements *g 40F ]
for some low-energy transitions for which the measurement g 3or ]
of yvy coincidences is difficult because of their large internal fgf .
conversion. As an example, we show in Fig. 9 theay ol e W [ W
spectrum measured in coincidence with 59.6 keV electrons 320 360 400 440 480 520

corresponding td, L, or M, conversion electrons of 127.0, E, (keV)

71.3, or 62.3 keV transitions in tantalum nuclei, respectively,

measured in thed,2n) reaction. At 60 keV, the conversion- FIG. 9. Gamma-ray spectra measured in coincidence with 59.6

electron spectrum is completely masked delectrons and keV electrons following the reaction of 14.0 MeV deuterons with
theref tF;l A ; pietely  for thi ¥ ¢ 18%4f. The two spectra shown correspond to coincidences with elec-
ereiore the spec rom? er F:urren . or tis measurement was, appearing without time delay with respect to the deuteron
calculated from the calibration derived from electron peaks,eam and with a delay of more tharB ns denoted as prompt and
with E=83 keV. The data were analyzed for electrons emit-yg|ayed, respectively. The spectra were created with the appropriate

ted without time delay with respect to the cyclotron beamijime windows on the-hf TAC without any additional background
(denoted prompt in Fig.)%and with time delays of more than gypiraction.

~3 ns(denoted delayed in Fig.)9

Several interesting conclusions can be drawn from this/ersion electrons of a 72.2 keV transition are 0.9 and 1.4 keV
measurement: higher than the nominal energy of 59.6 keV selected in the

(1) The electron gate contains the conversion electrons e~ y coincidence measurement. The energy resolution at 60
of four transitions proposed in the level scheme'¥fTa. keV, corresponding to the momentum resolution of 0.7%, is

(i) The established 71.2 keV intraband*(3)—(2",1) 0.8 keV, but at this low energy the electron peaks are ex-
transition (111 keV-40 keV levels. pected to be broadened due to scatterings in the

(i) The 71.3 keV (3,3)—(27,1) transition (549 keV ~400 ug/cnt thick target, which is confirmed by the detec-
—478 keV levelg proposed in the present work. The exis- tion of the M conversion electrons of a 64.7 keV transition
tence of this transition is based on the observation of the 244jescribed below. We, therefore, conclude that we should de-
316, and 348 ke rays (see Fig. 4 and the intensities of tect a large fraction of the 72.2 kel; or L, conversion
these three lines suggdgtl multipolarity for the 71.3 keV  electrons in the measurement under discussion. Dracoulis
transition. et al. conclude from an intensity balance argument that the

(iii) A 71.8 keV transition from the 520 keV'44 isomer  72.2 keV transition must hawd 1 or E2 multipolarity if it is
to the 448.0 keV 3,1 level. This transition is proposed be- the transition connecting a level at 592 keV, with the 141
cause of the observation of the 263 ke\fay in the delayed keV vy ray as its lowest rotational transition, and the 520 keV
e~ v spectrum. Its existence is supported by the observatiotevel. For such a transition the fraction of electron conver-
of the y rays depopulating the 448 keV level in they  sionis 11% for the,; electrons of atM 1 transition and 32%
spectrum with the 121.4 ke ray populating the 520 keV for the L, electrons of arE2 transition. Both the proposed
level as gate transition. 592 keV level and the 520 keV level are isomdd¢ and we

(iv) A 72.2 keV transition from a level at 592 keV with would therefore expect the 141 key}ray populating the 592
tentative spin-parity of 5 to the 520 keV 4 level proposed keV level to be enhanced in the delayedy spectrum rela-
by Dracouliset al.[4,6]. The energies of the, andL, con-  tive to the 121 and 146 keV intrabandrays of the 520 keV
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band as compared to they spectrum with the 409 keV gate
transition. From the delayeal” y spectrum and they spec-
trum shown in Fig. 6 we obtain the ratios of counting
rates c(121):c(141):c(146)=100: (63 11):(42+13) and 1000
100:(59-3):(41+6), respectively. Thus our data do not 100
support the assignment of the 72.2 kBM. or E2 transition 10
proposed by Dracoulist al.[4], although the accuracy of the
e v data is too low to allow an unambiguous conclusion.
(2) The electron gate contains a contribution from lihe

oot i 52 ° 5 ;
conversion electrons of the 64.7 keV(3)—(2*,1) tran- 0ol 2o
sition (624 keV\-~559 keV levels. The existence of this
transition was first suggested by the observation of coinci- 10 h
dences of a 257 ke ray populating the 624 keV level with ‘ T T M‘Dlhl. ST T T T

the y rays depopulating the 559 keV level. The observation 1450 1550 1650 1750 1850 1930

of the 239, 449, and 520 key rays in the prompe™ vy channel number

spectrum confirms the existence of the 64.7 keV transition FIG. 10. Deuteron spectrum measured in thed) reaction at
and suggests itM 1 multipolarity. 40° with an incident proton energy of 22 MeV.

(3) The remainingy ray peaks observed in the prompt
e~ vy spectrum can be explained as resulting from the
conversion electrons of the 71.2 keV{3)—(2*,1) tran-
sition and theK conversion electrons of the 127.8 keV
(67,0)—(57,0) transition except for the 215 keY ray. In
particular, the rather strong 437 ke)}/ray observed in the

T T
181T ,d 180T 26
10000 |- @A ¥

45 3938

counts

1 1 1 L |
10000 o 850 950 1050
7

1 I 1
150 1250 1350 4

counts

i

with high counting statistics and sufficient resolution to re-
solve the expected doublets with separations below 10 keV.

The 8'Ta(p,d)*°Ta reaction was performed at the tan-
dem accelerator of the LMU/TU Mchen. A target of
~120 wglent high-purity (99.99% natural tantalum on a
N - , . =~ ~10 uglen? carbon backing was bombarded with 22 MeV
prompte" y spectrum confirms its assignment as transitionyoons” The deuterons were magnetically analyzed with a
from a level at 548 keV to the 111 keV (31) level. An Q3D spectrometer at a laboratory scattering angle of 40°.
unambiguous assignment of the 548 keV level fromthe The low-energy part of the spectrum up to approximately 1
coincidences alone would have been questionable since eV is shown in Fig. 10. In this energy region, a resolution
would be based essentially only on the observed 237 keVof 4 keV (full width at half maximum was achieved, suffi-
126 keV coincidences. The 215 key/ ray results presum- cient to resolve levels with a separation of 5 k&ée, e.g.,
ably from the 4 —27 transition in Hf, although we do the levels number 13 and 14 in Fig.)10
not understand its origin in the” y coincidence spectrum. The excitation energies of the levels populated in the

The good timing of the electron detector allows the iden-8'Ta(p,d)*°Ta reaction were derived by an internal calibra-
tification of electrons that are delayed with respect to theion using the precisely known energies from the in-beam
cyclotron beam by more thass1 ns. Unfortunately, all lev- y-ray spectroscopy. The energy calibration was performed
els with nanosecond lifetimes not known from the previouswith 21 levels from 0 to 788 keV that could be reproduced
work [4,5] are weakly populated in thep(n) and d,2n) with a quadratic calibration function with an average devia-
reactions, and we could therefore only obtain some rougtion of =0.5 keV. Among the calibration peaks were six
information on lifetimes from two experimeng8,11]: peaks involving the excitation energy of the Y9somer,

(1) In the y-ray spectra gated by the 373 K conversionwhich was used as an additional parameter in the calibration
electrons the 151, 178, and 265 keMrays are observed in fit. A fit using all six levels yields Eq,(97)=78.7
coincidence with delayed electrons. Assuming that these de£0.5 keV whereas a value of 724.5 keV is obtained
lays are due to lifetimes of the 722 and 809 keV levels defrom the separation of the (41) and (8",8) levels(levels
populated by theseg rays we obtain a lifetime range of 1-5 number 4 and 5 in Fig. 20We therefore adopt a result of
ns for the two levels. Eex{97)=78.0+1.0 keV, which is somewhat larger than

(2) From the time spectra of the conversion electrons ofthe value 75.3 1.4 keV derived in the most recent compi-
the 111 and 218 keV transitions depopulating the 576 keVation from mass differencg$]. Table VII contains a list of

6,6 level, we obtain a lifetime o&10 ns for this level. the peaks that have a counting rate of 500 or more. We be-
lieve that these peaks correspond to level$&fTa with the
D. Levels of Ta observed in the '®Ta(p,d)*®°Ta reaction protons occupying the 7/2404] orbital.

Levels in '®Ta populated in §§,d) and d,t) neutron
transfer were studied previously by Wareeal. [15] and
Dewberry and Naumanfl6], respectively. These authors  In this section we will graphically display the structure of
measured angular distributions for spin determinations, buthe rotational bands listed in Tables II-1V. A detailed discus-
the conclusions drawn from these measurements were harsion of the adopted assignments will be given in the follow-
pered by the limited resolution~15 keV) that prevented ing sections.
the separation of several energy doublets. The aim of the The rotational bands associated with |&are shown for
present measurement was, therefore, to obtain a spectrueharity in two separate figures. The first-excited bands with

E. Band structure in °Ta
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TABLE VII.
181T3(p,d) *®%Ta reaction.

Nuclear levels in ®Ta populated in the

Peak 1™ K Excitation Counts at Neutron
number energy O ,,=40° transferred
1 171 0.0¢ 561 9/2°[624]
2 2" 1 39.8 1009 9/2[624]
3 31 111.¥ 1765 9/2[624]
4 8".8 178.9 5305 9/2[624]
5 4+ 1 185.6 3050 9/2[624]
6 5.1 310.8 3345 9/2[624]
7 9" 8 375.8 5798 9/2[624]
8 6,1 416.3 3364 9/2[624]
9 1,1 423.2 3726 5/2[512]
10 425.8 608

11 7.7 465.2 4879 712514
12 2°.1 4774 11073 5/2[512]
13 3.1 544.0 11041 5/2[512]
14 3,3 548.4 12556 1/2[510]
15 572.2 743

16 6,6 576.8 25142 5/2[512]
17 10,8 596.6 3637 9/2[624]
18 7t1 600.3 1687 9/2[624]
19 [47,3,]° 646.3 2024 1/2[510] ®
20 654.1 611

21 [4-,1]° 658.4 15725 5/2[512] ®
22 [47,4]° 6633 12943 1/2[510]°
23 680.5 1221

24 8,7 682.7 3219 7/2[514]
25 717.3 2426

26 44, 722.3 65900 1/2[521]
27 733.4 2262

28 758.1 3378

29 7.6 763.6 18007 5/2(512]
30 [57,4,]" 784.0 12731 1/2[510] °
31 3.3 788.0 41177 1/2[521]
32 [57,5]°P 808.5 2632 3/2[512] °
33 5 4, 836.4 8794 1/2[521]
34 [27,2]° 876.5 626 3/2[512]°
35 884.5 528

36 891.3 1121

37 895.0 1471

38 43, 907.7 5419 1/2[521]
39 914.5 3695

40 952.6 2126

41 973.0 1296

42 8.6 977.3 1351 5/2[512]
43 986.2 1607

44 1003.7 2817

45 1062.6 4177

46 1075.9 710

47 1080.0 1344
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K=1 are shown in Fig. 11. The ground and Bands, which
are displayed in this figure up to the levels with spin 8, are
known from previous work up tol™=16" and 13,
respectively.

The higher-lying rotational bands with loW are shown
in Fig. 12. We note here that several levels are listed in Table
Il that are not assigned to rotational bands and are, therefore,
not shown in the figure.

The levels depopulating via tH€™=4" band are shown
in Fig. 13. Levels not assigned to rotational bands are shown
in the right part of the figure. The™4and (5°) bands were
known from previous wor4—6], all additional levels are
new.

The high-spin levels assigned to rotational bands are
shown in Fig. 14. Eight additional levels with unknown as-
signments are listed in Table IV from which thrég8, 837,
and 868 keV levelsare new, all others known from the
previous work of Refs[4-6].

Ill. DISCUSSION

The low-lying energy spectrum of the deformed nucleus
180Ta is expected to consist of rotational bands built on two-
quasiparticle levels resulting from the coupling of a neutron
and a proton outside an even-evefiHf core. The two va-
lence nucleons occupy Nilsson orbitals, and each set of two
orbitals with (, and (), gives rise to a doublet of two-
quasiparticle states wit == |Qn*+Q,|. Their relative loca-
tion is given by the Gallagher-Moszkowski rule stating that
the lower-lying level is the one for which the projections of
the odd-particle spins are parallél7].

The two-quasiparticle states iff°Ta below ~1 MeV
calculated by Dracoulist al.[4] using a BCS formalism are
listed in Table VIl (to avoid negative excitation energies, we
have shifted the energies listed by Dracoelisl. by 6 keV).

A similar calculation was performed by Saitehal.[5] who
obtain almost perfect agreement between experimental and
calculated two-quasiparticle energies. Unfortunately, these
authors list only results for the states, for which experimental
energies were known, and it is not clear to which extent the
agreement was achieved by adjusting the model parameters
to reproduce these experimental energies.

The experimental two-quasiparticle states established in
the earlier investigationg4,5] and in the present work are
also included in Table VIII. The adopted configuration as-
signments will be discussed beldtentative assignments are
indicated by listing the energies in parenthgsis the com-
parison of the experimental and calculated two-quasiparticle
energies one should note, however, that certain rotational
corrections were neglected in the BCS calculation as dis-
cussed by Dracouliet al. [4]. According to these authors
this may have the effect that the energy of the state With
=Q,+Q, is underestimated if the state wik=,— ), is
correctly predicted.

The observed two-quasiparticle states'ffiTa can be di-
vided up into three groups1) States with the proton occu-

@The levels used for the energy calibration are marked by apying the 7/2[404] orbital (first column of Table VII).

asterisk.
bTentative assignment.

These levels are selectively populated in the neutron transfer
from *Ta. (2) States with the neutron occupying the
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v9/2°[624] 79/21514] 77/2°[404] 9/21514]
-n7/2°[404] —7/2]514] ~v5/27512] —v9/2'[624]
g _ 857.0
g 7353
. 7| 685.7
5 6763 4 658.3
|
7 }|600.3 !
& 5478 3 |} 5440 6 |44 5475
| TT1 |
i } I |
1 2 V1l vyl 477.9
& |lla16.2 3 H 2479 1 L 4233 5 0l| 4196 FIG. 11. First-excited rotational bands with
- | t -
2 | 3708 i K<1.
+ - (RN
5 |4|3108 1 L[| 3202 P 4 443180
T TTm
! [N
| (AN 3 234.1
| (RN
4 |14184.8 ' L4 2 | 1710
Al P 1| 1303
3 vy 1107 v v 01077
| |
2 1] 395 Y
1" Y__00
180Ta

9/2"[624] orbital (first row of Table VII)), which are popu- B(M1;l, K—1¢,K)=(I;K10[{K)>(K|M(M1,r=0)|K)2.
lated in the proton transfer from°Hf. (3) All other states (1)
that are not, or only very weakly, populated in the aforemen- | the odd-odd case tHd 1-matrix elements can be writ-
tioned transfer reactions. In the following we will discuss thegp, [19] as

experimental evidence for the two-quasiparticle states in 3 eh

180Ta according to this grouping in three separate subsec- (KIM(M1,r=0)|K)= \/TMGKK, 2
tions. In this discussion we will frequently refer to calculated &

values for thegx and gg factors determining the intraband Wwith

o, . KK _
M1 transitions. For later use we summarize here the relevant G *Qp(gop— gr) +Qn(9o, —9R), ()
relations.

The expression for the reducédl transition probabili- where theg, are the single-particle gyromagnetic factors
ties within a rotational bandintraband transitionshas the  and the signs of), and(), are taken as ilK=Q,+ Q. It
form [18] is customary to introduce the two-quasiparticle gyromagnetic

v9/2°[624] n7/2'404] v7/27[514] n7/2'404] #7/2'(404)  =7/2'(404]
-r5/2'1402]) -v1/2(510] -n5/2°[402] +v1/2[510] +v1/27[521] -v1/27[S521]
4 907.3
& _ __ 18185 7841 3 |§ 7882
4 7085 z 708.0 £ 77
. & 6454 1 : 653.4 4 663.6
3 g241 : FIG. 12. Rotational bands that decay to the
2 2594 5 || 5491 ‘, ground and first-excited"=1"% bands(shown
| ' on the left of the figureand the first-excitedK”
-

=0~ and 1" bands(shown on the right of the
figure).

E"."?“"“. i A

180Ta
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n9/2[514] 77/2°[404] n5/2°402]  «7/27404] =9/21514] ©7/2'[404]
1204.9 +O/2[624] —v9/2[624] +v9/2'[624] +v7/2[514] +7/2[503]  +v5/2[512]
8 977.5
10" 957.3
1100.5 : e
(8)  1004.6+x ) g 9236
1053.4
\1042.9
991.5 11 8422
i 5 9" 808.0
T 964 (6) 9387
(T)y| 822.2+x (6) 8929 883.9 27 7536 ! 7o45
9 7244
\863.6
809.3 8 681.5
6 y 787.0 By 7924
(6)44 660.6+x (5)y 7384 729.4 10" §|596.3
8 576.9 6" 575.7
@ 6719
5" 641.3 1} 506.3 8" 516.7
By 5198+ Ty 4644
& 519.8
| 9 W5 T
! 3§ 4480 -
|
I 2 3708 10742810
! 2 3708
5 )|lyst08 3202
! g | 1788
|
|
4 1|y 1848
[ 9 78.0
|
3 1y 107
} 1 0.0
2 4 39.5
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o, FIG. 14. High-spin rotational bands populated in tHHf(p,n)
a and (d,2n) reactions.
FIG. 13. Levels that depopulate via the 520 kEYK=4" 4
level. The information on band mixings derived for a few bands

from y-ray branchings will be presented in a final subsec-

factor gx=(Qpg0,+Qnda )/ (Qp+Qn) to write G ion. ey g P
=(gx—gr)K for K#0, whereas foK=0 one retaingG®
=Qp(ggp—ggn) [19]. Calculated values ofy, for the
single-particle orbitals occupied by the valence particles in
180Ta are listed in Table 3 of Ref5] andggr=0.26 is deter- The configurationsmo* 19/27[624]. (In this subsection
mined in Ref.[4]. we will denote the configuration7/27[404] by m.) These

Additional corrections to the intrabar&(M 1) values can two configurations withK”=1" and 8"—and their rota-
result from the rotation-alignment of the unpaired nucleonstional bands up té"=16" and 18, respectively—were es-
These corrections are discussed in RBf.and expressed in tablished in the earlier transfer and in-bearspectroscopic
terms of a spin dependence of thg factors within a rota- work.
tional band. We will neglect these corrections in the esti- The configurationsry* »7/27[514]. In the earlier work,
mates in connection with band mixings discussed below. as well as in our work, only the lowé¢™=7" band could be

In the previous work on*®Ta extensive use has been identified(up to the 13 level in Refs[4,5]). An observation
made of thegy factors for the determination of configuration of the higher-lyingK™=0" band would be very difficult
assignmentg§4—6]. Experimental values fogx were ob-  both in the @,ny) reaction and the transfer reaction because
tained fromB(M1)/B(E2) ratios derived from they-ray  of its non-yrast character and its low transfer cross section
intensity ratios of the intrabandl=1 andAl=2 transi- [15].
tions, which are in general competitive at intermediate spins. The configurationsmy+ »1/27[510]. In the in-beamy
Unfortunately, we do not populate the newly identified bandsexperiments a 378.2 keV ray is observed in coincidence
discussed in Sec. Il C to sufficiently high spins to allow thewith 107.7 and 114.5 ke\ rays. We assign thiy ray as
determination of suclB(M1)/B(E2) ratios. The configura- transition from a level at 549.1 keV to the 171.0 keV 2
tion assignments proposed for these bands will therefore blevel, populated from a 663.6 keV level by the 114.5 keV
based primarily on the comparison of the bandhead energigay. This assignment is supported by the observation of a
with the theoretical predictions summarized in Table VIII. 71.3 keVM1 transition from the 549 keV level to the 478

A. The =7/2*[404] £ vQ™[Nn3A] configurations
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TABLE VIII. Two-quasiparticle states if®°Ta up to~1 MeV. The single-particle energids, andE,
correspond to the average 6f°Ta and ‘®'Ta and the average df*Hf and *®*W, respectively. For each
two-quasiparticle state the following quantities are listed: First Imé.:|QniQp| values, with the value
for the state with aligned proton and neutron intrinsic spins listed first. Second line: Calculated energies of the
corresponding two-quasiparticle stat@dl energies in keY. Third line: Experimental band-head energies.
The two-quasiparticle states that were observed in the present in-pe@@ctroscopic experiments, but not
in the earlier ones, are printed in bold.

QT NnA]  7Q7[NnGA]  @7/2°[404] 79/2 [514] w5/27[402] wl/2'[411] wl/27[541]

E, (keV) E, (keV) 0 18 360 568 ~650
v9/2°[624] 1* 8% 90" 7t 2% 4% 5+ 4- 5-
0 6 136 0 149 324 532 555 695 678 750
0179 78 108 35859

v7127[514] 7- 0 1* 8* 176~ 4~ 3 4+ 3*
205 254 510 339 439 680 798 876 996 950 1100

464 320 653
v1/27[510] 374 5t 4* 372 0 1 ot 1*
416 485 587 470 614 837 947

549 664* (592672 "
¥5/27[512] 17 6” 7t 2% 5° 0" 2737 2+ 3*
442 457 569 436 604 802 938

423 576
v1/27[521] 4~ 3 4+ 5* 2737 10 1* 0*
500 540 618 502 661 888 984

722 788 520

v3/27[512] 5 2° 3t 6" 1”4 2- 1 2+ 1%
723 723 827 704 858

(809 877 @
v7/27[503] 07 8t 1" 6 1 374 3% 4+
766 772 896 734 948 636 830 849 1011

(517 ¢

aSee the discussion in Sec. Il A.
bSee the discussion in Sec. Il C.
¢See the discussion in Sec. Il D 2.

keV 2~ level as described in Sec. Il C. The 549 keV level isindeed constitute the 4 members of th&K™=1", 37, and
also strongly populated in the neutron transfer reaction and~ bands.
we therefore assign it as the 3nember of the doublet with The decay pattern of th€=1", 27, and 3 members of
the neutron in the 1/24510] orbital. the K™=1" band strongly suggest that the 4nember de-
The 4~ member of the 3 band is expected approxi- cays predominantly by al 1 transition to the 3 member,
mately 100 keV above the3bandhead. At about the same leaving the 645 and 658 keV levels as candidates for this
energy one expects th€"=4" doublet member and the’ 4  state. In the neutron transfer reactions, Ki&=1" band is
rotational level of the first-excited ™= 1" band with its 3 populated byl =3 transfer (5/2[512] neutron transferred
member at 544 keV. All three 4 levels are expected to be whereas theK™=3" and 4 bands are populated Hy=1
populated in the neutron transfer, and we indeed observeansfer (1/2[510] neutron transferred The angular distri-
three levels at 646, 658, and 663 keV in this reaciisee butions observed in the previous neutron transfer experi-
Table VII). We associate these levels with those observed iments indicatel =3 transfer for the combined peak at
the (p,ny) measurements at 645.4, 658.3, and 663.6 keV=~660 keV [15,16. We, therefore, assign the 658.3 keV
The first two levels decay by 101.4 and 114.3 keV transidevel as the 4 member of theK”=1" band. We note here
tions, respectively, to the 544.1 keV 3 level, and the that the observation of a doublet at 660 keV resolves the
663.6 keV level decays by a 114.5 keV transition to theproblem encountered earlier with the anomalously high in-
549.1 keV 3,3 level. Although the 4 assignment for the tensity of the 4,1 state discussed by Dewberry and Nau-
three levels is not experimentally established, some supporhann[16].
comes from thee™ y coincidence measurements that show, The spin 4 members of the,+ »1/2 [510] doublet are
that the two 114 keV transitions have the same—most likelyexpected to be strongly coupled by the Coriolis interaction
M1—multipolarity. We will now discuss tentative configu- H.. The matrix element ol has the form(see the discus-
ration assignments for the three levels assuming that thegion of ***Ho in Ref.[18]):
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(K=4]|HJK=31)=Aoa\(I—3)(I +4), (4)  inconsistent excitation energies. We observe a level at 977.5
keV with a depopulation as expected for the Biember of
the K™=6" band. This assignment is supported by the ob-

whereA, is the rotational parameter of the two-quaS|part|cIeseNati0n of a 977.3 keV level in the neutron transfer experi-

doublet Ag~11 keV) anda is the decoupling parameter of
the rotational band associated with the configuration
v1/27[510]. Assuminga=0.2 (see, e.g., Table XXVII of
Ref. [20]) one obtains a coupling strength sf6 keV for
. ielding from the experimental energy split- =~ o .
g:]eg tf ![ﬁ\éegd’fsylg:?d 86 4 keV Ievelg an unperturbe%yer?erg utions characteristic 9I‘=1 t_ransfer. As emphasized by
splitting of ~14 keV and wave functions of~0.95/,, ardeet al.[15] th_eoretlcal estimates suggest that these lev-
+0.32agmixeq AS noted by Wardeet al. [15] the transfer els-rclasult from- pickup of a 1/4521] neutron leading to
amplitudes for the population of the low-spin members of theheir interpretation as the (44) (720 keV leve) and (3°,3)
7o+ v1/27[510] configurations are expected to be compa-(780 keV leve] members of thero*+ »1/27[521] doublet. In
rable, which would then yield an intensity ratio for the popu-addition Wardeet al. propose the (5,4) and (4°,3) rota-
lation of the two mixed 4 levels of ~4, close to the ob- tional members at 837 and 914 keV, respectively. Our neu-
served result. tron transfer data are in agreement with these assignments
A similar argument can be given for thé 1 transitions. yielding the (4 ,4) and (5 ,4) states at about 722 and 836
The M 1-matrix element of the (4,3)—(37,3) transition is  keV, and the (3,3) and (4 ,3) states at about 788 and 908
proportional to §x-3—gg), with a calculated value of 0.76. keV. We note that Wardet al. encountered a problem with
For the (4 ,4)—(37,3) spin-flip transition theM1-matrix  the intensity of the 908 keV level and mention that the cor-
element is proportional togk-1>—9r)b, Wheregyg_1, is responding peak observed in their measurement might con-
the intrinsicg factor andb the magnetic decoupling param- tain another unresolved state. We observe indeed a doublet at
eter of the rotational band associated with the configuratiomhis energy that could not have been resolved in the earlier
v1/27[510]. Brockmeier etal. [21] report for the measurements.
v1/27[510] band in *¥3W a value of @x—1,—gg)b=—1.3. In the (p,ny) experiment we observe levels at 721.7,
Thus, again, the twdv 1-matrix elements are comparable, 788.2, and 907.3 keV that we assign as (4), (37,3), and
and one can, therefore, expect a suppression dfitheran-  (4-,3) states, respectively. The interpretation of the 721.7
sition from one of the mixed 4 levels to the 549 keV keV level as two-quasiparticle bandhead is supported by its
(37,3) level as experimentally observed. The 645 keV levelnanosecond lifetime.
decays to the 544 keV (31) level indicating that it contains The y decay of the three levels listed in Table Il is con-
a component of th&K”=1" band. Such an admixture is sistent with the proposed assignments, although the predomi-
caused more likely by an effectiveK =2 coupling for the nant decay of the (3,4) and (37,3) states to the members
K™=3" band, and we, therefore, assign the configuratiorof the K"=1" band is somewhat surprising. We believe,
mo— v1/27[510] to the 645 keV level. however, that this unexpected feature can likely be explained
We tentatively assign a level at 784 keV as thefhiem- by the Coriolis coupling which is, for example, expected to
ber of theK™=4" band based on ity decay and its popu- induce largeK=2 and K=3 components into the wave
lation in the neutron-transfer reaction. function of the 3 and 4 level, respectivelysee, e.g., Table
The configurationsmy+ v5/27[512]. The K™=1" band Il in Ref. [15]). Unfortunately, a quantitative analysis of
with its bandhead at 423 keV has previously been proposesiuch effects is as yet not possible due to the lack of experi-
up to the 4 member at 658 ke\[4—6]. Our conversion- mental information, in particular with respect to the&”
electron data confirm thi¥l 1 multipolarities of the 252, 316, =2~ band with the configurationr,— v3/27[512].
and 373 keV transitions, and the discussion given above sup- As already noted above, we also observe a 907.3 keV
ports the assignment of the 658 keV level as therdember  level in the high-spin regiofiTable IV). Its decay would not
of this band. In addition, we observe a level at 809.3 keVe at variance with the assignment Ids=4" level, but a
which decays to the 3 and 4 members of the&K™=1" proof of the identity of the two 907 keV levels would require
band as expected for the Gmember of this band. However, the observation ofyy coincidences with a common feeding
its energy is=30 keV too high, and the™ y data indicate transition as gate, which could not be identified in the present
that the 809 keV level has a nanosecond lifetime making itsvork.

The configurationsmy= v1/27[521]. In the earlier neu-
tron transfer experiments two strongly excited levels were
observed at=720 keV and~780 keV with angular distri-

assignment as 5 member of the I band unlikely. A tenta- In Table 1l we list a level at 787.8 keV that is only sepa-

tive assignment for this level will be given below. rated by 0.4 keV from the proposed (3) level. We will
Thel™=6" and 7" members of th&K"=6" band were return to this proposal in Sec. Il B.

previously proposed by Dracoulét al.[4]. Our observation The configurationsry* v3/27[512]. We observe a level

of a nanosecond lifetime of the 576 keV @evel supports its  at 809 keV both in the in-beamspectroscopic work and the

interpretation as a two-quasiparticle bandhead. (p,d) reaction, for which its nanosecond lifetime suggests an

Saitohet al.[5] extended th&"=6" band up to the 9 assignment as intrinsic state. We tentatively assign the spin
member. The 8 level decays according to these authors by5~ configurationmy+ v3/27[512] to this level, based on its
210.0t0.1 and 295.80.5 keV transitions to the 764.5 keV vy decay and the predicted energy of this configuratsee
(77,6) and 681.5 keV (8,7) levels, respectively, leading to the first column of Table VIIl. One obvious candidate for its
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2~ doublet partner is the level observed at 877 keV forpossibility was rejected by Dracoulit al. [4] primarily on
which we, therefore, very tentatively adopt the,  account of the fast decay of the two States to the first-
—v3/27[512] configuration. excited 8" state at 179 keV in contrast to the delayed decay
of the 358 keV 7 state. Saitohet al. explain these 8
_ _ — 87 transitions for their adopted”=8" configurations by
B. The »927[624] = mQ"[Nn3A] configurations requiring a mixing of the three 8 states. This raises the
The configurations,= 79/2 [ 514]. (v, denotes the con- question whether one of the"8states could belong to the
figuration v9/2%[624].) These two configurations witK™ 358 keVK™=7" band with the enhanced nature of thé 8
=0~ and 9 —and their rotational bands up t6=13" and —8" transition caused by AK=1 coupling of this band
21", respectively—were established in the earlier transfewith the 179 keVK™=8" band. We will discuss this possi-
and in-beamy-spectroscopic work. bility in detail in Sec. Il D 2 and propose that the level se-
The configurationsyo+ 75/27[402]. The 7° and 2"  quence based on the 577 keV 8tate represents indeed the
members of this doublet were proposed by Wagtlal.[15]  extension of theK "=7" band.
at 361 and 563 keV, respectively. These authors emphasize The 4* |evel at 520 keV, with its rotational band up to the
that the two states are easily identified in the'$402] pro- g+ member, was observed in the earlier in-beam experiments
ton transfer becguse_ of their high yield a_nd the transferrefl4,5]_ The spin-parity assignment of this band is established
I=2. In the previous in-beamp-spectroscopic work, the 358 1, yhe M1 multipolarities of the 409 and 209 keV transitions

keV level was assigned as the” &tate although no clear rom the 520 keV level to the 111 keV'3and 311 keV §
evidence was obtained on the associated rotational Ieve[aveI respectively, derived from thei¢ conversion coeffi-

E)éle,g\.NWe will address this problem in Secs. Ill C and Il D 2 cients(Ref. [6] and present woik
We.observe levels at 559 and 624 keV with a decay pat- The two-quasiparticle configuration proposed in Refs.

" ! :
tern consistent with their interpretation as the first two mem—[5’6] for the 4~ band is based on the experimental value of

bers of aK™=2" band. We note, in particular, two experi- (9« —9r)~0.6. Dracouliset al. [4] mention that the angular
mental results(1) positive parity is established for the 559 ?;’/tc:'rbUtg)Sr;tisgeTiC'ﬁgtsgfz ?ﬁ;g'gﬁ\zj 1|n r:i]silr: mez:;:}agg:rr;ts
keV level by the multipolarity of the 239 keV transition to P . 9 Ng P

the 320 keV T level (M1 or E2): (2) the 624 keV level whereas Saitolet al. [5] assume the positive sign fogg

L : . e ithout justifying this choice. The theoretical values
decays with significant intensity to the 559 keV level, which 9r) V_V' : ; . :
is not unexpected for the intrabarM1 transitions of the of (gk g.R) fo_r the levels with spins 4 and 5. l'Steq n Tal_JIe
K7=2" band that has a larg@g — gg) = — 2.76. In view of Vil are given in Table IX. From the two configurations with

e o - —_—
the agreement of the in-beam and transfer reaction result%.< ti_: g?gg[é?gipiigl\fzgi] IgR()j' tthebaf[jto?tedr Corgf'%tt’ it
we consider the assignment of these levels as the first tw onmale vle eads 1o betler agreement

members of a band based on the configuratiog the correction t@y resulting from the rotational alignment is

— w5/2*[402] as established. The"4member of this band is mc_llyk?e?[S,g]{ band k from th . in-b K
proposed at 708.5 keV, but this level is based on a single € fourth band known from the previous in-beam wor

: : : is based on an isomer that decays with a half-life of 16 ns to
depopulatingy ray observed only in thed(2n) reaction and s . ) g
its existence is, therefore, not established beyond doubt. the 520 keV 4 state, with six rotational members identified

[4,5] (we will denote this band below as isomeric band
Three features of this band can be used for a configuration
assignment(1) The population of the band, both in the re-
actions with intermediate spin transfer reported in Refs]

A total of 14 more doublets are predicted in the BCSand in the p,n) and d,2n) reactions, and itsy decay
calculation below an excitation energysfL MeV (Ref.[4]  strongly suggest &=4. (2) Dracouliset al. propose a 72
and Table VII). Until now only four of these 28 states, and keV M1 transition as a candidate for the decay of the isomer
their associated rotational bands, had been proposed froto the 520 keV level. However, as discussed in Sec. Il C our
experiment. In this section, we will first summarize the evi-conversion-electron data question this proposal. Neverthe-
dence for these four states, followed by a discussion of théess, it seems clear that the connecting transition must have
new states proposed in the present work. an energy 080 keV, which excludes a puie? transition,

Two 8" states at 517 and 577 keV, and their rotationaland thus aK™=6" assignment to the isomeric band, since
bands up to the 17 and 13 members, respectively, were this would lead to aB(E2) of more than~20 Weisskopf
proposed by Dracoulist al. [4] and Saitohet al. [5]. These units. (3) Dracouliset al. [4] and Saitohet al. [5] report an
authors assign the configuration®/2™[514]+ v7/27[503] experimental value ofgyx —gg)=0.4 for the isomeric band.
and 7w9/27[514]+ v7/27[514] to bands with the 517 and Both groups choose the positive sign presumably based on
577 keV levels as bandheads, respectively, based on d@heir measured angular distribution coefficients. As is appar-
analysis ofgx factors and aligned angular momenta. Twoent from Table 1X, none of the unassigned states wth
alternative assignments are discussed in Réf&]: (1) in- =4 would be consistent with this value o§{—gg).
terchange of the tw& "=8" configurations, and2) inter- It seems now reasonable to assume that the isomeric band
pretation of one of the two bands as extension oKa hasK=5 and a bandhead energy between 520 and 600 keV.
=7" band with the 358 keV 7 state as bandhead. The latter Unfortunately, none of the possib™=5* configurations

C. Two-quasiparticle states with the proton and neutron
outside the 7w 7/27[404] and v92*[624] orbitals
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TABLE IX. Theoretical values of g§<—ggr) for the two-  and theiry decay suggest that they constitute the lowest two
quasiparticle states if®°Ta with K=4 and 5 predicted below 1 members of a rotational band witki=1. The theoretical
MeV. predictions leave only one reasonable possibility, K&
=1~ band with the configuration v7/27[514]

K™ Configuration Ecaic (k&) 9k~ Or — 5/2"[402]. With this assignment one has to make use of
4* m9/27[514]v1/27[521]2 502 1.08 similar considerations as in the previous case to explain the
w1/2"[411]v9/2*[ 624 555 -0.41 observedy transitions to the 320 keV "1 band and the 423
m9/27[514]v1/27[510] 614 1.41 keV 1™ band:(1) The main component of th€l transitions
w1/27[541]v7/27[514] 950 0.07 to the 1" band (5/2[402]—9/2 [514]) vanishes and these
5* m9/27[514]v1/27[510] 470 0.73 transitions must, therefore, proceed via admixtyeeg., the
79/27[514]v1/2 [521] 661 0.99 {v7/2 [514— w7/2'[404]}K"=0" band. (2) The M1
w1/2+[411]v9/2 [ 624] 695 —057 transitions to the 1 band are forbidden because of their
4~ 77127 [404]v1/27 [521]° 540 0.40 two-particle nature, but can be explained by a mutual mixing
77127 [404)v1/27[510]° 537 0.08 of the two 1" bands. It is, therefore, not implausible that the
7127 [541]v9/2*[624] 678 —0.63 El andM1 transitions become comparable. .
712410 v7/2 [514] 876 ~0.15 The 3" member of this second-excited lband is ex-
5- 7712+ [404]v3/2 [512] 793 0.35 pected at~790 keV, very close to the_ level assigned above
71/27[541]v9/2"[ 624] 750 —0.40 as (3 ,3) state. We, therefore, tentatively propose levels at
7512 [402)v5/2 [512] 802 034 787.8 arjd 788.2 ke\(see Tqble I, although the energy
splitting is too small to establish the existence of two levels.
@Assigned to the 520 keV state. We note, however, that the observeddecay to thel =2
PAssigned to the 722 keV state. members of the first-excited™land 1~ bands would be most
“Assigned to the 664 keV state. consistent with the two-level hypothesis.

Two more bands are proposed in Fig. 13 with bandheads
at 672 and 738 keV. These assignments are only based on the
observed decay of the higher-lying 792, 893, and 939 keV
levels to the lower-lying ones of the proposed bands that are
most easily explained as intrabail transitions, yielding
tentative assignments &f=4 and 5 for the 672 and 738 keV
utiands, respectively. These assignments are consistent with
the intensities of the 152 and 218 keyrays depopulating
the 672 and 738 keV levels, respectively, observed in the
(p,n) and d,2n) reactions(see Fig. 6.

A configuration assignment for the 672 keV level is at

established from thévl1 multipolarities of the transitions g . :
) present purely speculative. We have included this band, as
from the first two members of the bar820 and 371 keV well as the isomericK =5 band discussed above, in Table

levels to the ground band. The assignment of the configuras; - -
tion 79/2" [514)— v7/2 [514] to this band is almost inevi- .|| & Members of therd/2 [514) * v1/2'[510] doublet,

e . o . . based solely on the assignment proposed forktkeb band
ali)lle in view of the theoretical predictions listed in Table by Dracouliset al. [6]. The assignment of the 893 keV level

The y decay of the T band byM1 transitions to the as first-excited member of a band wikh=5 would be con-

ground band, and not by intrabaM1 transitions orE1l sistent with itsy-ray branching tq the 6,6 |?Ve| at 576 kev
transitions to the first-excited 0Oband, is somewhat unex- (kseei/e(lggl.?.;gélvsagﬁﬁj igﬁg?g'ggsﬁfytgﬁ dfrls?z\alﬁljgélzzv%ith
pected. The intrabanbl 1 transitions are expected to be fast _ : )
because of the largayg —gg) ~4.6. On the other hand, the anl,K=5,4 assignment. Some of the 4nd 5" levels pre

M1 transitions to the ground band would be strictly forbid-dlc’[ed at these energies are expected to couple strongly by

o : . . g
den for the adopted configurations since the electromagnetltge Coriolis interaction, possibly leading tord=4" band

moments are one-particle moments. However Efetransi- With a large K™=5" admixture and increased rotational
tions to the 0 band are also expected to be retarded sinc spacings. We therefore consider, as already indicated above,

the 7/2 [514]— 9/2" [ 624] transition involves a spin flip and fhe 893 keV level as a possible candidate for a level connect-

. + ; 18
is, therefore, forbidden by the asymptotic selection rules 1‘orIng the 1" ground state and the-Sisomer of **°Ta.

E1 transitions in deformed nuclésee Table 5-3 of Ref.
[18]), and the intraban® 1 transitions are hindered by their

can explain the properties of this baht alignment, its lack
of signature splitting, and itsgi — ggr) ] convincingly as dis-
cussed in Ref44—6]. We, therefore, conclude that a reliable
experimental determination of the parity of the isomeric
band would be a prerequisite for a reasonably safe config
ration assignment.

The lowest rotational band not known from the previous
work is theK™=1" band based on the 320 keV state, iden-
tified in the present work up to its'GmemberK™=1" is

D. Gamma-ray branching ratios

low energies. Most likely the observéd1 transitions can be In this section we discuss the electromagnetic decay of
explained by a mutual mixing of the two™lbands as dis- some selected rotational bands #°Ta in the context of
cussed in Sec. I D 1. band couplings. The interbangdray transitions are sensitive

With the assignments discussed so far, all levels listed ino band mixings, in particular if the intrinsic transitions are
Table Il up to the 722 keV level are explained except for twohindered by selection rules, which is the case for almost all
levels at 653.4 and 707.9 keV. The spacing of these levelgansitions between the low-lying two-quasiparticle states in
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180Ta. The y-ray branchings provide in a few cases some TABLE X. Gamma-ray branching ratios for the transitions from
. . . . . . . : H T - 8

insight into the band couplings as discussed in the followinghe first-excited<™=1" and 1" bands of'*’Ta.

sections.

Band Transitions
1. First excited K'=1% and 1~ bands K™ Epn (keV) (I7K); (I"K); E, (keV) 1, (exp) 1, (calc)
The relative intensities of the transitions from the first-1* 320 "1 1"1 320.2 100 100.0
excited I" and 1" bands to the ground and first-excited 0 271 280.7 664) 67.4
band, respectively, are listed in Table X. The experimental 2*1 1" 370.8 100 100.0
y-ray intensities of thé — (1 —1) intrabandM1 transitions 271 331.3 45%3) 39.6
were obtained from the intensities of therays depopulating 371 260.1 594) 61.4
the levels with spinl and |1 —1 in the coincidence spectra 11 50.6 1.74)
with gates ony rays populating the levels with spin The 3+1 2+1 408.5 100 100.0
intensities given in the last column of Table X were calcu- 3+1 337.2 253) 12.3
lated assumind/1 multipolarity for all transitions and pure 4t1 262.8 31) 37.4
K values for the levels involvedleading-order intensitigs ;- 423 11 - 315.6 100 100.0

The most significant feature of thd1 transitions from
the first-excitedK"=1" band is the predominance of the
interband transitions to the ground band for which, more- -1
over, the branching ratios follow closely the leading-order
predictions. The interbantyl 1-matrix element can be esti-
mated from the interband to intraband intensity ratio of the
2" —1" M1 transitions. For later use we introduce the ratio

2930 2952 1200
2524 313 25.6
347.5 100 100.0
306.9 2762 114.6
2437 889 23.0
545  27850)

373.1 100 100.0
3099 522  100.3
2260 182 16.7
66.2 4910

P OOOFR OO0OO0OOOoOOo

_ B(M1L;1,Kp—(1-1),Ky)
R()= B(M1;l,K,—(1—1),K,)’

\;v:gree)(l(cilt:g%z; darfetshpee}ét?\yeellgngpo;umgeigsteorfstizzsgIriZE[Jen(? irj‘lThese transitions are very weak and possibly contaminated in the
: ' . coincidence spectra. The listed intensities should perhaps be
Table X one obtain®(2+)=0.15-0.04 and withg,=4.9 17 2" P isted intensit ulc perhap

i ) ! considered as upper limits.
for the configuration9/2"[514]— v7/2 [514] assigned to

the excited band gested by Balodist al.[22] to account for the unexpectedly

e, \2 strong interbandM 1 transitions. From they-ray intensities
B(M1;2" K,= 1—>1+,K1:1)~0.22( 2—) . listed in Ref.[23] one can estimatR(4")=0.5 correspond-

Mc ing to an interaction-matrix element ef50 keV for the 4"
level.

To trace the origin of the coupling of the two'" Istates,
one has to consider the model used for the description of
opposite to those of the main configurations, which diﬁerdeformed odd—o_dd nuclei discussed, for example, by Boisson

et al. [24]. In this model the two valence nucleons are as-

from the main configurations of the doublet partner for atsumed to stronaly counle to the deformed core and to inter-
most one of the two valence particles. An inspection of Table gy P

VIII shows that there is only one possibility, the mutual cou-gCtt V;’.'th ?abCh gther'trtgfg%h an effec;uv(;e bmteractk(z;pp.
pling of the two 1" bands. In this case one obtains otational bands withK =0 are coupled by, and an

additional term representing the coupling of the particle de-

As discussed in Sec. Il C thd 1 transitions between the
two 1 bands are forbidden. They must result from admix-
tures of configurations witKk™=0" or 1" and with parities

Ok.— k. | 2 grees of freedom through the rotational motion. The selec-
R(fﬁ(#) a2 tion rules for the latter term are violated by the twd
9k, 9r =1" bands, for which the valence particles are in orbitals

) . ) with different parities, and thus their coupling must result
wherea is the amplitude of admixture assumed to be equatrom the residual interactioV,,. This coupling does not
for the 1" and 2" levels. Withgy, = —3.3 andgyx,=4.9 one  affect the branching ratios of the interband transitions in ac-
obtains from the experiment®(2") an amplitude of ad- cordance with the experimental observations.
mixture of a~0.2 and an interaction strength 62" ,K, The y-ray intensities for th&™=1"—0" interband tran-
=1|H;,2",K;=1)~60 keV. sitions deviate from the leading-order results. The most sig-

We mention here two additional result$l) In the nificant features are the strong reduction of thel transi-
neutron-transfer reaction described in Sec. Il D we obtain ations for the odd spins, and the apparent signature
upper limit of 30 counts for the 320 keV level consistentdependence of the deviations. This latter dependence is also
with an interaction-matrix element for the"levels of up to  apparent for the interband-to-intraband intensity ratios with
75 keV.(2) The two 1" bands were also observediffLu at  values ofR(1)=1.4(3)x 10 3 and 11(2)x 10 3 for the 2~
194 and 339 keV and mixing between these bands was sugnd 3 levels, respectively.
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We assign the configurations
(@)
(b)

to the two bands. For these configurations the intrifgit
transitions are forbidden. The deviations of theay inten-
sities for transitions between such bands WitiK|=1 are
usually attributed to their mutual coupling by the Coriolis
interactionH.. In the two-particle casél, couples bands
with AQ = AK for one of the two valence particles with the
intrinsic configuration of the other particle remaining un-
changed24]. For the configuration&) and(b) this selection
rule is violated and thus the Oand 1" bands cannot couple
in first order through the Coriolis interaction.

K™=0"; w9/2 [514]— v9/2'[624],

K™=1"; w7/2°[404]—v5/2 [512]

The low-lying two-quasiparticle states that can lead to the

K™=1"—0" interbandM1 transitions via first-order ad-
mixtures are the configurations

(©0 K7=0"; w7/2"[404]—v7/2 [514],
(d) w712+ [404)— v7/27[503),
() 512" [402]— v5/27[512],
(f)  K"=1": =5/2"[402]— v7/2 [514].

The state(f) leads to a renormalization of thg factor of

PHYSICAL REVIEW C 65 014309

known from the neighboring nucléi’®Lu and *®2Ta, respec-
tively [23,25. In both cases the odd-spin members of the 0
bands are energetically lowered. The coupling of these bands
with the 1~ band should lead to an increase of the energy
differencesAE=[E(l)—E(I —1)]/2l of the 1" band for
evenl compared to those for oddas observedAE=13.6,
11.0, and 14.3 keV fot=2, 3, and 4, respectively.

With these couplings th&11-matrix element for the in-
terband transitions can be expressed in first order bygdime
eralized intensity relatiof18]

(K¢ I M(MD)[IK; 1)/ V21 +1
=V[1+ 8(K.,0) (1K1K — K[ 1K)

X[My+Ma{l(l¢+1) = (1 + D} (6)

For theK;=1—K;=0 transitions, one obtains

M= a’a,c<oc|M(M ly=- 1)| 1b>
+ag (gl M(M1r=-1)[1),

M,= aa,cfb,c( Ub)<OC|M(M lyv= 0)|Oc> + a’a,dfb,d(o'b)
X(0g| M(M1,r=0)[0g), (7)

band(b) but has in first order no influence on the branching

ratios of theK™=1"—0" interband transitions. The three
K7™=0" states can couple both to the @nd 1" bands via
Vpn andHg, respectively.

The Coriolis interaction of two bands witd K|=1 gives
rise to a mixing of these bands with amplitudes of admixtur
+c(l). In the two-particle case the first-order expression fo
c(l) is[18,24

c()=ey[1+8(K-,0](1-K)(1+K-)

e=— Ao |j4|Q)/AE, (5)

whereQ) . andQ).=Q_+1 are the quantum numbers of the
valence particle with different configurations in the two in-
teracting bands, andlE is the unperturbed energy difference

of the bands that are assumed to have identical rotational

parameters. The Coriolis coupling of the band (b) with

the band(e) is expected to be negligible, since the coupling-

matrix element(7/27404(j,)|5/2"402 is small and the
energy separation is large. The bafcsand(d) are expected
to be coupled to bantb) with comparable strength: barid)

is located close to bandb) but the matrix element
(7/27514(j) +|5/27512) vanishes in the limit of the

e

where a, . and a, 4 are the amplitudes of admixture of the
bands(c) and(d) in band(a) that are assumed to be indepen-
dent of the spins, and, . and €, 4 are the spin-reduced
amplitudes of admixture of the ban@s and(d) in band(b)
rassumed to depend on the signatageof band(b).

The observed suppression of the:1 transitions for the
odd spins can be explained M, is small[for K=0—K
=0 transitionsB(M1;l—1) vanishes because the Clebsch-
Gordan coefficien{101010) is zerd. To obtain an order-of-
magnitude estimate of the amplitudes of admixture, we as-
sumeM ;= 0, admixture of only one 0 band to the I band
and 1.0 for the ratio of the intrabarM 1-matrix elements to
obtain

413 )

From the experimentd8(M 1) ratios, one obtains values of
|ae|~0.7x 102 and~1.4x 10 2 for o,= — 1 (even spins
andop= +1 (odd sping, respectively. These results have the
expected order of magnitude.

asymptotic quantum numbers, whereas the energy separation Two discrepancies remaifit) The experimentajy-ray in-

between the band@) and (d) is larger but the matrix ele-
ment (7/27503(j,,) +|5/2 512 is asymptotically allowed.

tensity of the 2-2 transition is too high. As already noted
above, thisy ray is very weak and might have been misas-

Moreover, these couplings provide a natural explanation fosigned.(2) For M;=0 the y-ray intensities of thd —1+1

the signature dependence of theray intensities: the two
signature branches of the Obands are splitNewby split-
ting, see, e.g., Ref$4,24]) leading to different admixtures
for the two signature branches of the band. Experimental
results for the signature splittings of the baridsand(d) are

transitions listed in the last column of Table X are multiplied
by [(1+1)/1]? leading to discrepancies of factorssf2 for
these transitions. We believe that this could be due to higher-
order corrections, e.g., the admixtures of the bédhéh band

(a.

014309-19



T. WENDEL et al. PHYSICAL REVIEW C 65 014309

2. K*=7% and 8" bands The bands(a) and (c) couple through the interaction-
Five levels withk "=7* and 8" are predicted in the BCS Matrix element\y(7/27404(j,) .|5/2"402). For this matrix
calculations below 1 MeV with the configurations element a value o&5 keV is obtained from an analysis of

interband transitions between the corresponding” 542d
. N . 7/2" bands in ¥*Lu [18]. Assuming this value of the
(a)  K7=77; w5/2"[402]+v9/27[624], interaction-matrix element for the bands) and (c) and
B 5 AE~370 keV, one obtainge, (|~0.0135. The intraband
(b) w927 [514]+ v5/27[512], M 1-matrix elements can be estimated with calculated values
T_qQt. + i + of gk yielding ~0.60 and~ —0.37 é/2Mc for the bands
(€ K7=87% 71271404+ v9/27[ 624], (a) and(c), respectively. With these estimates one obtains
(d) w9/27[514]+ v7/27[514], "
e
~ -2
(e 7912 [514]+ v7/2 [503). [M2|~0.93x10"* 5.

These levels are expected to be coupled through the Coriolis If .the o577 keV level is the 8 m_ember of b+anc(a),+one
interaction[level (a) with (0); level (b) with (d) and(e)] and ~ 0Ptains with thesé; and the relatiorB(M1;8" .78 ,8)
the residual interactio’,,. The two-quasiparticle statea) =(|\/|1_/3) ~(16M,/3)” for the 398 kﬂ/ 8 8 tranS|t_|or_1
and (c) are established from the previous work at 358 and? Partial decay rate of,~3x10° s™*. Thus the Coriolis
179 keV, respectively. Two additional rotational sequencesSPUPling of the band&) and(c) leads in a natural way to an

built on 8" levels at 517 and 577 keV, were interpreted in énhancement ?f the (87)—(8",8) transition compared to
Refs.[4,5] as 8 bands with the configuratiort®) and (d), the (7",7)—(8",8) transition. It is interesting to note here

respectively. As already mentioned above, Dracoatigl. ~ hat (i) the matrix element of 5 keV cor+responds to an
[4] also considered an interpretation of the 577 keV rotgiNteraction-matrix element of 20 keV for the 8nembers of

tional sequence as an extension of the and(a), but re- the be}nds{a) and(c) closg to the _vaIue of 25 keV suggested
jected this possibility on account of the different partial de—bX Saitohet al.[5] for the interaction of the 179 and 577 keV
cay rates of the transitions from the 7nd 8 states to the 8 €vels, andii) Dracouliset al.[4] have already suggested
179 keV 8" level. We want to show in the following discus- & MXINg O.f the bandga) and (c) as an explanation for a
sion that this lifetime discrepancy can be explained by takin ossible discrepancy between the measured and calculated
into account the Coriolis coupling of band® and(c), and (9 ~9r) values of the bandc).

consequently suggest that the 577 keV level structure might | "€ Mixing of the band&a) and(c) also gives rise t&2
indeed be the extension of baraj. transitions between these bands. The Coriolis coupling leads,

The M1-matrix elements for transitions between bandst® first order, to arl-independent renormalization of the in-
with AK=1 coupled by the Coriolis interaction are de- 'insic E2-matrix element;,
scribed, to first order, by the generalized intensity relation
(6). ForK;=K andK;=K+1 the matrix elementM; have Mi(E2)=Mi(E2)+M.(E2)
the form

with
M1:M0_2(K+1)M2,
5
) M(E2)=Be\/15-eQ. (10
Mo=—[(K+ 1 M(M1r=0)|K+1)
V2 The induced=2 moment is expected to be large compared
_ to the intrinsic momen{18]. With the above estimate of
~(K[M(M1,r=0)[K)] ® ¢ and Qo=679 fn? one obtainsM(E2)=7.8 e fm?, and
with anE2 transition rate for the 179 keV*7-8" transition of
T,(1+ay) =1.3x10" s~ that would account for-75%
Mo=(K+1|M(M1y=—1)|K) of the observed total transition rate. Saitethal. [5] derive a
conversion coefficient ofy,(179 keV)=0.96+0.10 from
— eV2(K|M(M1,r=0)|K). (99  intensity balance considerations that would limit & con-

tent of the 179 keV transition to at most 25%. One possible
With these relations one can estimate the interband trarexplanation for this discrepancy would be that the intrinsic
sition rates for the Coriolis coupled ban@s and(c). Forthe  and induced2 moments partly cancel each other. However,
M1 transition from the 358 keVV level to the 179 keV 8 the 5/1402]_)7/2[404] transition involves a Spin f||p and an
level Egs.(6) and (8) yield B(M1;7",7—8",8)=M§. As-  E2 transition is therefore forbidden. We consider tE2
suming pureM 1 multipolarity for the 179.1 keV 7—8"  discrepancy as an indication for mixed configurations of the

transition andr(7*)=60=4 ns[4,5] one obtains first-excitedK™=7" and 8" bands.
" The Coriolis coupling also implies corrections to the ro-
5, € tational energies that amount, to first order, to a renormaliza-
=(0.94+0.039 X 10 2——. . . : :
[Mo|=(0.94x0.03 <10 2Mc tion of the rotational parametek, by sA~ =+ e?AE [18].
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TABLE XI. Gamma-ray branching ratios for intraband transi- separated from ban¢h) by only ~100 keV[4,5], but for
H T in 18 . . . . . T .
tions of theK™=7" band in**Ta, which so far no experimental information is available. This
band is expected to couple strongly to the Bands(d) and

T _ _ a
! LU= (=D =(=2)] (e) and these couplings could have a large influence on the
Exp. K=7, K=7, K=84 . e
interband transitions.
9+ 4.37) 0.85 3.24
10" 3.1(4) 0.44 1.73 5.59
11* 1.1(1) 0.29 1.13 2.76 IV. CONCLUSION
12+ 1.503) 0.21 0.82 1.80 . , ,
13 0.276) 0.16 0.64 131 The nuclear structure of®°Ta has been studied by in-

beam y-ray spectroscopy following thep(n) and d,2n)
&The values in column 2 are experimental results from Fdf.The  reactions in which preferentially two-quasiparticle states
values in columns 3 to 5 were calculated wigh=679 fn? and  with low K are populated. We have identified eight new low-
(KIM(M1,r=0)|K)=0.60, 1.5, and 2.0 7d2Mc for the bands |ying rotational bands, thereby doubling the number of
(@, (b), and(d), respectively. known levels with their associated bands. Reliable configu-

. ration assignments can be made for most of these bands and
The experimental values oA calculated from the energy

differences of the 8 and 9" levels areA=10.91, 11.54, and the experimental bandhead energies agree in general with the
12.85 keV for the 179, 517, and 577 keV 8evels, respec- values pred|eted by BCS caIcuIerns to better than .100 !<e\/.
tively. Under the assumption that the 577 keV level is the 8 In spite of t.h's progress, two-thirds Of. the two-quasiparticle
member of the 7 band, one would obtainA, levels predicted below_l M_e_\/ are still unobserved. More-
—11.88 keV,5A=+0.97 keV, and WitAE~370 kev a ©OVer for some of the identified bands the level density is
mixing amplitude of €| ~0.05. Again, this indicates the pres- high with several states so far unidentified,. and band cou-
ence of additional coupling effects. pllngs have a Iarge effect on th.)eray branchmgs used for
The previous assignment of the 577 keV 8equence as configuration assignments making these assignments uncer-
"=8" bpand with the configuration #9/27[514]  tain.
+v7/27[514] was based on experimental intraband ©One aim of the present investigation had been to search
B(M1)/B(E2) ratios which, according to Saitcdt al. [5], for low-lying states that could be responsible for the experi-
confirm this assignment. The-ray intensity ratios of these mentally established link between theé Jround state and
transitions are compared in Table XI with the ratios calcu-the 9~ isomer by inelastic photon scattering. We observe
lated for theK™=7" bands(a) and(b) and theK™=8" band levels at 892.6 and 907.3 keV with possible branchings
(d). For band(a) thel —(1—1) M1 transitions are underes- populating both the ground state and the isomer. However,
timated by a factor o=5. However, the agreement is not the assignments of the rays depopulating these levels are
much better for the 8 band(d) and the experimental data still uncertain and their involvement in th¢™=9" to 1*
show some scattering casting doubt on their reliability. transformation is therefore not clear. A unique identification
The K™=8" band based on the 517 keV level is associ-of the decay properties of these levels would require an iden-
ated in Refs[4,5] with the configuratione), based on the tification of the weak feeding transitions to be utilized in the
comparison of measured and calculategk { gg) values. yy coincidences that was beyond the sensitivity of our mea-
Dracouliset al. [4] note one difficulty with this assignment: surements.
in the BCS calculation the configuratide) is predicted 220 In the present workyy coincidences were measured with
keV higher than the observed state, whereas the configurdive Ge detectors, yielding only limited statistical accuracy.
tion (d) is predicted 80 keV lower. These authors, therefore With modernyy-coincidence arrays, it should be possible to
suggest that this could imply an overestimate of the energjncrease the experimental sensitivity for the identification of
of the single-neutron 7/2503] orbital in their calculation the missing two-quasiparticle states by at least two orders of
and a corresponding underestimate of the F814] energy. magnitude. Moreover, we believe that such a measurement
The 1" doublet partner of the 8 state with the neutron would also be a promising approach for the identification of
configuration 7/2[514] was identified in the present work at the higher-lying intermediate states involved in the coupling
320 keV in agreement with the calculated energy of R&f.  of the 9 isomer to the ground state.
which seems incompatible with the proposed energy Direct experimental information on the location and struc-
changes. We, therefore, adopt the assignment of the configture of some of the as yet unidentified states could also be
ration 79/27[514]+ v7/27[503] to the 517 keV & level obtained from a study of the’*Hf(a,t) reaction. This
only tentatively. would, however, require a high-resolution, high-statistics
To summarize this discussion, we believe that the intrameasurement with a highly enrichéd®Hf target. Finally, a
band and interband transitions between the five low-lyinghigh-resolution study of thé®3W(d,«) reaction with a po-
bands withK "=7" and 8" are sensitive to the mixing of all larized deuteron beam would also be valuable. This reaction
five bands, and therefore a better understanding of these coanables definite spin-parity assignments for low spins and
plings is a prerequisite for reliable configuration assignmentgould thus provide information on the Ostates that are dif-
based ony-ray branching ratios. In particular we mention the ficult to identify in the compound and single-nucleon transfer
possible importance of the'7band(b) that is predicted to be reactions.
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