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Excited states in the neutron-deficient nucleus '$) Hfg have been populated using the ''8Sn(*8Ti,5n)''Hf and
110pd(3Fe, 5n)''Hf fusion-evaporation reactions at 240 and 270 MeV, respectively. The level scheme for '*'Hf
has been extended with the observation of new band structures and an ™ = (13/2") isomeric state with a half-life
of 4.8(2) s has been identified. The decay path from this isomer to the (7/27) ground state is established. The
yrast band, based on the (13/2%) isomeric state, is extended up to (73/27") and side band structures are identified
up to (69/27) and (55/27). Quasiparticle assignments for these rotational structures are made on the basis of
their alignment properties and Woods-Saxon cranked shell-model calculations.

DOI: 10.1103/PhysRevC.90.054331

I. INTRODUCTION

Neutron-deficient rare-earth nuclei with A ~ 160 and N =
88-92 have become classic cases for the study of normal-
deformed nuclear states at high angular momentum. These
studies have revealed much information about the structure
of nuclei, in particular, the mapping out of the nuclear shape
with increasing angular momentum. At spins up to around
30h—40h these nuclei are dominated by collective structures
that undergo alignments of both neutron and proton pairs as
the rotational frequency is increased. The observation of the
associated band crossings has provided detailed information
concerning the configuration assignments. In the N =89
isotones the alignment in the yrast structure, based on a neutron
i13/2 configuration, has been observed to evolve as a function
of proton number. In the deformed '>’Er [1] and YD [2]
nuclei, the first crossing is a combination of the alignment of
the second pair of neutron i3, particles and the first proton
h11 2 particles. In the much less deformed nucleus '®*W [3] the
neutron hg /> and f7,, orbitals are low in energy and cross the
yrast structure well before the neutron i;3,, crossing. In this
work the nucleus '®'Hf is observed to high spin to investigate
the nature of the alignments in a nucleus that is predicted to
have an intermediate deformation between these neighboring
isotones.

In a previous study the yrast band of this nucleus was
established to I™ = (49/2*) (with a tentative extension to
53/27%) [4] with a side structure comprising three transitions
that extend up to /™ = (43/27). This paper further extends
these structures to higher spins and establishes a new side
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band structure. The rotational bands observed are compared
with the predictions of cranked shell-model calculations and
configurations are assigned. This work also establishes that the
bandhead of the yrast band is isomeric and has I™ = (13/21),
and we determine its decay path to the (7/27) ground state.

II. EXPERIMENT AND DATA ANALYSIS

Excited states in '®'Hf were populated in fusion-

evaporation reactions at the Accelerator Laboratory of the
University of Jyvaskyla, Finland, with two different com-
binations of beam and target nuclei. The first reaction was
18Sn(*8Ti,51) ¢ Hf with a beam energy of 240 MeV. Stacked
18Sn targets with total thicknesses of ~1.2 mg/cm? were
used. The second reaction used was 'Pd(*°Fe, 5n)'®'Hf with
a beam energy of 270 MeV. This reaction produces the same
166Hf compound nucleus as the ''8Sn(**Ti,5n)!'Hf reaction
and was adopted because of the more durable target material
in beam. Two stacked !'°Pd targets were used with a total
thickness of ~1.2 mg/cm?. The '8Sn(**Ti,5n)'®'Hf and
110pd(3Fe, 5n)'®' Hf reactions were run for ~39 and ~82 h,
respectively, with average beam intensities of ~5 particle-nA
and ~8 particle-nA, respectively.

Promptly emitted y rays from the reaction products were
detected in the JUROGAM II array, consisting of 24 Compton-
suppressed clover and 13 tapered HPGe detectors surrounding
the target chamber [5]. Recoiling reaction products were
separated from the primary beam in the RITU gas-filled
separator [6] and transported to the focal plane, where they
were implanted into the double-sided silicon strip detec-
tors (DSSDs) of the GREAT spectrometer [7]. Energy-loss
and time-of-flight measurements in GREAT were used to
distinguish the reaction products from any scattered beam
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transported through RITU. y-ray transitions occurring after
implantation at the focal plane were detected with three clover
HPGe detectors and the GREAT planar HPGe detector.

Data were recorded using the triggerless total data readout
(TDR) data-acquisition system [8], where events in each
detector are recorded individually and time-stamped using a
100-MHz clock. The data from both reactions were sorted into
a series of two- and three-dimensional histograms (matrices
and cubes) using the GRAIN software package [9]. Matrices and
cubes were analyzed with the RADWARE software suite [10].

The recoil-isomer tagging technique [11], in which prompt
y rays detected at the target position are correlated to
delayed y rays detected at the focal plane, was utilized in
the analysis of the data. By correlating prompt y rays to
the decay of an isomeric state, transitions above the isomer
can be selected, creating spectra that are mostly free from
contamination by other reaction products. Prompt spectra
and matrices correlated with decays from an isomer will
henceforth be termed isomer gated. In ''Hf isomer-gated
histograms, only delayed y rays detected within 0-5 us of an
implantation at the focal plane were considered, to minimize
the background of y rays resulting from longer-lived 8 decays
as well as decays from subsequent recoil implantations. A total
of 1.8 x 10! three-fold () events in the JUROGAM II array
were unpacked from the dataset and used in the analysis.

III. RESULTS

Figure 1 shows spectra of prompt and delayed y rays
identified in this work as belonging to '®'Hf. The level scheme
for ''Hf deduced in this work is shown in Fig. 2 while Table I
lists the measured y-ray properties.

The half-life of the isomeric state was determined by
fitting an exponential decay curve to the distributions of time
differences between implantation of a recoil at the focal plane
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FIG. 1. (a) Spectrum showing the prompt y rays correlated with
the 127- and 202-keV transitions below the '*'Hf isomer. (b) Delayed
y rays correlated with the 476-keV prompt transition in '®'Hf. The
inset to panel (b) shows a time difference spectrum between recoil
implantation at the focal plane and detection of the 202-keV y ray
in the GREAT planar detector. The solid line is an exponential decay
fitted to the data.
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FIG. 2. Level scheme for ''Hf deduced from this study. The
widths of the arrows are proportional to the intensities of the y-ray
transitions and the white part of the arrows represents the calculated
internal conversion component.

and detection of the 202- and 127-keV y rays. A value of
tij2 = 4.8(2) us was obtained for the half-life. The inset to
Fig. 1(b) shows an example time spectrum for the decay of the
202-keV transition. Two mutually coincident y -ray transitions
of 202 and 127 keV were identified following the decay of
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TABLE I. Measured y-ray energies, intensities, and initial and
final spins for '®'Hf from this work. The intensities of the prompt and
delayed transitions are normalized separately.

E, (keV) I, IF—I7
126.8(3) 100(2) (9/27 — 7/27)
202.2(4) 56(3) (13/2% — 9/27)
263.7(10) 3(1) (33/2- — 31/27)
279.6(14) 2(1) (37/27 — 35/27)
333.3(4) 100(1) (17/2% — 13/2%)
349.8(22) 2(2) (31/27) —
405.5(14) 2(1) (29/27) —
416.7(8) 5(1) (25/27) —
430.2(7) 5(1) (25/2- — 21/27)
472.4(7) 10(3) (29/2~ — 25/27)
475.5(5) 91(3) 2172+ — 17/2%)
487.4(5) 10(1) (33/27 — 29/27)
549.4(7) 9(1) (35/2~ — 31/27)
549.9(9) 6(1) (21/2- — 17/2°)
560.3(5) 75(2) (25/2+ — 21/2%)
563.3(12) 2(1) - (17/27)
565.7(6) 14(1) (37/2- — 33/27)
626.4(5) 62(2) (29/2+ — 25/2%)
632.8(8) 8(1) (39/2~ — 35/27)
643.3(9) 4(1) (35/2- — 33/2%)
647.2(6) 12(1) 412~ — 37/2°)
677.7(5) 36(2) (33/2+ — 29/2%)
704.0(9) 8(1) (43/2- — 39/27)
708.7(7) 9(1) 45/2- — 41/27)
728.4(5) 25(1) (37/2+ — 33/2%)
733.3(6) 10(1) (49/2* — 45/2%)
754.7(6) 12(2) (45/2+ — 41/2%)
756.5(10) 10(2) (17/27 — 17/2%)
760.4(13) 3(1) (57/2- — 53/27)
768.5(13) 4(1) — (25/2%)
771.1(7) 13(1) (31/27 — 29/2%)
783.3(8) 8(1) (53/2* — 49/2%)
788.5(5) 20(1) 41/2+ — 37/2%)
798.5(14) 2(1) (6127 — 57/27)
801.6(8) 7(1) (49/2- — 45/27)
810.0(14) 4(1) 47/2- — 43/27)
831.1(15) 2(1) (21/2- — 21/2%)
833.0(13) 1(1) (55/2- — 51/27)
838.8(9) 5(1) (532~ — 49/27)
844.4(6) 41) — (21/2%)
848.9(12) 4(1) (57/2*+ — 53/2%)
863(3) 2(1) (5127 — 47/27)
881.4(12) 1(1) (65/2~ — 61/27)
914.3(20) 2(1) (61/2+ — 57/2%)
933(2) 1(1) (69/2~ — 65/27)
978(2) 1(1) (65/2+ — 61/2%)
1015(2) 1(1) (69/2* — 65/2%)
1048(3) 4(1) — (25/2%)
1053(2) 1(1) (73/2+ — 69/2%)

the isomer in ''Hf. The multipolarities of these transitions
were deduced through measurement of their K-shell internal
conversion coefficients, ax . The conversion coefficients were
measured by comparing the intensities of the y rays and Hf
K-shell X rays in a matrix of delayed y rays detected within
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FIG. 3. Spectra of prompt y rays in coincidence with the (a) 626-,
(b)487-,and (c) 771-keV transitions in the '®' Hf isomer-gated matrix.

5 us of a recoil implant at the focal plane. Coincidence gates
were set on the delayed y rays in '®'Hf to ensure only X
rays associated with conversion of the transition of interest
were measured. Coefficients of ax = 2.8(4) and ax = 1.7(2)
were found for the 202- and 127-keV transitions, respectively.
The relatively large error in these measurements is principally
due to uncertainty in the efficiency of the GREAT planar
detector. The coefficients are consistent with M2 and M 1 mul-
tipolarities for the 202- and 127-keV transitions, respectively,
using the Brlcc internal conversion coefficient database [12].

The prompt level scheme was constructed by using informa-
tion from a '®'Hf isomer-gated yy matrix and a nongated y>
cube. The yrast band has been extended to a spin of (69/21) and
tentatively (73/2%). Our data are consistent with the scheme
of Hiibel et al. [4] up to (49/2") but the energy of the 735-keV
transition reported by Hiibel et al. differs slightly from the
733 keV observed in the present work. The 743-keV transition
tentatively proposed by Hiibel et al. placed above this was not
confirmed in the present work.

Two side bands, labeled Bands 1 and 2, have also been
observed in this work. Band 1 is consistent with the side band
observed by Hiibel ez al., linked via a 771-keV transition to the
yrast band. The band has been extended to a spin of (55/27)
and further linking transitions have been found. Band 2 is
newly identified in this work and is linked to Band 1 and
through intermediate states to the yrast band. Figure 3 and
Fig. 4 show spectra from the isomer-gated yy matrix and y>
cube, respectively, showing transitions in the yrast band, Band
1, and Band 2.

Angular distributions were measured for the strongest
prompt y rays by measuring their intensity as a function
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FIG. 4. Doubled-gated y-ray spectra from the 33 cube showing
the bands in '°'Hf. (a) Spectrum showing y rays in the yrast band
from gating a sum of 333-, 476-, and 560-keV peaks on the first axis
and a sum of 849-, 914-, 978-, and 1015-keV peaks on the second
axis of the cube. Above 900 keV, the spectrum is multiplied by a
factor of 5 to clearly show the highest-spin transitions in the band.
(b) Spectrum showing y rays in Band 1 from a double gate on the
704- and 810-keV transitions. (¢) Spectrum showing y rays in Band
2 from gating a sum of the 472- and 487-keV gates on the first axis
and the 430-keV peak on the second axis of the 33 cube.

of detector angle in an isomer-gated spectrum. These dis-
tributions were compared with predicted distributions for
pure stretched dipole and quadrupole transitions to estimate
the spin change associated with the transitions. A Gaussian
substate distribution with /1 = 0.3 [13] was assumed for the
theoretical distributions. The data were corrected for efficiency
and normalized to the distribution of the 333-keV transition,
which is assumed to be a pure stretched quadrupole. Sample
distributions are shown in Fig. 5.

A quadrupole nature was deduced for the 487-, 560-,
566-, 626-, and 678-keV transitions, which are assumed to
have stretched E2 multipolarity. The 472-/476-keV and 549-
/550-keV doublets also have combined distributions which
are consistent with all of these transitions being stretched
quadrupoles. The intensity of the 769-/771-keV doublet is
dominated by the 771-keV transition and the distribution is
consistent with that of a stretched dipole. Large errors due to
poor statistics were found for the 430-keV transition, making
it difficult to determine a multipolarity, but its distribution is
more consistent with that of a stretched quadrupole.

Due to the level of statistics available and contamination
(in non-isomer-gated matrices) from other reaction products it

PHYSICAL REVIEW C 90, 054331 (2014)
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FIG. 5. (Color online) Angular distributions measured for the (a)
430-, (b) 487-, (c) 560-, and (d) 771-keV transitions. The solid and
dashed lines show the theoretical distributions for pure stretched
dipole and quadrupole transitions, respectively.

was not possible to produce gated angular correlations in this
work.

IV. DISCUSSION

A. Quasiparticle alignments

The structure of the bands in ''Hf is interpreted in
terms of quasiparticle configurations within the framework
of Woods-Saxon cranking calculations using universal param-
eters [14,15]. Quasiparticle Routhians, ¢/, calculated for '®'Hf
are shown in Fig. 6. The labeling convention for quasiparticles,
is given in Table II. In these calculations, the pairing strength
is calculated at zero frequency and is modeled to decrease
with increasing rotational frequency such that the pairing has
fallen by 50% at hw = 0.70 MeV, as detailed in Ref. [16].
For deformation parameters we assume zero triaxiality and
the parameters 8, = 0.161 and B4 = 0.018 were based on the
predictions of Ref. [17].

In order to compare the experimental results with the
calculations, the experimental alignments 7, [18] are plotted
in Fig. 7 as a function of rotational frequency. Also plotted is
the yrast band in '9>Hf [4,20]. A rotational reference, based on

TABLE II. Convention for the quasiparticle labeling.

Label Parity and signature Main shell-model
(m,a) component

Quasineutrons

A (+,+1/2), 132

B (+,—1/2); i132

C (+,+1/2), i132

E (—,+1/2) hos, f12

F (=,—1/2) hos, f12
Quasiprotons

A, (= —1/2) hiip

B, (=+1/2), hiy
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0.3
hw(MeV)

FIG. 6. (Color online) Cranked Woods-Saxon Routhian dia-
grams for (a) quasineutrons and (b) quasiprotons in ''Hf using
deformation parameters B, = 0.161, B4 = 0.018, and y = 0°. The
quasiparticles are labeled with the convention as given in Table II.

a configuration with a variable moment of inertia defined by
the Harris parameters [19] Jy = 12.5 B> MeV~! and J; = 85
B* MeV 3, has been subtracted [4].

The Woods-Saxon cranking calculations shown in Fig. 6
indicate that the i3/, quasineutron A becomes the lowest in
energy at low rotational frequencies. The yrast band of '®'Hf
carries an initial alignment of ~ 5.57 (see Fig. 7), which is con-
sistent with the slope of the A Routhian (i, = —de’/dw [18])
predicted by the cranking calculations. Therefore at low
rotational frequency the yrast band is interpreted at the i3/,
quasineutron configuration A.

Bands 1 and 2, have an initial alignment of ~12A at
hw = 0.25 MeV, which indicates that these bands are based
on three-quasiparticle configurations (see Fig. 7). Bands 1 and
2 are likely to be the FAB and EAB three-quasineutron con-
figurations. Analogous bands are seen throughout the region
(e.g.,[1,2]). Atarotational frequency of iw ~0.40 MeV, Band
2 undergoes a gain in alignment of ~67, which is interpreted
as the first /111> proton crossing. This crossing is also observed
in the neighboring nucleus '>Hf (see Fig. 7) [4,20]. Band 1
also shows an indication of this crossing at the top of the band.

As the rotational frequency is increased the yrast band of
I16THf displays a gradual gain in alignment up to ~0.4 MeV
of ~5h [see Fig. 7(b)]. At this point a gain in alignment of
~6h is observed that is similar to the first proton crossing seen
in Band 2 and in '>Hf. In order to understand the overall
alignment behavior in '®'Hf the systematics of alignment in
the lower mass N = 89 is shown in Fig. 7(c). In the more
deformed N = 89 nuclei "’Er [1] and 'PYb [2] the first
crossing in the yrast band is caused by the almost simultaneous

PHYSICAL REVIEW C 90, 054331 (2014)
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FIG. 7. (Color online) Experimental (a) Routhians, ¢’, and (b)
alignments, i, as a function of rotational frequency, hw, for bands in
I6IHf. Also shown in panel (b) is the alignment for the yrast band of
16$2Hf [4,20]. (c) Experimental alignments, i, for the yrast bands of
odd-mass, N = 89 isotones "’Er [1], ’°Yb [2], 'S'Hf, and '6*W [3].

alignment of the second pair of 713, quasineutrons BC and
the first pair of /11,2 quasiprotons A,Bp. The overall gain in
alignment in '®'Hf is similar to that observed in the lighter
isotones and suggests that the full alignment involves these
two pairs of quasiparticles. It is interesting to note that in
the heavier and less deformed isotone '3W a double crossing
is also observed; however, the first pair of neutrons to align
are (hos2/f7,2) EF rather than (i132) BC [3]. The cranking
calculations for quasineutrons in 161 [Fig. 6(a)] predict that
the EF (h9/>/ f7/2) and the BC (i13,2) neutrons align at roughly
the same frequency, although the EF crossing has a strong
interaction strength, which would result in a smooth alignment.
Therefore, the additional alignment of the EF quasineutrons
cannot be ruled out. The proposed configuration assignments
and quasiparticle alignments that characterize the bands in
I61Hf are summarized in Table III.

TABLEIII. Summary of configuration assignments for the bands
in 1STHF,

Band (o) Quasiparticle configuration
assignment
Yrast (+,+1/2) A — ABC — ABCA,B,
or A — ABCEF — ABCEFA,B,
Band 1 (—,—1/2) FAB — FABA,B,
Band 2 (—,+1/2) EAB — EABA,B,

054331-5
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B. Decay of the isomeric state

A value for the B(M?2) of 0.17(1) W.u. was obtained for
the 202-keV transition using an oy, taken from the Brlcc
database [12] and assuming a E3/M?2 mixing ratio of § =0
and a 100% branching ratio. Such a value of B(M2) is typical
for single-particle transitions between i13/; and hg; transitions
and a value of 0.18(4) W.u. seen in the neighboring odd
N = 89 isotone, '*W [21], for a transition of this type. Along
with the alignment characteristics of the rotational band built
on the isomer and the orbitals expected to be present at the
Fermi surface in '®'Hf, the B(M2) value indicates that the
isomer is a vi|3/, single-particle state. The (9/27) and (7/27)
states are likely to be principally based on the vhg,; and
vf7/2 single-particle states, respectively. It is probable that
the (7/27) state is the ground state of ''Hf, as it is for the
neighboring N = 89 isotone, W [21].

V. SUMMARY

The level structure of the neutron-deficient nucleus '$'Hf
has been established to high spin using the JUROGAM II and
GREAT spectrometers in conjunction with the RITU gas-filled
separator. Configuration assignments have been made based
on the predictions of Wood-Saxon cranking calculations. The
yrast band undergoes an alignment that is consistent with two
crossings involving the second pair of i3/, quasineutrons BC
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and the first pair of hyj;; quasiprotons AyB,, as observed
in the lighter N = 89 isotones. An alternative explanation
is that the neutron crossing also involves the (ho,2/f7/2)
EF quasineutrons. These latter orbitals become energetically
favored as the deformation decreases and are observed to
align in the yrast band in the less deformed isotone '3W.
Two side bands are reported to high spin and in one band the
A,B, proton crossing is observed. The isomeric decay of the
(13/2%) bandhead of the yrast band is established and traced
to a possible (7/27) ground state.
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