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Excited states of '®*Hf were populated using the 94Zr(mGeﬁn) reaction and the decay ~ rays
were measured with the Gammasphere spectrometer. Two previously known bands were extended
to higher spins, and nine new bands were identified. In addition to bands associated with three-
and five-quasiparticle configurations, two y—vibrational bands coupled to the i;3/5 excitation were
also observed. The lowest level of a newly-identified, negative-parity band is proposed to be the
ground state of the nucleus. A systematic delay of the high-spin proton crossing frequency with
increasing quadrupole deformation from '52Hf to "?Hf was established. Extensive band searches
failed to reveal a triaxial, strongly-deformed structure in ***Hf similar to the one observed in several

nuclei around A ~ 165.

PACS numbers: 21.10.Re, 23.20.Lv, 27.70.4+q

I. INTRODUCTION

High-spin collective motion associated with a stable
triaxial nuclear shape has been investigated extensively
in recent years for nuclei near A ~ 165. The wobbling
mode, a characteristic motion of triaxial nuclei, has been
established in the odd-Z, even-N nuclei %' ~57Lu [1-5]
and 187Ta [6]. In addition, triaxial strongly-deformed
(TSD) bands based on quasiparticle excitations, with
deformation parameters (e2,7) ~ (0.4,20°), have also
been observed in the neighboring nuclei, such as in '62Lu
[7], 153Lu [8], Y%4Lu [9], 83 Tm [10], and S§Hf [11, 12].
Very recently, two TSD bands were identified in '6*Hf
and linked to the known, normal deformed (ND), states
[13]. This makes 5*Hf the first even-even system in the
mass region where a detailed comparison of the observed
and calculated properties of TSD bands could be per-
formed. Based on the same data, a search for TSD bands
in odd-A '63Hf appeared worthwhile. Unfortunately, as
discussed below, an exhaustive search yielded a negative
result, even though a detailed study of normal deformed
structures proved most fruitful. The latter forms the core
of the present paper.

A previous spectroscopy study of '63Hf by Blume et
al. reports only two bands, built on the v[651]3/2% and

v[523]5/2~ orbitals [14]. Although the present study did
not lead to the discovery of TSD bands in '63Hf, sev-
eral other noteworthy features were revealed. High-spin
states up to 77/2% were observed, and nine new bands
were identified. A large number of interband linking tran-
sitions were established and, as a result, all the sequences
have been linked. Proton crossings at hw ~ 0.45 MeV
were traced to their full alignments. Based on these re-
sults, and recent data in neighboring Hf isotopes, a sys-
tematic trend of a delayed proton crossing frequency with
increasing quadrupole deformation from '62Hf to '72Hf
could be established. A negative-parity band, built on
the vhg o shell-model state, was observed and its 5/2~
bandhead is proposed to be the ground state of the '63Hf
nucleus. Two positive-parity sequences are suggested to
correspond to y—vibrational bands built on the i;3/5 neu-
tron excitation. The intrinsic configurations of all the
bands are discussed within the framework of the cranked
shell model, aided by comparisons with neighboring nu-
clei.

The experiment and the off-line data analysis are out-
lined in Sec. II, followed by a presentation of the main
results in Sec. III. Section IV contains a more detailed
discussion of the configuration assignments as well as of
the nature of observed band crossings.
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FIG. 1: Proposed level scheme for 1%*Hf; energies are in keV and arrow widths are proportional to the relative intensities of

the v rays.



II. EXPERIMENTAL DETAILS AND RESULTS

High-spin states in '93Hf were populated through the
947r(™Ge,5n) reaction, where the "*Ge beam was ac-
celerated to 330 MeV by the ATLAS facility at Ar-
gonne National Laboratory. The target consisted of a
self-supporting thin foil (~ 0.76 mg/cm?) of isotopically-
enriched *4Zr. Coincident v rays were measured using the
Gammasphere array [15] which consisted of 99 Compton-
suppressed Ge detectors at the time of the experiment. A
total of 3.3 x 10 four-fold, or higher, prompt coincidence
events was collected. The population ratio between the
164Hf and '93Hf reaction channels was about 2:1.

In the off-line analysis, the data were sorted into a
database where the y-ray energies and detector identifica-
tion were stored for each event. The RADWARE software
package [16] was used to construct three-dimensional
(cube) and four-dimensional (hypercube) histograms,
and to, subsequently, analyze the y-ray coincidence rela-
tionships. The RADWARE band search routine was used
extensively to look for weak high-spin bands. In addition,
an analysis of y—ray directional correlation from oriented
states (DCO ratios) [17] was performed in order to deter-
mine the multipolarity of the « rays. A number of gated
DCO matrices were constructed from the database for
this purpose. The extracted DCO ratios from E2-gated
coincidence spectra fall into two distinct groups centered
around 1.0 and 0.6 for stretched quadrupole and dipole
transitions, respectively. Further discussion of the tech-
nique, including different gating conditions and DCO ra-
tios of unstretched transitions, can be found in the pre-
vious publication of Ref. [18]. The parity assignments
are based on the multipolarities of linking transitions be-
tween bands, as well as on coincidence relationships that
introduce important constraints in some instances.

III. LEVEL SCHEME

The new level scheme from the present study is given
in Fig.1. The v-ray decay sequences are numbered ac-
cording to the order of the discussion below. They are
also labeled by their low-spin quasiparticle configura-
tions. For convenience of discussion, these sequences will
be loosely referred to as “bands”, as is customary, even
though each sequence corresponds only to a signature of
a band. Bands 1 and 4 were observed previously [14]; all
others were identified here for the first time. Table I lists
the energy levels and y—ray transitions, as well as the
measured y-ray intensities and DCO ratios.

TABLE I: Spin and parity assignments for states in °*Hf,
as well as y—ray energies, intensities, and DCO ratios. The
level energies are given relative to the 5/27 state in band
3. The intensities are normalized to the 435-keV (21/27 —
17/2%) transition in band 1, which has been assigned an
intensity of 100.

JT Ei(keV) E,(keV) 1, R,
Band 1
13/2% 150.9
17/2%  406.3 255.4  61(2)  0.91(9)
21/2%  840.8 4345 100(3)  0.93(10)
25/2F  1404.6  563.7  79(3)  0.96(11)
29/2% 20632  658.6  47(2)  0.96(12)
33/2F 27929 7297 34(2)  0.99(13)
37/2% 35564 7635 23(2)  1.07(15)
412t 42711 7147 13(2)  0.94(14)
45/27 49642 693.1  8.3(9) 0.92(13)
49/2F  5705.0  740.8  5.8(7) 0.92(13)
53/2% 65109 8059  4.1(5) 1.11(19)
57/2F  7385.0 8741  3.4(5) 1.14(18)
61/27 83222 9372 1.74(28) 1.06(15)
(61/27)14 8360.0  975.0 <0.5
65/2t  9171.5 8493  0.5(1)
(65/25)4 9326.0  1003.8  <0.5
69/2%  10050.7  879.2 <0.5
73/2F  10986.4  935.7 <0.5
77/2% 119724 986.0 <0.5
Band 2
19/2F 11441  303.3  2.1(3) 1.03(16)
737.8 9(1) 1.3(2)
23/2% 17103 305.7  0.57(9) 0.95(28)!
566.2  3.1(5)
869.4  4.3(9)  1.3(2)
Band 3
5/2° 0.0
9/2~ 107.1 107.1  5.6(9) 0.95(13)
13/2 4574 350.3  48(5)  0.97(12)
17/2=  953.5 496.1 37(4)  0.90(14)
21/27  1537.8 5843  24(3)  1.02(13)
21/271  1630.0  676.5 11(2)  1.07(16)
485.9 16(2)  0.63(8)
25/27  2019.0  481.2 19(2)  1.05(14)
308.7 11(1)  0.56(6)
389.0 12(2)  0.91(14)
20/27  2488.1  469.1 15(2)  1.02(14)
3495  4.5(7)
33/27 29206 4325 11(2)  1.13(14)
364.7  3.3(5) 0.96(14)
37/27 34339 5133 10(1)  0.95(10)
41/27 40532  619.3  87(9) 0.98(11)
45/27 47817 7285  6.5(9) 0.95(12)
49/27  5597.4 8157  4.7(8) 1.05(12)
53/27  6484.6  887.2  3.2(5) 0.94(13)
57/27 73144 8298  1.3(2) 0.97(12)
720.8  0.5(1)  0.94(17)
(57/27)4 74526  968.0 <0.5
61/2-  8133.6  819.2  0.84(16)
(61/27) 8450.6  998.0  1.2(2) 1.05(16)
65/2~ 90184  884.8  0.5(1) 1.07(17)




TABLE I (Continued.)

TABLE I (Continued.)

JI Ei(keV) E,(keV)l? I, RrRY
69/2~  9979.6  961.2 <0.5  1.09(18)
73/27 110115 10319 <05

Band 4
23/27 19687 11279  2.8(4)  0.61(9)
27/27 23229 3542  3.1(5) 0.98(13)
303.9  0.53(9) 0.63(13)
918.3 17(2)  0.65(11)
31/27 26641 3413 15(2)  0.94(14)
176.0 <0.5
600.9  4.8(8)
35/27  3133.3  469.1 14(2)  0.94(12)
212.6 <0.5
39/27 37336 6004  12.2(9) 0.89(16)
299.7 <0.5
43/27 44427 709.1  10.5(9) 0.92(13)
47/27  5231.6 7889  8.3(8) 0.92(13)
51/27  6096.0  864.4  5.1(8) 1.07(12)
55/27  6985.3  889.3  2.0(3) 1.02(15)
7275  0.54(9)
55/27[4  7058.8  962.8  1.4(2) 1.09(16)
59/27 78123 827.0  1.2(2) 1.09(15)
(59/27)4 8036.1  977.3  0.63(2)
63/27  8690.3  878.0  0.76(13) 0.94(14)
67/27  9623.1  932.8  0.5(1) 1.08(16)
71/27  10609.3  986.2 <0.5
Band 5
25/27 21386  600.8 9(1)  1.06(15)
29/27 25559 4173  2.6(6) 1.11(19)
536.9  5.2(8) 0.98(10)
33/27  3092.8 5369  8.6(9) 1.08(14)
428.7 <0.5
604.7  2.7(4) 1.04(17)
37/27  3683.0  590.2  5.0(8) 1.04(15)
549.8  1.4(2)  0.55(9)
41/27  4329.2 6462 2.9(4) 1.08(11)
45/27  5092.6 7634  3.3(6) 1.04(16)
49/27 58881 7955  0.95(15) 0.95(13)
(49/27)4 5989.0  896.4 <0.5
53/27  6593.6 7055  0.5(1) 0.92(13)
996.2  0.7(1)
Band 6
27/27 24925  1087.9  0.84(16)
31/27 29157 4232 0.57(12)
427.6 <0.5
592.8  1.4(2) 0.97(13)
852.5  2.3(4) 0.56(11)
35/27 34429  527.2  2.8(5) 1.14(18)
650.0  1.4(2)
39/27 40548 6119  1.8(3) 0.97(13)
43/27 47534 698.6  0.67(13) 1.12(18)
47/27 54952 7418  1.9(3) 0.90(17)
51/27  6257.8  762.6  2.3(4) 0.89(17)
Band 7
17/2%  1150.2 743.9 0.9(2)
21/2F  1549.0 3988  1.8(3) 0.90(13)
7082  2.0(3)
11427 2.7(3)
25/2T  2007.0 458.0 1.5(2) 1.06(16)

JI Ei(keV) E,(keV)l" T, RrRU
602.4  0.93(15)
1166.2  2.6(4) 1.05(12)
29/2% 25428 535.8 2.7(3)  1.08(16)
11382 1.6(3) 1.04(15)
33/2% 31429 600.1  0.85(15) 1.16(18)
1079.7 <0.5
37/2%  3795.9  653.0  0.62(9)
1003.0 <0.5
41/2%  4536.0 740.1 0.5(1)
979.6  0.5(1)
45/2%  5291.5 755.5 <0.5
1020.4  0.74(12)
(45/20)4 53356  799.6 <0.5
49/2%  6011.1 719.6 <0.5
1046.9 <0.5
Band 8
25/2%  2224.8  1384.0  0.9(2)
29/2%  2749.3 524.5 1.9(3)
686.1  0.8(2)
(1344.7) <05
33/2% 33214 5721 1.5(3)  0.98(15)
12582 1.1(2) 1.02(17)
37/2% 39368 6154  3.3(5) 0.96(13)
1143.9  2.1(3)  0.94(15)
41/27  4633.6  696.8  2.5(4) 0.97(14)
10772 1.5(3)
Band 9
19/2%  1759.1 615.0  0.72(13)
918.3  1.05(19)
1352.8  0.83(15)
23/2%  2139.5 3804  0.89(15) 0.93(14)
590.5  0.89(15) 0.64(10)
734.9  0.54(8)
1298.7  1.2(2) 0.77(12)
27/2% 26154 4759  2.9(4) 1.07(17)
1210.8 <0.5
31/2% 32208  605.4 1.8(3) 0.91(14)
35/2% 39414 7206  0.9(2) 1.09(15)
39/2%  4719.7 7783 <0.5  1.06(16)
Band 10
17/2% 16126 462.4 <0.5  0.93(19)
21/27  1933.1 320.5 0.5(1)
384.1 0.6(1)  0.98(20)
1092.3 <0.5
25/2%  2325.2  392.1 2.5(4)  0.92(15)
3182 0.5(1) 0.97(29)
6149  0.8(2)
29/2%  2878.2 553.0 2.4(4)  0.97(9)
33/2t  3566.8  688.6 1.8(3) 0.94(14)
37/2%  4370.4 803.6 0.9(2)
41/2%  5104.4 734.0 <0.5
5206.5/4  836.1 <0.5
Band 11
35/2(7)  3856.3  1063.4  0.66(9) 0.63(18)
39/207) 44079  551.6  0.6(1)  1.1(2)
974.0 <0.5
43/27) 5000.4 5925  0.5(1)  1.03(15)
47/207) 5668.2  667.8 <05  1.02(12)




TABLE I (Continued.)

JI Ei(keV) E,(keV)l? I, RrRY
51/207) 63804  712.2 <0.5
55/2(7)  7155.6  775.2 <0.5  0.98(16)
59/2(7)  7998.3  842.7 <0.5  0.90(14)
63/2(7)  8903.1  904.8 <0.5

[a] The uncertainties in the quoted ~-ray energies are 0.2 keV for
most transitions, and 0.5 keV for weak (Iy < 1) ones.

[b] DCO ratios were measured by gating on stretched-E2 transi-
tions, unless indicated otherwise.

[¢] DCO ratios were measured by gating on stretched-dipole
transitions.

[d] Side-feeding levels associated with the bands.

A. Bands1-6

Bands 1 and 4 were identified previously [14]. Based
on the level systematics and Nilsson model calculations,
Blume et al. identified band 1 as the neutron i3/, se-
quence built on the 13/2% state, and concluded that this
state is not the ground state. The assigned positive par-
ity for band 1 and negative parity for band 4 came from
the proposed configurations of the bands, and the mea-
sured v—ray angular correlation ratios. In the current
study, band 1 is observed to be the most strongly pop-
ulated sequence in '63Hf. The measured DCO ratios for
the transitions in bands 1 and 4, as well as those for the
918- and 1128-keV linking transitions between the two
sequences, agree with previous spin assignments. Band 1
has now been extended from 57/2% to 77/2%. The previ-
ously observed 963-keV v ray at the highest spin (55/27)
of band 4, is now suggested to be associated with a side
feeding to the 51/2 level. Five new E2 transitions have
been placed above this 51 /27 level as high-spin members,
and band 4 has been extended to 71/27, as a result.

Band 2 consists of only two states. The depopulating
rays from the lower level feed the 21/2" and 17/27 states,
and those from the upper one feed the 25/2% and 21/2%
levels in band 1, respectively. The DCO ratios of the 303-
and 306-keV v rays are consistent with a stretched-dipole
character. The DCO ratios of both the 738- and 869-keV
~ rays indicate that they likely correspond to M1/E2
mixed transitions. Thus, the most likely scenario is that
the two levels in band 2 have 23/2% and 19/27 respective
quantum numbers and that both are depopulated via two
AT =1 transitions.

Band 3 is a cascade of seventeen transitions, fifteen
of which were determined to be stretched E2 in nature
from their DCO ratios (see Table I). Bands 3 and 4 are
connected by four linking transitions of 304, 176, 213,
and 300 keV. The DCO ratio of the 304-keV transition,
0.63(13), is consistent with a stretched-dipole character,
suggesting a link from the 27/2 level in band 4 to the
25/2 state in band 3. Further support comes from the
309-keV transition from this 25/2 level to the 23/2% state
in band 2: its DCO ratio of 0.56(6) is consistent with a
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FIG. 2: Panels (a) and (b) display the high-spin extensions of
bands 1 and 4, respectively, while (c) is a representative spec-
trum of band 3. The spectra of all the panels in this figure
result from summing spectra where v rays are in coincidence
with three in-band transitions. For band 1, gates were set on
transitions between the 41/2 and 73/2 levels, while for bands
3 and 4 gates were placed on all band members. The in-band
transitions are labeled by energies. The following sign conven-
tion is used for the spectra in all figures: the stars (‘+’) denote
coincident « rays in other known bands, the pound signs (‘#’)
mark the interband linking transitions, and the plus symbols
(‘47) indicate identified contaminations from other sources.

stretched-dipole nature. In addition, a branch of 389-
and 486-keV v rays depopulates this 25/2 level in band
3 and feeds the 19/2% state in band 2. The DCO ratios
of the two transitions are consistent with stretched-FE2
and dipole characters, respectively, suggesting that the
former decays from 25/2 to 21/2, and the latter from
21/2 to 19/2. Based on such spin assignments, together
with other rotational properties, including the excitation
energies, aligned angular momenta, and moments of in-
ertia, some of which will be discussed in detail in Sec.
IV, bands 3 and 4 can be identified as signature part-
ners. This requires band 3 to be of negative parity. This
band has been identified from the 73/2~ state down to
the 5/27 level, which is the lowest state in the scheme of
Fig. 1. Coincidence spectra representative of bands 1, 3,
and 4 are displayed in Fig. 2.

Band 5 consists of a sequence of seven E2 transitions.
Strong mixing is observed between bands 3 and 5 at lower
spins with several stretched-F2 transitions (601, 537, and
605 keV) decaying from band 5 to band 3, and vice versa.
Similar interband connections are also seen at the top
of band 5. Thus, this sequence must have the same,
negative parity as band 3, and its level quantum numbers
can be determined. Further support comes from the 550-
keV v ray, decaying from the 37/27 level in band 5 to
the 35/27 state in band 4. Its DCO ratio of 0.55(9)
is comnsistent with a stretched-dipole, presumably M1,
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FIG. 3: Spectra of bands 5 (a) and 6 (b) produced by sum-
ming triple gates. For band 5, gates were set on any two
band members and one of the four lowest transitions in band
3, while for band 6 gates were placed on any two band mem-
bers (except for the 742-keV v ray) and one of the three lowest
transitions in band 1. The inset in panel (b) is a continuation
of the main spectrum. The reader is referred to the caption
of Fig. 2 for the definition of the symbols.

character.

Band 6 consists of six members and decays mainly to
band 1 with 650-, 853-, and 1088-keV ~ rays. The band is
also linked to band 4 via a 593-keV transition at low spin,
and a 728-keV one at high spin. The DCO ratio of the
593-keV ~ ray, 0.97(13), is consistent with a stretched-
E2 character, suggesting a decay from 31/27 in band 6
to 27/27 in band 4. Thus, band 6 has negative parity.
This is further supported by the measured DCO ratio of
the 853-keV decay-out v ray, which is consistent with a
stretched-dipole, presumably E'1, character. The band is
also linked with band 3 (31/2~ — 29/27) through a 428-
keV transition. Four-fold coincidence spectra for bands
5 and 6 are presented in Fig. 3.

B. Bands 7 - 11

A striking feature of bands 7 and 8 is that every level
has a transition decaying directly into band 1. Such a
behavior indicates that these two sequences are closely
associate with the positive-parity, i13/2 structure. The
DCO ratio values of the 1166- and 1138-keV depopu-
lating transitions from band 7, and those of the 1258-
and 1144-keV v rays from band 8 are 1.05(12), 1.04(15),
1.02(17), and 0.94(15), respectively; i.e., consistent with
a stretched-F2 character. Therefore, bands 7 and 8 have
been assigned positive parity and their level spins have
been determined. The spectra of the two bands are dis-
played in Fig. 4.

Band 9 consists of five members. Its decay pathways
fragment, feeding bands 1, 2, and 7, which are all of pos-
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FIG. 4: (a) Four-fold coincidence spectrum of band 7, result-
ing from a sum of triple gates on all band members, and (b)
triple coincidence spectrum of band 8. For the main spectrum,
double gates were set on the 572-keV in-band transition and
one of the four lowest transitions in band 1. For the inset,
double gates were set on any band member and one of the
two lowest transitions in band 1. The reader is referred to
the caption of Fig. 2 for the definition of the symbols.
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FIG. 5: (a) Triple coincidence spectrum for band 9 resulting
from a sum of double gates on all band members. (b) Spec-
trum of band 10 resulting from a sum of triple gates set on
any two band members and one of the three lowest transitions
in band 1. The inset was produced by a sum of double gates
on all band members. The reader is referred to the caption
of Fig. 2 for the definition of the symbols.

itive parity. This could be an indication that band 9 may
be of the same parity. The DCO ratios of two decay-out
transitions were measured. The 591-keV v ray, feeding
the 21/27 level in band 7, has a DCO ratio of 0.64(10).
The value suggests that the « ray is likely of a stretched-
dipole (M1 or E1) character, leading to a spin assign-
ment of 23/2 for the depopulating level. Furthermore,
the 1299-keV transition linking this 23/2 level and the
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FIG. 6: Four-fold coincidence spectrum of band 11 resulting
from a sum of triple gates set on any two band members and
one of the five lowest transitions in band 1. The reader is
referred to the caption of Fig. 2 for the definition of the
symbols.

21/2" state in band 1 has a DCO ratio of 0.77(12), which
is between the expected values for a stretched-dipole and
a stretched-quadrupole transition, but is consistent with
a mixed M1/E2 ~ ray. Consequently, band 9 has been
assigned positive parity. A representative spectrum for
band 9 is displayed in Fig. 5. A weak 832-keV ~ ray de-
populates the band, but cannot be firmly placed in the
level scheme.

Band 10 has six members. Five of its depopulating
transitions have been successfully identified to feed the
positive-parity bands 1, 2, and 7; a behavior identical
to that of band 9. Three depopulating transitions of
462, 384, and 318 keV, feed band 7; a 1092-keV ~ ray
feeds band 1, and a 615-keV line links to band 2. The
DCO ratios of the 462-, 384- and 318-keV v rays are
all close to 1.0 (see Table I), indicating that these are
either AT = 0 dipole, or stretched-E?2 transitions. The
latter possibility can be ruled out, since this would make
the excitation energy of the band nearly as low as that
of the yrast band 1, which is in contrast with its weak
population. In addition, this hypothesis would require
the 615-keV interband transition from band 10 to band 2
(25/2 — 23/2) to have a AI = 3 character, which is also
highly unlikely. Therefore, the lowest state of the cascade
has been assigned a spin value of 17/2. Furthermore, it
was found that the rotational properties of bands 9 and
10 are remarkably similar, including their aligned angular
momenta, excitation energies, and moments of inertia,
and some of these properties will be discussed in Sec.
IV. All these facts strongly suggest that bands 9 and 10
are signature partners and, thus have the same, positive
parity. A spectrum for band 10 is shown in Fig. 5.

Band 11 is the weakest sequence in the level scheme,
where the strongest y ray of 552 keV has a relative inten-
sity of ~ 0.6%. Only two weak depopulating transitions
could be established. A 1063-keV « ray links the band
to the positive-parity band 1, and a 974-keV transition
connects it to the negative-parity band 3. The 1063-keV
~ ray has a DCO ratio of 0.63(18), suggesting a probable
stretched-dipole transition. Furthermore, in view of the
high transition energy, an E'1, rather than an M1 nature
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FIG. 7: (Color online) Quasiparticle diagrams for (a) neutrons
and (b) protons in '3Hf calculated at e2=0.20, €,=0.02, and
v = 0°. The levels are labeled by parity and signature as
(4+,+1/2) solid lines, (4, —1/2) dotted lines, (—,+1/2) dot-
dashed lines, and (—, —1/2) dashed lines.

appears likely. An M1 transition of such high energy
would be expected to exhibit an E2 admixture, result-
ing in a larger DCO ratio. Therefore, the band has been
assigned a negative parity tentatively, since no further
confirmation could be found. A spectrum of band 11 is
displayed in Fig. 6.

IV. DISCUSSION

Cranking calculations for '®3Hf have been performed
with the ULTIMATE CRANKER (UC) code [19-21]. The
Routhian diagrams in Fig. 7 display proton and neutron
orbital energies for the deformation of €5=0.20, €¢,=0.02,
and v = 0°. The labeling of the quasiparticles and related
orbitals closest to the Fermi surface is listed in Table II.
Uppercase letters represent quasineutrons and lowercase
ones quasiprotons. Each letter corresponds to a state de-
scribed by a given combination of asymptotic Nilsson or-
bitals and by appropriate signature («) and parity quan-
tum numbers. Corresponding shell model states are also
given in the table.

The configurations of the bands in '3Hf are assigned
below, based on (i) intrinsic properties of the bands,
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12h°MeV ™" and J; = 80h* MeV ™3 were used to subtract the angular momentum of the rotating core.

TABLE II: Labels and alignments (i,) of theoretical Routhi-
ans for neutrons and protons in 3*Hf. The spherical shell-
model states represent only the main components of the wave-
functions, if the orbitals are mixed.

Spherical shell- Nilsson o= +1/2 a=-1/2
model state orbital Label i, Label .
Viig/e v[e51]3T A 5.8 B 44
Viiz)o v[660] 5+ C 3.0 D 1.7
vhy o v[523]53~ E 3.1 F 22
V12 v[521]3~ G 1.8 H 1.9
mds /2 m[402]2F a 0.3 b 03
md3 /2 m[411]3t ¢ 0 d 03
mhiiya m[514]%~ e 2.1 £ 21
mhg 2 m[541]3~ g 4.1

such as the observed alignments, crossings expected at
specific frequencies, excitation energies, and on (ii) sys-
tematic comparisons of these properties with those ob-
served in neighboring nuclei. The proposed band con-
figurations, as well as the experimentally observed band
crossings are summarized in Table III. In Fig. 8, the
experimental alignments of all the bands are displayed
as a function of rotational frequency. Harris parameters
Jo =12 h?/MeV and J; = 80 h*/MeV?3 were chosen to
subtract the angular momentum contribution of the core
such that the ground-state band in *2Hf [22, 23] has zero
initial alignment. Fig. 9 provides the excitation energies
of all bands in ®3Hf relative to a rigid-rotor reference
AI(I + 1), where the inertia parameter A was chosen to
be 7.8 keV.
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FIG. 9: (Color online) Excitation energies, minus a rigid rotor
reference, as a function of spin for the bands in ‘5®Hf.

A. Bands 1 and 2

Band 1 is the yrast sequence at spins below 33/2 (see
Fig. 9). The band was previously identified as being built
on the neutron i3/, orbital [14], with a configuration la-
bel A in Table II. This orbital has a large initial align-
ment of ~ 6.27, as shown in Fig. 8. The first neutron
crossing (AB crossing), predicted to occur at hw ~ 0.22



TABLE III: A summary of the quasiparticle configurations
proposed, and the band crossing frequencies, hAw., observed
in '03HF.

Band configurations hw.(MeV)

1 A — ABC 0.36
ABC — ABCfg 0.45

2 B

3 E — EAB 0.24
EAB — EABfqg 0.43

4 FAB — FABfg 0.43

5 GAB

6 HAB

7 v —~v® BC 0.36

8 Y

9 AEG

10 AEH — AEHBC 0.37

11 ABC fb

MeV, is blocked. Instead, the band experiences the sec-
ond neutron crossing (BC crossing) at hiw ~ 0.36 MeV
with a gain of ~ 9A, as compared to the calculated values
of 0.33 MeV and 7h respectively.

Band 1 experiences a sharp crossing at a frequency
hw ~ 0.45 MeV accompanied by a large alignment gain
of 6.2h. The neutron CD crossing is blocked in this band.
The EF crossing has been observed in several neighbor-
ing Hf isotopes, mostly with even-IV, where it exhibits a
gradual increase of alignment of less than 24 [22]. Thus,
the sharp crossing in band 1 must involve quasiprotons
rather than quasineutrons. The onset of a proton cross-
ing at high spins has been identified in a number of nu-
clides in the mass region, but only in a few of these could
the bands be followed to spins high enough to delineate
full alignments. One of the better studied cases is in the
erbium isotopes, where the proton crossing frequency has
been found to increase with neutron number. The delay
was interpreted as being caused by the larger quadrupole
deformation associated with the heavier isotopes [24]. A
similar trend has also been investigated in the tungsten
isotopes [25]. In the past decade, several Hf isotopes were
investigated to very high spins so that the full proton
alignment could be traced. The measured proton cross-
ing frequencies and the magnitude of the aligned angu-
lar momenta for the lowest positive- and negative-parity
bands in the Hf isotopes are summarized in Table IV. In
an earlier study [26], Neffgen et al. suggested that these
crossing frequencies should also increase with increasing
neutron number, as the heavier Hf isotopes in this mass
region are characterized by larger quadrupole deforma-
tion [27, 28]. The data in Table IV, spanning a chain
of eleven Hf isotopes, provide solid evidence for such an
effect.

The calculated lowest proton crossing is ef involving
two hyii/2 protons: it is expected to generate a small
alignment gain (3—4.5% for the isotopes listed), and to be
gradual because of the strong interaction at the crossing.

TABLE IV: Experimentally observed proton crossing frequen-
cies hw (in MeV) and aligned angular momenta i, (in ) for
the lowest positive- and negative-parity bands in Hf isotopes.
The 'S3Hf data are from the present study. The calculated
equilibrium deformations, B2, for even-A nuclei [28] are listed
for reference, some experimentally measured values can be
found in Refs. [29-32].

Nuclei B2 =+ T=—
& references hw i hw i
162Hf (23] 0.170 041 6.0

163 1f 045 6.2 0.43 6.2
64Hf [13]  0.195 0.49 >5.9 051 >7.8
165Hf [26] >048  —

166Hf [34]  0.221 0.51 5.6 048 5.4
167THF [35] >050  — >052 —
168 Hf (18]  0.246 0.55 6.1 0.54 5.2
1691 [33] 0.58 >5.8 0.56 >5.0
YOHf [36]  0.260 >0.58  — >0.58 —
YTLHS [37] >0.55 >3.2  >0.58 >4.7
PHf [32]  0.271  >0.60 @ —

This is in contrast to the observed sharp upbend and the
large alignment gain (~ 6k). As a result, it is suggested
that the highly alignable low-{2 components of the hg /o
orbital are involved, and the crossing is thus of “mixed”
character (fg crossing) involving both the hy1/o and the
hg /o orbitals [18, 23, 33, 34].

Band 2 consists of only two levels. Its excitation energy
lies between those of bands 1 and 3 (see Fig. 9), suggest-
ing that it is built on the B orbital. Indeed, its alignment
of ~ 5.5% is also between those of bands 1 and 3 (see Fig.
8(a)), in agreement with the calculations. Both AB and
BC crossings are expected to be blocked in band 2. This,
however, cannot be verified in the data, since only two
levels are observed. The large energy splitting between
the two signatures A and B results in little population of
band 2 at high spin. The observation of the 23/2% and
19/27 levels is due mainly to the direct feeding of theses
states from levels in band 3.

B. Bands 3 and 4

Bands 3 and 4 can be identified as signature part-
ners from their similar rotational properties, as exhib-
ited in Figs. 8 (alignments) and 9 (excitation energies).
They are the lowest negative-parity bands, associated
with neutron orbitals E and F. Band 3 undergoes the
AB crossing at hw ~ 0.25 MeV, with an alignment gain
of ~ 9.8%, and becomes the three-quasiparticle configu-
ration EAB. The band has an initial alignment of ~ 3.2,
consistent with the calculated value for orbital E. Band 4
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FIG. 10: (Color online) Systematics of the bandhead ener-
gies for the v[523]5/27 and v[521]3/2~ bands, as well as the
energies of the 13/2" states in the v[651]3/2" bands for the
N = 91 isotones 23Gd, 87Dy, 129Er, 183Yb, and 'S3Hf. See
text for more discussion.

is assigned the configuration FAB. It decays to the yrast
structure near the F' — FAB crossing rather than to
the F band members below the backbend. It is possi-
ble that the rather large energy (1128 keV) available for
the 23/2~ — 21/2% decay favors this transition over the
lower-energy 23/2~ — 19/27 line at the band crossing,.
It is worth noting that a similar situation is seen in the
isotone 11YD [38].

Bands 3 and 4 experience a sharp crossing at a rota-
tional frequency Aw ~ 0.43 MeV with a gain of ~ 6.2h
(see Fig. 8(a)). The sharpness of the crossing and the
alignment gain are very similar to those seen in band 1.
The possibility of a neutron crossing can be ruled out
since the BC, EF, and AD crossings are all blocked in
bands 3 and 4, and the CD crossing is calculated to oc-
cur at rotational frequencies as high as fiw ~ 0.55 MeV.
Thus, the crossing has been identified as the proton fg
crossing. The UC calculated deformations are 5 = 0.18
for bands 3 and 4, smaller than the e, = 0.195 for band
1. This may account for the slightly lower crossing fre-
quencies observed in bands 3 and 4 when compared to
band 1.

At the lowest spins, band 3 is associated with the
v[523]5/2~ configuration. The 5/27 state is the lowest
one observed not only in the band, but also in the entire
level scheme. This level is likely the bandhead of band 3,
and the ground state of the nucleus as well. The 13/2%
bandhead of band 1, the strongest band, is thus located
150.9 keV above the ground state. Fig. 10 presents the
systematics of bandhead energies, as well as the excita-
tion energies of the [651]3/2" band, for the neighboring
N = 91 isotones »Gd, "Dy, %9Er, 61Yb, and '63Hf
[39]. The ground states of the first four of these are all
associated with the [521]3/2~ configuration. However,
the [523]5/27 orbital approaches the Fermi surface with
increasing proton number and becomes the ground state
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in 163Hf.

C. Bands 5 and 6

Fig. 8(b) indicates that bands 5 and 6 have similar
alignments, 1 — 2/ lower than those of bands 3 and 4.
Their excitation energies are also similar to each other in
most of the observed spin region, except for the lower-
spin states where they interact with bands 3 and 4 (see
Fig. 9(a)). Bands 5 and 6 lie 200 — 300 keV higher than
bands 3 and 4. They are likely signature partners as-
sociated with the configurations GAB and HAB, respec-
tively, which are the next, higher-lying, negative-parity
configurations above EAB and FAB.

The onset of another crossing is evident in bands 5
and 6 at fiw ~ 0.38 MeV, a value lower than the proton
crossing frequency of ~ 0.43 MeV in bands 3 and 4, but
higher than the BC crossing frequency of ~ 0.36 MeV in
band 1. With the suggested configurations of GAB and
HAB for bands 5 and 6, the BC and AD crossings are
blocked. The EF crossing is calculated to occur around
hw ~ 0.35 MeV, with a strong interaction. Thus, the
upbend in the observed alignment curves may be caused
by the EF crossing, or by the EF crossing coupled with a
proton crossing. In the N = 91 isotone, *?Er, the band
GAB behaves similarly, and the alignment gain at hw ~
0.45 MeV was attributed to the EF crossing coupled with
proton ef crossing [40]. The same may well occur here in
bands 5 and 6, but a definitive assessment cannot be
made until the complete alignment is delineated.

Bands 3 and 5 are mixed at lower spins with several
linking transitions between them. Interestingly, cross-
talking transitions are also seen at the highest spin of
band 5. A similar situation is present between bands 4
and 6 as well. This can be understood by further con-
sidering the wavefunctions of the bands. The v[523]5/2~
orbital (associated with E and F) originates mainly from
the vhg/o shell-model state; the v[521]3/27 orbital (as-
sociated with G and H) is mainly of vf;/, parentage,
but contains a significant component of the vhg/, orbital.
Such wavefunctions with several main contributions re-
sult in the actual mixing of the bands. Two sidefeeding
levels, 55/27 and (59/27), feed into the 51/2~ level in
band 4 through the 963- and 977-keV ~ rays. The 55/2~
states in the two sequences are close in energy, which
should cause mixing of them. Furthermore, the 55/2~
state in band 4 has a branching to the 51/27 state in
band 6. It is, thus, possible that the two “sidefeeding
levels” are actually the continuation of band 6, where
the 55/27 level preferentially decays to the 51/27 level
in band 4 due to the strong mixing of the two sequences.
Similarly, the two sidefeeding levels populating the 53/2~
state in band 3 could be the high-spin extension of band
5, here the mixing is more likely between the 53/27 states
in the two sequences.
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FIG. 11: (Color online) Comparison of (a) alignments and
(b) excitation energies, minus a rigid-rotor reference, be-
tween y-bands in '®*Hf and '°Er. Harris parameters Jo =
1202 MeV ™! and J1 = 80R*MeV 2 were used to subtract
the angular momentum of the rotating core in '%*Hf. For
159Fr, Harris parameters were adopted from Ref. [40]. The
rigid-rotor reference energies were calculated from Err =
AI(I + 1), where the inertia parameters A = 7.8 and 7.7
were used for ®3Hf and '®°Er, respectively.

D. Bands 7 and 8

Band 7 is closely connected to band 1 by a number
of E2 transitions. Similar to band 1, band 7 undergoes
the BC alignment (see Fig. 8(a)), suggesting that it may
be associated with the A orbital. Band 7 has the same
parity and signature as band 1, but is located at a higher
excitation energy (see Fig. 9(b)). A possible interpreta-
tion for band 7 is a y—vibrational excitation coupled to
band 1.

Both f— and y—vibrational bands have been observed
in the even-even 66~174Hf nuclei at low spins and they
are connected to their respective ground-state bands, as
summarized in Ref. [41]. These are quadrupole vibra-
tions with K = 0 and K = 2, respectively, where K is
the principal quantum number associated with the pro-
jection of the total angular momentum on the symme-
try axis of the nucleus. The y—vibrational coupling has
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also been reported at higher spins; e.g., in 9Hf [33],
Y7IHS [37], and '93Er [42], and is known to enhance the
strength of the F2 transitions linking the sequence to the
band on which the y—vibration is built. The decay-out
is linked to a y—vibrational component of the wavefunc-
tion, achieved by a K = 2 coupling in the band’s configu-
ration. For band 7 here, the 29/2% level was taken as an
example to estimate the B(E2) values for the decay-out
transitions. A transition quadrupole moment of 5 eb is
assumed for the band, based on the UC calculated de-
formation €2 = 0.195 for band 1. The branching ratio
between the 1138-keV decay-out E2 v ray and the 536-
keV in-band transition is about 60%, corresponding to
a B(E2) value of 0.12 €?b? for the decay-out transition;
i.e., corresponding to 23 W.u. This value is substantially
higher than expected for E2 decays, and is in the range
of values expected for vibrational transitions.

In Fig. 11, the alignment and excitation energy of band
7 are compared to those of the corresponding y-band in
the N = 91 isotone " Er [40]. The alignments of the
two bands almost overlap with each other for hw < 0.36
MeV, but the BC crossing is delayed in '?Er. There is
a gradual gain of ~ 3/ in alignment for the two bands
between the frequencies of 0.2 and 0.35 MeV. The na-
ture of this upturn is unclear. The vibrational excita-
tion energy between the 17/2% state in band 7 and the
13/27 level in band 1 is 999 keV. The value is higher than
the corresponding energy of 864 keV in %9Er [40], and
is also substantially higher than the energy of 810 keV
for the 2t — 0T ~ ray from the y—band to the ground-
state sequence in 19°Hf [43]. For the heavier even-even
Hf isotopes, '68~174Hf, the vibrational energy increases
systematically with mass number [18; 41].

Band 8 is very similar to band 7. Both of them have
positive parity, positive signature, and are characterized
by strong E2 branchings to band 1. Their alignment
patterns are similar with close values, as can be seen in
Fig. 11. Band 8 has higher excitation energy than band
7. In an odd nucleus, the y—vibration (K = 2) can couple
to a band with a given K value in two opposite directions.
Band 1 in '%3Hf is associated with 413/, neutron with a K
value close to 3/2, which can lead to two y—vibrational
bands with K values of 7/2 and 1/2. Therefore, band 8
is proposed to be the second y—vibrational band built on
band 1.

E. Bands 9 and 10

Bands 9 and 10 have identical rotational properties,
such as their alignments (Fig. 8(c)), excitation ener-
gies (Fig. 9(b)), and moments of inertia (not shown
here). Consequently, they are identified as signature
partners. Their alignments are ~ 2.5A higher than
that of band 1, suggesting that they are associated
with three-quasiparticele configurations, even at the low-
est spins. The sharp upbend of band 10 at high
spin is asociated with the BC crossing, indicating that



its configuration involves orbital A. Among all possi-
ble three-quasiparticle configurations, including three-
quasineutron or one-quasineutron-plus-two-quasiproton
configurations, the most probable ones for the bands are
likely the three-neutron configurations AEG (for band 9)
and AEH (for band 10), which are the next higher con-
figurations above the GAB/HAB ones associated with
bands 5 and 6. The difference between configurations
AEG and GAB is that the former contains orbital E,
while the latter contains the B orbital. Orbital E has a
higher excitation energy and a smaller alignment than or-
bital B, and the splitting between these two increases at
higher rotational frequency (see Fig. 7). This accounts
for the differences in excitation energy and alignments
between bands 9 and 5 (see Figs. 8 and 9). A similar
reason leads to the differences between bands 10 (asso-
ciated with configuration AEH) and 6 (associated with
HAB). The proposed configurations have positive parity,
in agreement with the experimental data.

F. Band 11

The trajectory of band 11 in the excitation energy plot
of Fig. 9(b) is essentially straight. This points to this se-
quence having an intrinsic configuration distinctive from
all others and, thus, it would not be expected to interact
with other bands. The deexcitation occurs within the
band, and decay-out transitions are observed only for
the lowest two levels, feeding bands 1 and 3. The band
starts at hw ~ 0.27 MeV with ~ 14A initial alignment
(see Fig. 8(c)), and its alignment curve is parallel to,
but ~ 27 higher than that of band 1 over most of the ob-
served spin range. This indicates that the band may have
a five-quasiparticle configuration; i.e., the configuration
ABC plus two additional quasiparticles.

A five-neutron ABCEF configuration is unlikely, since,
as mentioned previously, the EF crossing is not expected
below hw ~ 0.35 MeV. In addition, the sequence has a
proposed negative parity, which does not match the pos-
itive parity of the ABCEF configuration. Furthermore,
no sign of an upbend is present at the highest frequency
of hw ~ 0.45 MeV, where proton alignments occur in
other bands traced to such high frequencies. This fact
points to another scenario where this five-quasiparticle
configuration may involve protons already at lower fre-
quencies. That is, unlike the high-spin proton crossings
at iw ~ 0.45 MeV observed in other bands, the proton
excitations at lower frequency, but higher excitation en-
ergy, must be considered.

The most likely configuration for band 11 is ABCfb,
which involves the excitations of proton [514]9/2~ and
[402]5/2% states. Such a configuration has a nega-
tive parity and, according to UC calculations, generates
~ 2.5h more alignment than the ABC configuration, in
agreement with the observed alignments in Fig. 8(c).
The calculated band is ~ 1 MeV higher than band 1 at
hw ~ 0.3 MeV (see Fig. 7(b)), which is higher than the
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observed ~ 0.7-MeV value (see Fig. 9(b)). The pro-
ton orbitals a and b are degenerate, the orbitals e and
f split apart at higher rotational frequencies and the or-
bital f has lower energy. Thus, the configuration ABCfb
is considered more likely than ABCea as an assignment
for band 11. With the present interpretation, a signa-
ture degenerate partner to band 11, ABCfa, should also
be populated. But for such a weak band, it is probably
not unexpected that only one signature is observed.

G. Search for TSD band

Since bands associated with a stable triaxial shape
have been identified in several close neighbors of 163Hf;
e.g. 'S4Hf [13], and 115 Lu [3, 5, 7-9], as well as in
the lighter even nuclei '80YDb [44] and 135Er [45], the pos-
sibility that band 11 is associated with a TSD structure
has also been examined. All known TSD bands in this
mass region are based on quasiparticle excitations, and
the same holds for wobbling bands. In every instance one
or more aligned quasiprotons occupying the ¢;3/5 intruder
orbital are involved in the TSD configuration. A single
i13/2 quasiproton would generate ~ 6h of aligned angu-
lar momentum. Furthermore, these TSD bands are also
characterized by dynamical moments of inertia substan-
tially larger than those of the normal deformed bands.
Neither of these characteristics is consistent with the
properties of band 11 or of the other sequences discussed
above.

The issue of whether a TSD minimum can possibly ex-
ist in '63Hf should be considered in view of the present
failure to observe any relevant signal. In this context, it is
worth to recall that, while the present measurement was
optimized for the production of '64Hf, 153Hf was only
a byproduct. As a result, high-spin states were delin-
eated up to 77/2h, a value significantly lower than those
of 48 and ~ 61h characterizing the TSD bands in '6*Hf
[13] and '°®Hf [12]. Thus, a TSD sequence may well be
present in 1%3Hf at higher spins and/or higher excitation
energy: only a dedicated, high-statistics measurement fa-
voring the population of the higher-spin states of '63Hf
may provide the answer. On the other hand, numerous
theoretical studies, based on different approaches - see,
e.g., Refs. [46-53] - have investigated the properties of
TSD structures in even-N nuclei, with both odd and even
Z, but few of these discuss the characteristics of similar
TSD sequences in odd-N nuclei. In particular, no calcu-
lation is available for '63Hf. More generally, it has proved
challenging to predict the properties of TSD minima in
specific nuclei of the region, even those of nuclei differing
by only one or two nucleons from the well-established
cases. Further theoretical work is clearly needed. The
present work extends the knowledge on collective mo-
tion in '63Hf significantly and, in doing so, provides an
improved basis for both theoretical investigations and a
dedicated experiment.



V. SUMMARY

Excited states in '93Hf have been investigated. Two
previously known bands have been extended up to high
spins of 77/2% and 71/27, respectively, and nine new
bands have been identified. All the bands have been
linked to each other. Spins and parity have been as-
signed based on DCO ratio measurements. Intrinsic con-
figurations have been proposed for the bands, based on
the observed band crossings, aligned angular momenta,
and excitation energies, with the help of cranking calcu-
lations using the ULTIMATE CRANKER code, as well as
systematic comparisons with neighboring nuclei. Bands
associated with several three-quasineutron configurations
have been established, together with a five-quasiparticle
band including two quasiprotons. Two new sequences
are proposed to correspond to y—vibrational bands cou-
pled to the same 4;3/3 neutron band. Proton crossings
at fw ~ 0.45 MeV have been observed in both positive-
and negative-parity bands and traced to full alignments.
The new results, combined with recent data in neighbor-
ing Hf isotopes, point to a delay of the proton crossing
frequency increasing with quadrupole deformation from

13

162Hf to 172Hf. A negative-parity band was suggested to
be associated with the vhg,, orbital and its 5/27 band-
head state is proposed to be the ground state of the '63Hf
nucleus. Extensive band searches were performed, but
failed to reveal a TSD band similar to those reported in
the island of T'SD sequences centered around A ~ 165.
Additional theoretical investigations and a better exper-
iment dedicated to the population of high-spin states in
163Hf are needed to address the issue further.
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