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The 270-MeV%8Ni+“Pd reaction was used for the first recoil-decay tagging measurement with Gammas-
phere coupled to the Fragment Mass Analyzer at Argonne National Laboratory. Level structti®sf aind
5%t are identified for the first time, and that 8f°Hf is extended. The systematical behavior of the energy
levels in neighboring isotones and isotopes, as well as the aligned angular momenta as a function of rotational
frequency, are examined.

PACS numbgs): 27.70+q, 23.20.Lv, 23.20.En

. INTRODUCTION the proton-richN=84 isotones above th&%Gd core, was

. A , 1-mg/cnt thick and consisted of°Pd (69%), 1%4Pd (12%),
Nuclei above the'*®Gd core withN=82 andZ=64 ex- 105 (6%), and 1%%Pd (6%). The experiment was the first

hibit a wide variety of shapes. For nuclei with %_Ns84, GammaspheréGS measurement using the recoil-decay tag-
the level structures can be understood as resulting from th ing (RDT) technique at Argonne National Laboratory

;ngglrgcgzgsaﬁf Safrelynvo\r/r?éenrt]ﬁa ?Sucfﬁgrztggt;'dtehéhae" crl]ons]gn hese reactions have a large number of particle-evaporation
P guiarr 9 y gr channels, and an additional complication comes from the
of the spins of individual nucleons, e.g., Ref$,2]. Nuclei

with N=90 are prolate deformed and the level structures aré%g;vez‘dloréqungizm d??éuzgggeintiﬁgt-wgi@ rjjjl-t'; on

characterized by rotational bands built upon the deforme :
configurations, e.g., Ref$3,4]. In transitional nuclei, with qssvb’ "Ly, **Lu, and **Lu will be presented elsewhere
86<N<90, both rotational and single-particle degrees ofl 8 e
freedom can coexist and generate angular momentum in the The projectile,”Ni, was accelerated by the Argonne Tan-
same nucleus. At high spins, band termination, which occurgem Linear Accelerator SystefATLAS). The GS array
when the spins of all of the valence nucleons are aligned, hagPnsisted of 101 Compton-suppressed Ge detectors. The
been previously observed in tiN=88,90, Z=64 isotones, Fragment Mass Analyze(FMA) [9], located downstream
e.g., Refs[5-7]. from GS, was used to disperse the evaporation residues ac-
The present work studies the structural changes inducecbrding to their mass-to-charg®(Q) ratio, and to suppress
by the increase in angular momentum, as well as by théhe contributions from fission and scattered beam. The posi-
change in proton and neutron numbers, in the transitiondions of the recoils at the focal plane of the FMA were de-
nuclei %8154 The nuclei °8f and °%Hf are the most termined by using a position-sensitive Parallel-Grid Ava-
proton-rich N=86 and N=87 isotones in which excited lanche Counter(PGAC). The recoils were subsequently
states have been studied thus far. implanted in a 4& 48, 60um thick double-sided silicon-
strip detectoDSSD) placed 40 cm behind the PGAC.
The data from the experiment were recorded by the GS
acquisition system and written to magnetic tapes for off-line
The APd(®Ni, xpynzx) reactions with a beam energy of analysis. The GS pretrigger condition required at least two
270 MeV were used to populate the high-spin states irfse detectors to fire. In addition, there was an external pre-
158-1604f The target, chosen to study the excited states irfrigger in the GS data acquisition for this experiment. The
main trigger of an event required signals from at least two
Compton-suppressed Ge detectors and the PGAC, or any
*Present address: Telcordia Technologies, Piscataway, NJ 0885@vent in which the DSSD recorded a recoil or decay event.
"Present address: Mississippi State University, Mississippi St.The information recorded on magnetic tape for subsequent

Il. EXPERIMENT

MS 39762. analysis included/-ray energiesk,) and times with respect
*Present address: Los Alamos National Laboratory, Los Alamosto the radio frequencyRF) of the accelerator, the position
NM 87545. (Xpgac and Ypgao) and energy lossAE,) of the evapora-

Spresent address: Bio-Imaging Research, Lincolnshire, IL 60069ion residues in the PGAC, and the strip numbetsY() and
'Present address: Ludwig Maximilian Universitdinchen, energy E,) of recoils in the DSSD, as well as the energy

Garching, Germany. (E,) and strip numbersX,Y) of the decay particles associ-
TPresent address: University of Jpkgla 40351 Jyvakyla Fin-  ated with the implanted residues. The time of flihOF) of
land. the recoils betweerti) the PGAC and DSSD andi) the
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FIG. 1. Projection of the&Xpgac Vs E,, matrix
onto the Xpgac axis. Masses of the recoils are
labeled, as well as the 25and 26 charge states
of the dominantA=157 channels.
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FIG. 3. Level scheme of°®f. The widths of the arrows are proportional to theay intensities.

prompty-ray flash at the target position and the PGAC werem/Q ratio positions of theA=159-161 isobars overlapped
also recorded. In addition, the time from an absolute clockne focal plane positions of the= 153—155 isobars with the
was recorded for every event throughout the experiment @eighboring charge states. By gating on ¥&;ac of a par-
determine. the time elapsgd between implantation and decaylar nucleus and on the correspondig energy and life-
of a recoil. The correlations between promptrays and time of an isomer in the nucleus,jay matrix for a specific
part_icle-decay_ events in the DSSD were established in thg;omer could be constructed and theray transitions asso-
off-line analysis. o 1em 56 - ciated with that channel could be studied. Angular distribu-
Standardy-ray sources of “Eu, **Ta, *Co, and**Am {igns of they-ray intensities were used to deduce the multi-
were used for energy and efficiency calibrations of the Geygjarities of transitions, since the statistics were not
detectors. sufficient for directional correlation analyses. Further details

The FMA was tuned so that both 25and 26 charge  of the experiment and analysis are presented in Rél.
states ofA~ 157 recoils could be collected at the focal plane.

The prompt recoily coincidence events were sorted into a ll. ANALYSIS AND RESULTS
Xpgac Vs E, matrix. The projection of this matrix onto the
Xpgac axis is shown in Fig. 1. The nuclei of masses from
158 to 161 were probably produced by the fusion of the °%Hf was produced by either the fusion of the beam and
beam and the heavier Pd contaminants in the target. Thitae 1°%Pd target or the beam and th& 1°%Pd contaminants

A. Level scheme of'58Hf
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TABLE |. Energies, relative intensities, coefficients, and placements gfray transitions in5eHf.
Spin-parities in parentheses are tentatively established.

Energy Intensity a, Mult. E, (keV) Assignment
(keV) E; E¢ I — If
61.33) 27(7) E1 6524 6462  (22) - (217)
111.4912) 45(6) ~0.7614) E1l 3093 2981 11 = 10"
153.1410) 235(20) —0.505) El 3093 2940 11 — 10*
183.62) 29(7) 5851 5667
189.92) 23(6) 5440 5250  (18) - (18")
205.3114) 44(8) 9107 8901
289.0715) 51(8) 0.4211) E2 7557 7268
325.6412) 95(12) —0.3011) El 7210 6885 (2%) — (237)
331.7q14) 64(9) (E2) 5250 4918 (18) — 16"
339.92) 46(8) —0.41(29 El 5780 5440 (19) — (189
346.9714) 66(9) 7557 7210  (26) = (24%)
360.9412) 11213  —-0.4217) (E1) 6885 6521  (23) = (22%)
383.32) 51(9) 7268 6885
386.85) <29 7597 7210  (25) - (24")
388.7212) 14314) 7986 7596
422.3712) 160(15) 0.3010 E2 6885 6462 (23) — (217)
441.34) 24(9) (E2) 5250 4808 (18) — 16"
473.9511) 387(46) 0.1511) E2 5065 4592 17 — 15~
476.3611) 887(60) 0.226) E2 476 0 2 — o*
537.9512) 19316) E2 3520 2928 12 = 10"
556.9710) =1000 E2 1033 476 4 — 2"
579.8913) 18916) 0.24(16) E2 3520 2940 12 — 10"
601.62) 83(11) 5667 5065
609.2811) 107476) 0.169) E2 1643 1033 6 — 4%
611.74) 245(56) (E2) 6462 5851  (21) - 19°
616.6311) 96249 0.11(5) E2 2259 1643 8 — 6"
631.12) 11712 (E2) 5440 4808 (18) — (16%)
639.7912) 326(22) 0.296) E2 4160 3520 14 — 12+
648.3614) 17915 0.427) E2 4808 4160 16 — 14"
680.8910) 650(36) 0.326) E2 2940 2259 10 — 8"
687.0911) 424(27) 0.447) E2 4592 3904 15 = 13~
712.55) 92(21) (E2) 7597 6885  (25) - (23)
715.43) 121(22) (E2) 6155 5440  (20) - (18")
722.3114) 200(17) 0.4Q7) E2 2982 2259 10 — 8"
758.23) 177(16) 0.3214) E2 4918 4160 16 — 14*
761.28) 58(30) (E2) 6011 5250 (20) — (18%)
785.1712) 341(24) 0.238) E2 5851 5065 19 — 17"
811.1813) 47831) 0.245) E2 3904 3093 13 — 117
915.42) 79(10) 0.3610) E2 8901 7986
1161.73) 76(14) 8046 6885

in the target. The total projection of theray events gated |evel scheme of*Hf. Nevertheless, the spectrum in Fig.
on A=158 and on thex decay of **®Hf (E,=5.269 MeV  2(a) provides a unique identification of the transitions which
and t,,=2850 ms)[11] is shown in Fig. 2a). The total  belong to '5%Hf.

projection of they-ray events gated oA=158 alone is dis- The extensive level scheme of%Hf up to E,
played in Fig. 2b). Transitions from*>’Lu are also observed ~9.1 MeV andl =25/, shown in Fig. 3, is based on coin-

in this spectrum because of the contamination of fhe cidence relationships and relative intensities. The summary
=158 mass peak by the tail of the stroAg= 157 channels. of the y-ray transitions in*>®Hf is displayed in Table I. The
Given that many of the transitions which are strong in Fig.relative intensities were obtained from the total projection
2(a) are also strong in Fig.(B), a y-y matrix gated onA gated onA=158 and thex decay of 8Hf. Although tran-
=158 with enhanced statistics was used to determine thsitions have been previously observedtfHf [12], the level
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scheme in Fig. 3 is the first to be reported. guence becomes irregular and fragments into many branches.

The strongest transition in Fig. 2 is at 556.97 keV; a specThe transitions above the (2] state are weaker in intensity,
trum gated on this transition in the matrix gated #n and the spin and parity assignments of these states are tenta-
=158, withouta-decay tagging, is shown in Fig(&. The tive because the angular distributions of these transitions are
556.97-keV transition is in coincidence with all of the other uncertain. In the level scheme displayed in Fig. 3, a 61-keV
transitions identified in Fig. (). The spectrum gated on the transition is suggested. Although the intensities in the x-ray
476.36-keV low-lying transition is displayed in Fig(p). ~ €Nergy regions in spectra gated on specific transitions are too
Although the four low-lying transitions are similar in inten- Weak to identify this low-energy transition, a 61.3-keV tran-
sity, the 476.36-keV transition is assigned as the-20* sition is observed in the total projection spectrum gated on

15
transition to give the quasiband structure expected for thiéhea decay of *Hf. . . 158
N =86 isotone. Two non-yrast, positive-parity cascades f are ob-

~ —~ + i
The 153.14-keV transition connects the negative-paritygter:\é?dwuhecth(ftﬁefinlvlﬁx] E(ijr:i; SZ(t)o .trg ner;setca)(l)ssiltri]\fg-thaerit
high-spin and positive-parity, low-lying yrast cascades. An- ' Y yrast, p parity

gular distribution and intensity balance arguments sugges(iascaOIe vid2 transitions. Th_e cqlnudenc_e spectrum gated
that the 153.14-keV transition is likely of stretchEd char- on the 639.79-keV transition is displayed in Figdy

acter; the spectrum gated on this transition is displayed in 15
Fig. 4(c). The negative-parity cascade becomes yrast above B. Level scheme of *Hf

104, and is observed up t6=25 and E,~9.1 MeV. 15%f nuclei could be produced by the fusion of the beam
Above the 21 state at 6462 keV, the negative-parity se-and the 14 19pd contaminants in the target. The known
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characteristica decay of 1**Hf (E,=5.098 MeV andt,, transitions in**%u was carefully studied, statistics were in-
=5200 ms)[11] is identified in the present data. Note that sufficient to determine the energy of the decay. These

the positions ofA= 153 andA= 159 nuclei are nearly degen- results suggest that a more accurate measurement of the
erate at the focal planeM/Q ambiguity. a-decay characteristics dP%L.u may be required.

The total projection of they-ray events gated oM Other than the transitions which have been previously as-
=153+159 and on thex decay associated with the high- signed to3Tm [13] and *%Lu [14], all of the transitions
spin isomer in®%Hf is displayed in Fig. &). The x-ray inFig. 5@ belong to the same nucleus, with the strongest
energy region is complex and indicates that more than ont&ransition at 536.81 keV. A coincidence gate on the 536.81-
element is observed. In addition {8°Hf, transitions corre- keV transition in the matrix gated oh= 153+ 159 and thex
lated with *>3Tm [13], with the same focal plane position and decay associated with the high-spin isometiHf is shown
similar o decay propertiesH,=5.112 MeV[11l] andty, in Fig. 5b). The energies of the x rays in the coincidence
=1.48 s[15]), are identified in this spectrum. spectrum are consistent with Hf isotopes.

Transitions which belong td°%Lu [14] are also identified The y-y matrix gated onA=153+159, as well as the
in this spectrum, although the energy of theparticles as- matrix gated onA=153+159 and thea decay associated
sociated with the decay of the high-spin isomer %itfLu with the isomer in>*Hf, were used for level scheme con-
quoted in the literatur¢16] is 4.530 MeV. In addition, no struction. The level scheme dP%Hf in Fig. 6 is studied for
peak at 4.530 MeV is observed in theenergy spectrum the first time in the present work, although transitions in
gated on mass= 153+159 [10]. Although ana-energy  °°*Hf have been previously report¢di2]. A summary of the
spectrum gated on mass 153+ 159 and the strongestray  vy-ray transitions is displayed in Table Il. The relative inten-

034316-6
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FIG. 6. Level scheme of**Hf.
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tion of the 98.87-keV line indicates that it is likely of
stretched dipole character. By comparing the relative inten-
sities of the transitions in Fig.(@) to the total projection in
Fig. 5, the 98.87-keV line is probably ti1 transition from

the 9/2° to 7/2° state. This assignment is also supported by
the observation that the isomer ##*Hf « decays to the 7/2
state in*>%vb [16]. In subsequent discussions a 7/2ssign-
ment for the *Hf isomer is assumed. The non-yrast states
feed the yrast band at the 25/2evel. Spectra gated on the
658.05-keV transition, a member of the yrast band, and the
832.9-keV line, a non-yrast transition, are displayed in Figs.
7(b,0). Transitions at 708.1- and 782.7-keV are also observed
in the coincidence spectra of the two bands, but no place-
ments are available due to insufficient statistics.

C. Level scheme of'%Hf

The positions ofA=154 andA=160 nuclei are nearly
degenerate at the focal plane. Theay spectrum gated on
A=154+160 and the ground-state decay of Hf (E,
=4778 MeV[11] andtq»=13 s[17]) is displayed in Fig.
8. Although transitions have been previously obseris],
the spectrum in Fig. 8 provides a unique identification of the
transitions which belong td®Hf. A y-y matrix gated on
A=154+160 and thea decay of Hf and ay-y matrix
gated only orA= 154+ 160 were constructed to establish the
16%4f level scheme.

The level scheme of®Hf is displayed in Fig. 9. The
spectrum gated on the 389.40-keV, 20" transition is dis-
played in Fig. 10a). The summary of the transitions is given

sities were obtained from the coincidence spectrum gated oim Table Ill. The relative intensities of the transitions were
the 98.87-keV transition, presented in Figa)7 from the
matrix gated omPA= 153+ 159.

A negative-parity yrast cascade and a few non-yrast tranbecause this summed spectrum is not contaminated by other
sitions have been identified itP*Hf. The angular distribu-

obtained from the sum of coincidence spectra gated on the
389.40- (2 —0") and 508.86-keV (4—2") transitions

reaction channels and has higher statistics tharthegged

TABLE II. Energies, relative intensities, coefficients, and placements gfray transitions in*>*Hf.
Spin and parity assignments are based on angular distributions.

Energy Intensity a, Mult. E, (keV) Assignment
(keV) % E E; 17 — 7

98.87110) 394(68) —0.2810) M1 99 0 9/1Z — 7127
302.1312) 92(10) 3511 3172
339.4911) 130(11) 3814 3511
501.8411) 574(92) 0.397) E2 2339 1837 2512 — 21/2
536.8110) =1000 0.244) E2 636 99 13/2 — 9/2~
582.7312) 768093 0.307) E2 1218 636 1712 — 13/2"
601.9912) 26048) 0.177) E2 4879 4277 4112 — 3712
610.011) 44473 0.373) E2 2949 2339 29/2 — 25/2°
618.7810) 699113 0.494) E2 1837 1218 21/2 — 17/
658.0911) 34858) 0.3410 E2 4277 3619 3712 — 33/2°
669.4611) 36361) 0.456) E2 3619 2949 332 — 29/2"
676.52) 90(21) 6274 5598
708.13)* 61(13)
719.1714) 127(26) 5598 4879
735.62) 90(20) 7010 6274
782.13)* 73(13)
832.92) 498 3172 2339

*Not placed.
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total projection in Fig. 8. The spin and probable parity as-connects the even-spin, negative-parity cascade to the 9
signments were based on the angular distributions of thetate at 2748 keV. The members of the even-spin, negative-
transitions and on intensity balance arguments. The curremqarity band, as well as the transitions fed by thel@vel at
level scheme confirmed the previous woil8] in which the 2714 keV, are identified in the spectrum gated on the 566.24-
odd-spin, negative-parity band was observed up tdkeV transition. The even-spin negative-parity band also de-
~7.0 MeV and the even-spin, positive-parity band was ob-cays to the odd-spin, negative-parity band via the 250.42-
served up to~5.4 MeV. The even-spin, negative-parity keV transition.

band is new in the present measurement; the members of this

cascade had been previously reporfd@], but were not IV. DISCUSSION
placed.
Above the 10 state at 2815 keV, the odd-spin, negative- A. Level structures of *®%f and 5°Hf

parity cascade becomes the yrast band. This cascade decays
to the low-lying positive-parity yrast band vial transitions.
Coincidence gates on the 211.48- and 566.24-E&\¥ rays, The systematics of the excitation energies of the low-
which correspond to the 11— 10" and 9 — 8" transitions, lying yrast states in the eveh-Hf isotopes is shown in Fig.
are shown in Fig. 1®) and(c), respectively. The I1state  11. The structure changes from deformed rotationai®fhif

at 3026 keV also decays to the non-yrast @vel at 2748 (N=96) to single particle in'>Hf (N=84), with transi-
keV. One new transition has been added to the top of théonal character for'®81%Hf. The nature of the low-lying
odd-spin, negative-parity cascade. The 216.57-keV transitiostates in Hf isotopes can be illustrated further by examining

1. Low-spin structure
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FIG. 8. Total projection of they-ray events gated oA=154+ 160 and thex decay of**Hf (E,=4.778 MeV,t,,=13 s).

mental ratios decrease gradually from near rotor values in

Reu=E(67)/E(4]), as a function of neutron number, as *°®Hf to near vibrational values if**f and to values below

displayed in Fig. 12. The theoretical values Ry, andRg4

those expected for a vibrator i#Y°Hf.

for a harmonic vibrator are 2.00 and 1.50, respectively, and The systematics of the energy ratiRs, and Rg,, for the
for a rigid rotor are 3.33 and 2.00, respectively. Both experi-evenA, N=86,88 isotones are shown in Fig. 13. These ra-
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FIG. 9. Level scheme of®°Hf.

tios are essentially constant for tiNe=88 isotones withz
=68.

The increase in the attractive proton-neutron interaction
has been introduced to explain the onset of deformation for
N>88, Z=64 nuclei in Ref[26]. For N<90, the neutrons
predominantly occupy thé&;, orbital, which has a relatively
small overlap with the protons in thg 4, orbital and, there-
fore, results in a smaller proton-neutron interaction. Ror
>88, the neutrons have a larger occupation probability of
the hy,, orbital, especially for th& =72 nuclei examined in
this work, in which the energy difference between iffe,,
and vhg, orbitals is small. The strong attractive interaction
between protons and neutrons in the spin-orbit partner orbit-
als, mhyy, and vhy,, also lowers the energy of thehyy,
orbital, which decreases the subshell gafZat64. ForN
>88, it is more appropriate to invoke the full=50—82
shell to determine the number of valence protons. The in-
crease in the number of valence protonsNor 88 increases
the overall proton-neutron interaction, which drives the
nucleus to prolate quadrupole deformation. Although the en-
ergy difference betweenf,, and vhy,, excitations is only
99 keV in ™%Hf, the energy ratios in thé>®%Hf cores are
similar to those in more stable isotones. This suggests that a
possible higher occupation probability of théng,, orbital
does not increase the collectivity when compared to lighter
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isotones for which the separation betweefy, and vhg,

orbitals is larger.
The systematics of the low-lying states in the everN

1000

spacings which would characterize a vibrational, collective
structure.
In 1%%Hf, as displayed in Fig. 9, the odd-spin, negative-

=86 isotones is shown in Fig. 14. The almost constant enparity cascade becomes yrast abovei.l0rhe low-spin

ergy spacings between the' @*,4", and 6" states sug-

members of this cascade are probably built on a&ctupole

gests predominantly vibrational excitations of neutrons, withvibrational band, which is crossed at higher spins by the
proton contributions that do not change as the number ofhgi 13, two-quasiparticle configuration, which is isomeric
valence protons increases. For the low-spin states, the doniir the N=86 isotoneg22—25.

nant component would bev;,)?. The 8 state requires

(vfhg) or (vhgr)? components. Isomeric Ilstates are
observed in all of the eveA; N=86 isotoneg22-25 with
64=Z7=72; the configuration is possiblyhgi 13,. The 1T
to 17 sequences observed in all of the evinN=286 iso-
tones can be generated by couplirtg‘{,2)§+’2+]4+'6+ to the
configuration of the 11 isomer. In'8Hf this negative-parity

2. High-spin structure

The high angular momentum properties of the Hf isotopes
can be studied by comparing the aligned spins as a function
of rotational frequency. The aligned spins for the positive-
parity bands in the eveA; N=86—96 Hf isotopes are
shown in Fig. 1%a). The aligned spins display a backbend

sequence has irregular spacings, which are similar to thossbove 1@ due to the alignment of twa,3, neutrons at

observed for the if-,)? configurations inN=284 isotones

hw~0.25-0.35 MeV. The sharpness of the backbend in the

[19]. In contrast, the positive-parity cascade built on thg 10 Hf isotopes first increases with neutron number frétiHf
state in'°8Hf, displayed in Fig. 3, has the more equal energywith N=86 to a maximum in*®*Hf with N=92, then de-
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TABLE Ill. Energies, relative intensitiess, coefficients, and placements gfray transitions in*®%Hf.
Spin-parities in parentheses are tentative.

Energy Intensity a, Mult. E, (keV) Assignment
(keV) % E, Eq K . \7
211.4810 99(19 -0.406) El 3026 2815 11 — 10"
216.5713) 22(6) -0.97122) M1 2965 2748 10 — 9
250.4213) 28(7) -0.3211) M1 2965 2714 10 — 9~
278.2112) 49011 0.21(17) E2 3026 2748 11 — 9~
312.3q11 111(21) 0.2605) E2 3026 2714 11 — 9~
389.4Qq10) 842(106) 1.153) E2 389 0 2 — 0"
458.4713) 66(14) (E2) 2714 2255 9 — (77)
492.73) 32(8) (E2) 2748 2255 9 — (7)
503.4910 324(53 0.21(17) E2 3530 3026 13 — 117
508.8610) =1000 E2 898 389 4 — 2+
538.52) 90(17) (E2) 3503 2965 (12) — 10°
566.2412) 166(30) -0.7422) E1l 2714 2147 9 - 8"
589.12) <110 E2) 5352 4762 (18) — (167)
590.7612) 28449 0.459) E2 4120 3530 15 — 13~
595.0910 812126 0.225) E2 1493 898 6 — 4+
600.65) El 2748 2147 9 — 8+
601.55) 17934 (E2) 4076 3475 (14) - 12*
605.02) 144(29) 0.1077) E2 4108 3503 (12) — (127)
626.6311) 21837) 0.3715) E2 4747 4120 17 N 15~
653.92) <110 (E2) 4762 4108  (1B) - (147)
654.1310) 715110 0.296) E2 2147 1493 8 — 6"
658.75) <110 (E2) 4735 4076  (16) - (14%)
660.1213) 16730 0.2218) E2 3475 2815 12 — 10"
667.2511) 35056) 0.24(7) E2 2815 2147 10 — 8t
680.42) 74(15) (E2) 5415 4735  (18) - (16%)
716.42) 10320 0.51(13) E2 7000 6284 (23) — (217)
735.5815) 88(17) 0.2409) E2 6087 5352  (20) - (187)
747.22) 59(13) (E2) 7748 7000  (25) - (237)
758.82) 18338) (E2) 5506 4747  (19) - 17"
762.02) 99(26) (E1) 2255 1493 (7) . 6"
778.1Q13) 10220 0.42(13) E2 6284 5506 (21) — (197)

creases with neutron number ¥°Hf with N=96. This ob- irregular relation between the aligned spin and the rotational
servation can be explained by the predicted oscillating befrequency for these nuclei indicates that the high-spin states
havior with neutron number of the interaction matrix elementare generated by the alignment of the spins of individual
[27] between the ground band and the ;)2 band. There- nucleons, rather than by collective rotational motion, as sug-
fore, the increase in the degree of backbending ff8fHfto  gested in théN=88 isotones. Hence, tHé= 86 isotones are
1844t indicates a decrease in strength of the interaction belikely spherical or only slightly deformed nuclei.

tween the two bands. For the two "18tates in'>®f in Fig. At very high spin, collective excitations are expected to
3 separated by only 42 keV, the interaction is at most 21be limited because of the finite angular momentum that can
keV, assuming two-state mixin@8. be generated by the valence particles, the phenomenon of

The strength of the interaction as a function of protonband termination. The excitation energies, after subtraction
number can also be studied by plotting the aligned spin as af a rotational term, for thé\=_88 isotones and>®f are
function of proton number for thil=88 isotones, as shown displayed in Fig. 17. The reference rotational parameter of 7
in Fig. 16a). The observation that the degree of backbendingeV was chosen from previous wofg,31] to highlight the
is stronger in**%Er and **®yb and weaker int®*Hf indicates  rotational motion in the 20—36 region.
that the interaction between the ground-state and excited The dramatic decrease in Fig. 17 of energy as a function
bands is stronger ift®Hf. This dependency of the interac- of spin, a signature of band termination, has been observed
tion on the proton number can be reproduced by the calcuabove 3@ for the high-spin states in thBl=88 isotones
lations of Ref[30], if a relatively large hexadecapole defor- [5,6,3]]. Lifetime measurements of the high-spin states in
mation is assumed. 15Dy [5] have shown a series of structural changes along the

The aligned spin as a function of proton number for theyrast line, including a dramatic decrease in collectivity near
even-evenN =386 isotones is displayed in Fig. @§. The 36%.. Because the present experiment was designed to study
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FIG. 11. Systematics of the low-lying yrast states in the e&en- 18l i
Hf isotopes. Data are taken from Ref8,4,19,2Q and the present .- 2w " g
work. 16 Re/a
14 F .
the N=84 isotones neaZ=72, rather than to perform a 1ol 1
high-spin study of**®16Hf, the level schemes of°®16Hf ' (b)N =88
could only be extended tb~25% in the present work, well o2 v s o8 20 22 24
below 303:, above which the decrease in collectivity could be
observed. In Fig. 3, the-ray strength in'>®Hf above 2% is Z

fragmented into several parallel cascades, a pattern which is g5 13, Systematics of the energy ratiBs, and R, as a
characteristic of excitations in which tié=82 core is bro-  fynction of proton number for the even-evé® N==86 and(b) N

ken. Also, for the yrast levels at the highest spin in Mie =88 isotones. The values for a harmonic vibrator are indicated by
=86 15%f, it appears that the energy as a function of spindashed lines. Data are taken from Ref§-7,21-2% and the
does decrease, similar to what is observed above iB5 present work.

158yp. It would be of interest to extend to higher spins the

level scheme of*58Hf to determine if this decrease in ener- B. Level structure of "*°Hf

gies persists, or if the present observations are only an indi- The properties of the yrast states observed3ff are
cation of the irregular structure as a function of angular mo<jjtferent from those observed in the ev&nN =87 isotones

mentum expected in an essentially spherical nucleus. [32,33. Although 7/2" isomers based of,, neutrons are
observed in all of the isotones, the yrast cascade¥iny
0a . . . . . . and '%Er are built upon 13/2, vi,3, isomers which decay
L to the 11/Z states located above thd, isomers. In con-
4000 T
N =86
0?2 | = u
| PR -
.ﬁ & 3000 < \*\'—Q*;' 10+
= Q T
=] = T
o - Tt ——«—————«
T
g D 2000 | " 8+
1] g \A—\_ﬂ\\‘
. [} 6+
c . .
_g 1000 A
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FIG. 12. Systematics of the energy ratiBs, and Rg, as a e &4 & b 70 72 7

function of neutron number in the Hf isotopes. Data are taken from

Refs.[3,4,19,2Q and the present work. The values for a harmonic  FIG. 14. Systematics of the low-lying states in the eieriN
vibrator are 2.00 and 1.50, respectively, and for a rigid rotor are=86 isotones fromt>%Gd to 58f. Data are taken from Reff22—
3.33 and 2.00, respectively, as indicated by dashed lines. 25] and the present work.
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FIG. 15. Aligned sping, as a function of rotational frequency, FIG. 16. Aligned spind, as a function of the rotational fre-
%, for (a) the evenA Hf isotopes andb) 15815916016 K =0 quencyf w for the (a) evenZ, N=88 and(b) evenZ, N=86 iso-

andK = 9/2 were assumed for the yrast cascades in even- and odd@nes. Data are taken from Ref$,6,21-25,29 and the present

mass Hf nuclei, respectively. Data are taken from R&@#,20 and ~ Work.

the present work. time, while for 1%Hf, an even-spin negative-parity band has

. . . been added to the previous wdrks].

trast, t_he yrast structure ifP°Hf is built on th_e vhgy, con- The vf,, configuration has been assigned to the ground
figuration which is only 99 keV above the‘wl%;somer. The  state in15Hf, with the yrast cascade built on thé, state
level structure of theZ=70, N=85 isotone™'Yb has not 4t 99 key. This structure is different from those observed in
been published. The yrast excitations built on the;;iS0-  the everz, N=87 isotones,’>Dy [32] and *Er [33], in

in 15 15 H . . .
mers in Dy and *Er have energy spacings more charac-yich the yrast cascades are rotational bands built upon the
teristic of rotational motion, while those built on thég,,

configuration in*®%Hf have more vibration-like spacings. It
would be of interest to search for excitations built on the
vi 13, configuration in*®%Hf to determine if these excitations
are associated with the same deformation as those observe , |
in the lighter isotones. >
The aligned spins as a function of rotational frequency for
the positive-parity bands ifP®6%16¢f and the yrast band in
5%t are displayed in Fig. 1). The alignment behavior for
5%t appears to be intermediate between that%Hf and
1624f. This could suggest that the occupation of thiey,
orbital in 1°*Hf, and the subsequent alignment of neutrons in
the i3, orbital, allow for a more collective structure in D
15%4f, than occurs in®%Hf, with lower occupation of the 4 "Hi (-, yrast)
vhg, orbital in the ground-state configuration.

4

o— "Hi (+)
*—— "“Hf (-, yrast)

E-0.0071(1+1) (MeV

éO 3‘0 4‘0 50
V. SUMMARY Spin (h)

Level schemes up tB,~9.1 MeV andi=25% in 198Hf, FIG. 17. Excitation energies of the yrast states as a function of
up to Ex~7.0 MeV andl =41/ in ™%Hf, and up toE,  spin for the ever®, N=88 isotones and®Hf. A rigid rotor refer-
~7.7 MeV andl =25 in %%Hf have been presented. For ence has been subtracted. Data are taken from F&f§] and the
1584t and 15°Hf, the level schemes are presented for the firsipresent work.
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viyg, configuration. This difference in yrast structure be-Refs.[6,31], °8f and *°Hf were only populated up tb
tween '**Hf and the lighterN=87 isotones is attributed to 257 Therefore, it is difficult to conclude whether the same
the lowering of thevhg, orbital as the number of valence phenomenon is observed in these Hf nuclei.

protons increases due to the attractive interaction between The population of high-spin states #3% 16%Hf was lim-

vhe, and whyy, configurations. It would be important 10 jieq in the present measurement; a future study to extend the
study the excitations in>’Yb to complete theN =87 system-  |oye| schemes to higher angular momentum in these nuclei
atics, and to search, ifP*Hf, for excitations built upon the gpould be possible with'% 19851 58N reactions, at a
vi 1z, configuration, which is expected to be deformed base%lightly higher beam energy and with targets enriched in
on the systematics of the lightér=87 isotones. these Pd isotopes. Lifetime measurements, which provide a
The present work extends the study of high-spin phenomgjirect probe of the collectivity, would also be important to
ena in neutron-deficient Hf isotopes towards the proton-dripagcertain the evolution of shape changes along the yrast line.
line. The low-lying level structures of**Hf follow the  However, such measurements are very difficult in these
trends observed in more stable isotopes and isotones. In pa{aytron-deficient nuclei populated with small cross sections

ticular, a sharp backbend, attributed to the alignment of &, reactions with a plethora of available channels.
pair of i 13, neutrons, is observed itr® 159154 at rotational

frequencies similar to those observed in heavier isotopes.
The weak interaction between the ground-state and aligned
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