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Yrast three-quasiparticle K isomers in neutron-rich 8Hf
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New highK orbitals have been identified in the neutron-ri¥Hf nucleus via one-neutron transfer from a
pulsed?3®U beam onto a stablé®Hf target. Yrast three-quasiparticle highisomers, with half-lives as long
as 1.5 ms, have been populated. The decay schent&4sf has been extended to (25/2 Blocked BCS
calculations, including residual interactions, compare well with the experimental results.
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I. INTRODUCTION tations of standard fusion-evaporation techniques for popu-
lating neutron-rich nuclei effectively imposed a delay of half
Long-lived isomeric states in nuclei are unique laborato-a century between the observation of the first isoméefiHif
ries for studying the detailed properties of nuclear wave(the heaviest stable isotopiet] and the first isomer inf®'Hf
functions. From an experimental standpoint, transitions del5]. The recent availability of energetic heavy-ion beams has
exciting long-lived isomers provide clean information on made it possible to produce high-spin states in the neutron-
wave-function admixtures, since a better signal-to-noise ratiéich Hf nuclei by inelastic excitation and transfer reactions.
is achieved if short-lived excitations are allowed to decayOur earlier work[5,6] documented the population and decay
away. From a theoretical perspective, a long-lived isomeri®f a one-quasiparticlélgp 9/2" isomer with a half-life of
state is a manifestation of underlying symmetries of the80 us in *®'Hf. We report here on new results from a more
nuclear wave functiork isomers(whereK is the projection  sensitive experiment with improved analysis techniques
of the total angular momentum of a deformed nucleus ontavhich extend the level scheme to 3qp isomers.
its axis of symmetry form a special subset that showcases
the compgtition and r_ich dynamics between collective and Il. EXPERIMENTAL DETAILS
single-particle excitations in a deformed system. In this
work, K isomers are used to locate and follow the evolution Excitations in *®Hf nuclei were studied at the ATLAS
of individual Nilsson states and their couplings in a previ-facility at Argonne National Laboratory via the transfer of
ously unexplored neutron-rich region of the nuclear charone neutron from a beam &f%U at 1585 MeV incident on a
and provide a groundwork for future exploration of rota- thick (40 mg/cm) enriched 8%Hf target backed by Pb
tional excitations built on these new isomers. (50 mg/cn?). They and x rays emitted by reaction products
High-K configurations at low excitation energy abound instopped in the target were detected by 98 Compton-
the A~ 180 region of the nuclear chart, where deformed nusuppressed coaxial Ge and three planar LEPS detectors in the
clei with axial symmetry have valence nucleons in NilssonGammasphere array. An electrostatic deflector was used to
orbitals with large angular momentum projections on thesweep the beam on and off. The primary experiment was
symmetry axis. The HfZ=72) isotopes offer an especially performed using a beam-sweeping cycle of 8,25 on and
robust platform for a systematic study of highphysics, 16.5 us off, with a secondary data set ugia 2 ms on and
with rigid axial deformations persisting over a wide range of4 ms off cycle. Data acquisition was triggered by the fiyst
spin and isospin. While yrast higk-isomers have long been ray detected in the “beam-off” period, and data events were
predicted [1,2] to dominate the excitation spectrum of recorded from all detectors firing within a time interval of
neutron-rich A>180) Hf nuclei, recent calculation8] sug- ~800 ns following each trigger. An “in-beam” data set with
gest oblate rotation as a collective mode at high spins. Liminio beam sweeping was also collected for a short time.

. . . Ill. RESULTS
*Present address: Dept. of Physics, Oliver Lodge Laboratory, Uni-

versity of Liverpool, Liverpool L69 7ZE, UK. The level scheme of®'Hf deduced in the present work is
TPresent address: Dept. of Physics & Astronomy, University ofshown in Fig. 1, where all levels and transitions above the
Manchester, Manchester, M13 9PL, UK. 9/2" isomer are new. An “early-delayed¥-y correlation
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FIG. 1. Level scheme of®™Hf obtained from the present work.
All transition and level energies are given in keV. Tentative transi-
tions denoted by dashed lines were observed only in the “in-beam”

data sef(see text for detai)s

matrix was created by selecting only rays separated by
>150 ns in the same eve(tee Fig. 2 This suppresses the
v-y coincidence
events and, given the overlap window 800 ns in the

dominant “background” of “prompt”
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FIG. 3. (Bottom) Double-gated spectrum for the decay transi-
tions of the intermediate isomer feeding the 88-isomer. Ex-
tremely weak but clean coincidence relationships are observed with
decay transitions of the 8Qs isomer, and comparable coincident
intensities are observed with transitions feeding the intermediate
isomer(see text (Top) LEPS spectrum in coincidence with a single
138-keV gate in the coaxial Ge detectors, highlighting the well-

Gammasphere electronics, retains only delayed coincidend@solved Hf(and Pb x rays and the 22-keV transitidsee inset and
relationships that occur in a 150-800 ns time windowtext.

across isomers with any half-life, albeit with decreasing ef-
ficiency for increasing half-lives. A “delayed” gate on a
known 390-keV transition depopulating the g&-9/2" state
shows five previously unobserved “early” transitiofwith
energies of 115, 138, 170, 285, and 308 keféeding the
isomer(Fig. 2). By analyzing single- and double-gated spec-
tra from y-y coincidence matrices ang-y-y cubes gener-
ated with open £800 ns) time windowsFig. 3), the coin-
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cidence and intensity relations among the new transitions
were used to place them as a rotational band fed from a
second isomer. By further gating on the transitions of this
rotational band as “delayed,” additional “earlyy rays were
observed to populate this state from a third, higher-lying,
isomeric level(Fig. 2). An “early” gate on one of the newy
rays (499 ke\) clearly shows the intermediate rotational
band(Fig. 2). The in-beam data allowed a tentative extension
of this band(Fig. 1). All delayed transitions placed in the
level scheme were also observed to be in coincidence with
hafnium x rays.

Half-lives of the new isomers were deduced fropmy
matrices created for various time slicés both theus and
ms beam-sweeping cycleslo correct for distortions of the
recorded time spectra between the trigger and the beam
sweeper, they-y intensities obtained from these matrices
were normalized to those of the decayrays from thet,,,
=5.5 h isomer in*®Hf, before being fit to exponential de-
cay functions. The procedure was checked with known half-
lives ranging from 10us[5] to 210 us[7] in neighboring
nuclei. Since the half-lives of both new isomers were found
to be significantly greater than a fews, the analysis was
concentrated on the data set with beam sweeping in the
ms range, which, unfortunately, had considerably lower
statistics. Figure 4 shows the normalized intensity for the
199-499-keV combination from the decay of the upper,
1738-keV isomer, where a possible two-lifetime behavior is

FIG. 2. Representative “early-delayed” coincidence spectra.0bserved. A half-life of 1.6) ms was obtained from a least-
The top panel shows a spectrum of the time difference between arjquares fit to the early part of the time spectrum. The essen-
two y rays in an event and the gating regions used to generate diglly flat latter part suggests feeding from even higher-lying
“early-delayed” y-y correlation matrix. The peaks marked with isomers with longer half-lives. The half-life of the 1040-keV

symbols are known contaminants frofi®Hf (solid circles and

1"f (solid squares

isomeric state was difficult to extract, since the time spec-
trum is dominated by the feeding from the upper long-lived
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IV. DISCUSSION

—y r . 181
(25/2') isomer in " Hf The primary focus of this experiment was on the decay

spectroscopy of long-lived isomers, with very little data on
t,,=1.5(5) ms prompty rays or on the decay of short-lived levels. The long
- half-lives of the isomers preclude any angular distribution
analysis, since spin alignments are washed out. Our assign-
ments of y-ray multipolarities and level spins and parities,
therefore, rely on intensity balances, branching ratios, and
single-particle half-life estimates, as well as comparisons
with expected quasiparticle excitation energies near the yrast
line. The quantum numbets’ for the ground state ot3Hf
are 1/2, with the valence neutron occupying the
. . v[510]1/2" orbital. As far as 1gp states are concerned, we
0.0 0.5 1.0 15 had established, in our previous woik], the v[624]9/2"
time (ms) state at an excitation energy of 595 keV. This level was
FIG. 4. Lifetime of the (25/2) isomer fitted to normalized in- found to decay primarily to a rotational band built on the
tensities of the 199-keVy ray in 499-keV coincidence gates. Mul- 1/2” orbital, which we had extended to 11/2We had also
tiple y-y matrices were created by slicing the beam sweeper versugbserved a 154-keV decay branch to a 441-keV state which
trigger time parameter. The solid line is a single-exponential fit toin turn decayed via a 342-keV transition to the Si&dember
the first four data points, with the neighboring lines denoting theof the 1/2" rotational band. Our earlier tentative assignment
extent of the error bars quoted for the fit. The horizontal dashed lingf 7/2~ for the 441-keV level was confirmed in the present
(drawn arbitrarily to guide the eyesuggests possible long-lived work through the observation of two new decay branches of
feeding from a higher isomesee text for details 236 and 137 keV to the 7/2and 9/2° members of the 1/2
rotational band. Another new 189-keV decay branch from
level with t;,=1.5 ms. An estimate of the half-life can be this level was observed to populate the knowb12|3/2"
made from the observed intensitiespfays seen across the state at an excitation energy of 252 keV. A previous tentative
intermediate isomer in double-gated spectra from the delayecbnfiguration assignment for the 441-keV 7/3tate as a
v-v-y cube(cf. 138/170 gate in Fig.)3 compared with in- member of they[512]3/2 band[9] seems tenuous, as no
tensities ofy rays observed across the lower isomeric statelecays are observed to any intermediate Sfate. A tenta-
with a measured;,=80 us. Comparable intensities sug- tive configuration assignment af{ 503]7/2" for the 441-
gest a half-life of the order of 10Qus. Fits to the normalized keV level seems more reasonable and is consistent with en-
intensity ratios of double-gated time spectra as describedrgy systematics in neighboring nuclei.
above were attempted for the early part of the decay in the High-K configurations expected to lie especially low in
ms time range. Fitted values to the low-statistics data fluctuthis nucleus are those associated with t)i624]9/2" and
ate in the 100-400Qus time range. Earlier preliminary re- the »[615]11/2" levels for neutrons and with the
ports of this work[8] had severely underestimated the half- 7[514]9/2" and thew[404]7/2" states for the protons. The
life of this isomer. Table | lists the properties of states and well-known 72(8~) combination, which is observed
rays observed in the decay of new 3qp isomers&imf. throughout the even-even Hf isotopic chain, lies at an exci-

Normalized Intensity (In scale)
foe]

TABLE |. Properties of states ang rays observed in the decay of new 3qp isomers&if.

Eisomer I mer E, E, 1,2 Jr Jr E, /M, @it
(keV) (keV) (keV)
22.1 617 4615 (11/2) 9/2* M1 59.8
115.3 1040 6%3 (17/2") (15/2%) M1 2.76
1040 (17/2) 138.4 755 835 (13/2) (11/2%) M1 1.64
169.5 925 1083 (15/2") (13/2%) M1 0.91
284.9 1040 372 (17/2%) (13/2) E2 0.09
308.1 925 523 (15/2") (11/2) E2 0.07
142.4 1381 1.20.3 (19/2) (19/2%) M1 1.51
199.3 1239 692 (19/2") (17/2%) M1 0.59
1738 (25/2) 341.4 1381 152 (19/2") (17/2%) M1 0.14
357.0 1738 182 (25/2°) (19/2%) E3 0.18
499.2 1738 1083 (25/2°) (19/2%) E3 0.06

qntensities are separately normalized to the strongeay in the decay of each of the two new isomers. The
two normalizations are estimated to be within 10% of each other.
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tation energy of~1 MeV in the neighboring®Hf and
1824t nuclei [5]. Our earlier placement of the[624]9/2" _ \
state at an excitation energy of 595 keV agreed with transfel 600 - \
reaction results of Burket al. [10], who had reported the | \
observation of a level at 6@05 keV wusing a
%f(t,p) *8™Hf reaction. While no direct evidence for the y
»[615]11/2" state had been found in our previous wsH, 400 | ‘ o ]
Burke et al. had proposed a 11f2assignment to a level

lying 22+ 3 keV above the 9/2 state. These authors argued N .
that, due to the Coriolis mixing with the 1172rotational N T 92624

E,” (keV)

state of the 9/2 band, the intrinsicy[615]11/2" level is 200 ¢ — 11/27615] |
pushed down in energy. Their Coriolis-mixing calculations

had provided a consistent fit to five observed states, whict e *w ™0os Pt

included the 9/2, 11/2°, and 13/Z members of the . | | |

v[624]9/2" band and the 11/2and 13/2 members of the 0 79 74 76 78

v[615]11/2" sequence. Their measured level energies leac Z

to an energy difference of 1423 keV between the 1372 ) , _ ,

and 11/7 members of the/[615/11/2" band and a differ- FIG. 5. Systematics of the experimental excitation energies of

ence of 2043 keV between the 11/2and 9/ members v[624]9/2" and v[615]11/2" orbitals in theN=109 isotones.

of the v[624]9/2" band. The lowest band transition of 138 - "

keV in our work is in good agreement with their 13/2 from the strong mixing between the{624]9/2" and
—.11/2" energy difference for the sequence based on thé/[615]11/2+ orbitals. It should be not_ed that the levels sug-
11/2" bandhead. Multipolarity assignments bf1 to the gested by Burket al. [10] that comprise the nonyrast exci-
138- 170-. and 115-keV transitions aB@ to the 308- and (Ations above the 972bandhead do not seem to be populated

285-keV vy rays satisfy intensity balance requirements. TheWith any observable strength from the decay of higher-lying

. - isomers in our data.
large electron conversion coefficient of 60 for a 22-Ke Typically, |(gk—9r)/Qo| values extracted from thil 1/
transition leaves very little intensity in the branch for a E2 ~-branching ratios in hilc bands provide a solid ex-
11/2" to 9/2" transition. While the efficiency of the coaxial Y 9 gtk provic :

: . erimental observable for use in configuration assignments.
detectors in our experimental setup was too small for th nfortunately, in the present case, Coriolis effects compli-
detection of anyy ray below~50 keV, the LEPS detectors Y, P ' b

were ideally suited for this purpose. Although the statisticscate the analysis in two ways. First, the strong Coriolis mix-

accumulated with just three LEPS detectors was relatively '3 of the wave funcyons (.)f the 'tWC.J conflgur{;\tlons’, ansing
gom the closeness in their excitation energies, dilutes the

poor, a discernible peak at 22 keV was observed in the LEP finiti f thek ber. Furth he indi
spectrum in coincidence with a 138-keV transition observe _e|n|t|on of thek quantum number. _urt ermore, the Indi-
vidual v[624]9/2" andv[615]11/2" orbitals are strongly in-

in the coaxial Ge detectoree Fig. & The counts in the fluenced by Coriolis alignment effects, and theoretigal
peak satisfy the intensity balance with a total conversion y g ' 91

-~ B SN values have to be modified to include alignment contribu-
coefficient ayo;=60=20, which is in excellent agreement tions in order to compare with experiment. Effectiyg fac-
with an M1 assignmenf a;,((M1)=60, «a,(E1)=4.3, S . oo
o - . tors, which include alignment contributions, can be calcu-

a101(M2)=9700, a;i(E2)=4200]. As discussed below, ad- lated for 1gp bands using the formt&2]
ditional experimental information and comparisons with the-
oretical expectations lead to the level scheme presented in
Fig. 1, with the new rotational band placed on a
1[615]11/2" bandhead at 617 keV, which decays via a
K-allowed, 22-keVM 1 transition to thev[ 624]9/2" state at
595 keV. wherei; is the aligned angular momentum. With grvalue

While the systematics of the[624]9/2" state is well of ~17% and typical values for this region gi=0.28, Q, of
documented in the lighter oddl-Hf isotopes, data on the 7.0 eb, and a quenching factor of 0.6 for the sgjrfactor,
v[615]11/2" level are lacking, since the orbital is only ex- the effective|(gx—dr)/Qo| value, usingk =11/2, is calcu-
pected to approach the Fermi level for neutron-rich Hf iso-lated to be 0.056. Reasonable variations in the chosen param-
topes. This 11/2 level is observed, however, in the highigr- eters can change this number $10%. Measurable inten-
isotones of W, Os, and HB,11]. The systematic trend of sities are available only from the bottom fragment of the
excitation energies for the[ 624]9/2" and»[615]11/2" lev-  band populated through the decay of higher-lying isomers.
els in theN=109 isotones is shown in Fig. 5, highlighting Consequently, only a singlégx —ggr)/Qo| value could be
their close proximity in*8'Hf. The M 1 transition energies of extracted from théVl 1/E2 intensity ratio of the 170-keV and
138 keV and 170 ke\(with a 308-keVE2 crossover transi- 308-keV y-ray branches depopulating ti&=15/2" rota-
tion) in the rotational band are consistent with the systemattional state. The extracted values are 0(@i@&nd 0.0726)
ics of rotational bands built on 11/2bandheads in the re- for K values of 11/2 and 9/2, respectively. Coriolis mixing
gion [9,11], considering the energy perturbations expectedvould return a value in between these two extremes. An

i
gﬁff_gR:(gK_gR)(l_ﬁ)v (4.7)
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estimate of the amount of mixing can be made along the ABbcd 35/2 3593 3654
lines of Burkeet al. [10]. The unperturbed energies for the ABaef 35/2 3484 " 3478
rotational states of the 9/2band are calculated using the ABade 37/2° 3383 " 414

transition energies of the corresponding band observed in ~ ABacd 332 3789 Fyz7

17%4f, where the1[615]11/2" state is located at a much

higher excitation energy and no appreciable mixing can oc- Calel Calell Expt.
cur. The analysis leads to &50/50 admixture of theK

=9/2 andK = 11/2 components in the observed 11/2and-

head, which translates to|égx —gr)/Qo| value of 0.0565) ABf 23/2*% ;

extracted from thé/ 1/E2 intensity ratio, consistent with the ﬁgg ggg:ﬁ@ 1?28 i

effective value calculated abov@Jsing K=9/2 changes the ABc 2327734 759 1738 (25/27)
calculated effective value from 0.056 to 0.06®ur new ABb 19/2"qgzg-. 1567 .

data on 3qp isomers and their decays lend additional support ABa 172 e VAT gy (192)

: a 1292 -
for a 11/2" bandhead assignment. 949" - . (17/2")
Low-lying 3gp excitations in the odA- Hf nuclei are 1040
typically seen to involve thew?(87) state coupled to FIG. 6. Experimentally observed excitation energies of low-

quasineutron states. The lowest 3qp excitation expected iing 3qp states in'®Hf compared with theoretical calculations
BlHf is a 17/2° state, which corresponds to the?(87)  (which include low-lying 5qgp stat¢sCalc. | and Il refer to blocked
configuration coupled to the 1/2quasineutron ground state. BCS calculations without and with residual interactions, respec-
A possible antialigned coupling of the neutron spin, leadingdively (see text The single-particle orbitals ar 7[514/9/27; B,

to a 15/2 state, is expected to lie 200 keV higher due to  #[404]7/2"; a, »[51011/27; b, »[512]3/2"; ¢, v[503]7/2"; d,
residual interactions. The 17/2tate would very likely be a  ¥[62419/2"; e, »[615]11/2"; andf, »[514]7/2".

K isomer, since the levels expected immediately below cor-

respond to rotational excitations built on the 1§p-9/2 or  absence of afEl branch in our case could be explained if
K=11/2 states. AJ™ assignment of (17/2) for the 1040- the rotational 23/2 state were located just above the
keV isomer fits well with the observed decay pattern that(25/2") isomer. The reduced hindrande,:(tgxp{t‘{‘,’z)l”’
feeds the rotational band built on the 11/Pandhead. For (wheretl, . is the partialy-ray half-life andt}Y, is the cor-

the 1738-keV isomer, the ms half-life and conversion coeffi—responding Weisskopf single-particle estimater the E3
cients necessary for satisfying intensity balances leads tgecay is 22- 7. This is consistent with an observed range of
multipolarity assignments o3 for both the 499-keV and 10-150 fork-hinderedE3 transitions in this regiof5,9,13.
357-keV transitions (84% and 16% decay branches, respeghe level scheme indicates that both the new 3qp isomers are
tively) and M1 for the 199-keV and 341-keV transitions. yrast isomers.

This leads to a tentativé™ assignment of (25/2) for the Blocked BCS calculations of the type described in Ref.
1738-keV isomer. Expected 3qgp excitations above the17/2[14] were performed for'®'Hf, and effective residual inter-
state are ther?(8~) configuration coupled to the neutron actions were calculated by summing the nucleon-nucleon in-
3/27, 7127, 9/2", and 11/2 states, leading to 19/2 23/2",  teractions of all possible 2qp combinatidi$,16). The cal-
25/27, and 27/2 levels, respectively. The partial half-life of culated energy levels with and without residual interactions
9+3 ms for the 357-keV decay branch of the 1738-keVare presented in Fig. 6. In these calculations, the single-
isomer to the (19/2) state at 1381 keV is consistent with particle orbitals have been matched ¥8Hf (neutron$ and

a K-allowed E3 decay to an intrinsick =19/2 state. The *®ITa (protong. Monopole pairing strengths of 22.0 MeV/
Weisskopf estimate for the half-life of such &3 transition  nucleon (neutrong and 23.0 MeV/nucleor(protons were

is 0.9 ms, while half-lives for other multipolarities differ by used. The good agreement with calculations for the energies
at least two orders of magnitude. The 142-keV transitionof the new 3qp isomers provides further support for our spin-
connecting the two states with tentative spin-parity assignparity assignments. In these calculations, residual interac-
ments of (19/2) is very weak. They-ray energy of 199 keV tions are seen to push the 27/2tate just below the 2572

is consistent with that expected for the fiftl transition of  level. This 27/2 state is not observed in our out-of-beam
a rotational band built on a 17/2bandheadcf. energies of data, which suggests that the 27/8tate probably lies above
185 keV and 210 keV for analogous transitions iffHf  the (25/2') isomer and decays viakallowed transition to
[13]). The 499-keVy ray would then be &-hindered decay the (25/2") isomer. Close proximity between the two states
with AK=4 and a degree of forbiddennessz AK—NX\, of is expected, given that the constituent one-quasineutron or-
1, where\ is the transition multipolarity. A possibl&12 bitals, which couple with the same two-quasiproton configu-
decay to a yet-to-be-located 21/Ztate of the 17/2 rota-  ration to form these states, lie only 22 keV apart. Predictions
tional band, while energetically allowed, was not observedfor the lowest-lying 5gp states are also presented in Fig. 6.
This scenario would be analogous, for example, toAfe  Residual interactions seem to favor two possible 35/2
=4 decay of a 12 isomer in 8Hf to the rotational mem- 3v-27 states as the lowest 5qp levels at around 3.1 MeV.
bers of aK=8 band, where th&3 y-decay pathiwith »  The experimental evidence for long-lived feeding of the
=1) competes with th&e1l branch(with »=3), and is a (25/2") isomer suggests that such states at higher angular
factor of 30 stronger than thM2 path (with »=2). The momenta are possibly being populated.
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V. CONCLUSION highK orbitals. Blocked BCS calculations with residual in-
. . y . teractions are in good agreement with the observed 3gp

In conclusion, the “out-of-beam” experiments presentedgiates These results provide the foundation for experiments
here have been successful in identifying higheonfigura-  pjanned in the near future to study the collective rotational
tions and long-lived isomers in the neutron-rick"Hf  structures built on these multiquasiparticle excitations. These
nucleus. We have observed 3¢pisomers in neutron-rich complementary data are essential for a comprehensive dis-
184t with tentative J™ assignments of (17/2 and cussion of the evolution of properties such as deformation
(25/27), populated by one-neutron transfer froffeU and pairing strength with increasing neutron number beyond
beams. Using Gammasphere, they were identified witfihe line of 3 stability.
“early-delayed” coincidence techniques across isomers with
half-lives as long as=100 us. The observation of a rota-
tional band built on a[615]11/2" orbital in oddA Hf nu- This work was supported by the U.S. Department of En-
clei and its close proximity to the[624]9/2" orbital pro-  ergy, Nuclear Physics Division, under Contracts Nos. DE-
vides a rich arena for extending into the neutron-rich regiorFG02-94ER40848 and W-31-109-ENG-38, and the U.K.
the study of strong Coriolis mixing and alignment effects onEPSRC.
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