
excited statesTn^Hli4nosTng
the Recoil-Decay Tagging Method

First in-

D. Seweryniak, I. Ahmad, H. Amro, D.J. Blumenthal L

D.J. Henderson, R.V.F. Janssens, T.L. Khoo, C.J. Lister, D. Nisius
Argonne National Laboratory

T. Davinson, R.J. Irvine, P.J. Woods
University of Edinburgh

W.B. Walters
University of Maryland

I. Hibbert, C. Parry, R. Wadsworth
York University

The submitted manuscript has been authored
by a contractor of the U. S. Government
under contract No. W-31-109-ENG-38.
Accordingly, the U. S. Government retains a
nonexclusive, royalty-free license to publish
or reproduce the published form of this
contribution, or allow others to do so, for
U. S. Government purposes.

of CVvLr } ^ T T a t 2 7 ° M e V > G a m m a r a y s w e r e d e t e c t e d w i * fl» AYEBALL
of Compton suppressed Ge detectors, placed in front of the Fragment Mass Analyzer, a n d ^ r e
ass,gned to mdmdual reaction channels using the Recoil-Decay Tagging Method PromT-yrlv
T T 6 S ^ a t f Ith ^ <4PI" ^ ^ °f b t h & ^ and the 8+ TsomSc
v t eveneven-even *"" S c h e m e s

-84 isotones and is discussed within the framework of the Shell Model.

DISTRIBUTION OF THIS DOCUMEMT IS
TRODUCTION

S S 3 ? S ^



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
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reflect those of the United States Government or any agency thereof.



II. EXPERIMENT

A 270 MeV 58Ni beam from the ATLAS accelerator was used to bombard a 1 mg/cm2 102Pd target in order
to populate excited states in 1||Hf84 via the 2p2n fusion-evaporation channel. Gamma rays were detected with
AYEBALL [10], an array of 16 HPGe detectors and 2 LEP spectrometers surrounding the target, placed in
front of in the FMA. Detected 7 rays were assigned to individual reaction channels using the RDT method [6].
Residual recoiling nuclei were dispersed in the FMA according to their mass to charge state ratio and implanted
into a Double-Sided Silicon Strip Detector (DSSD) placed behind the focal plane of the FMA. The subsequent
characteristic a decays observed in the same pixel of the DSSD as the implantation allowed complete identification
of the implanted residues and thus of 7 rays detected at the target position.

The ground state of 156Hf has a half life of 23 ms and is known to decay predominantly by emitting an a
particle with an energy of 5.87 MeV. Another a line with an energy of 7.78 MeV and a half-life of 0.52 ms has
been assigned to the decay of an isomeric state in 156Hf [5]. The isomeric state has been found to be populated
following the /? decay of the [7rhn/2^f7/2]9+ state in 156Ta, and, as a result, has been assigned as a [i'h9/2*/f7/2]8+
configuration in analogy to heavier N=84 isotones [11]. In the present experiment, prompt 7-ray cascades could
be associated with both 156Hf alpha lines.

The energy spectrum of a particles collected in the DSSD during the experiment is shown in Fig. 1.
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FIG. 1. Energy spectrum of alpha particles measured in the DSSD.

Both 156Hf a lines represent about 1% of the entire spectrum. Singles 7-ray spectra tagged on the 156Hf alpha
lines are presented in Fig. 2. Three strong 7-ray lines are correlated with the ground state a decay of 156Hf.
The spectrum correlated with the a particles emitted from the isomeric state is somewhat more complicated,
indicating fragmentation of the decay path at higher excitation energies. A preliminary level scheme for 156Hf is
proposed in fig. 3.
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FIG. 2. Gamma-ray singles spectra tagged on a) the ground state a decay of 1S6Hf and b) the a decay of the 8+ isomeric
state in 5Hf.
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Gamma-ray transitions were ordered solely on the basis of the measured 7-ray intensities in the singles recoil-decay
tagged spectra. Because of the low statistics, only the strongest transitions have been placed in the level scheme.
The spins and parity assignments of the proposed levels were obtained using fragmentary angular distribution
information. These assignments are, however, supported by comparison with the systematic behavior of states in
the lighter known even-even N=84 isotones. They should nevertheless be regarded as preliminary.



III. DISCUSSION

The three strong 7-ray transitions feeding the ground state are placed in a cascade of stretched E2 transitions
forming a 6+-*4+->-2+->-0+ sequence of states. As shown in fig. 4, the resulting 2+ , 4+ and 6+ excitation
energies follow the systematics of the lighter known even-even N=84 isotones and, together with the ground state,
are proposed to form the {u^^)2 multiplet.
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FIG. 4. Systematics of yrast states in even-even N=84 isotones. The configuration assignments proposed in this work
are indicated on the right hand side of the figure. The 8+ state shown for 158 W has only been oberved in a-decay studies.

The energy sum of these three 7-ray transitions places the 6+ state above the 8+ isomer. An E4 7-ray transition
is the only competition for the /? and a decays from this state. The 8+ state is thus a classical yrast trap. The
lowering of the 8+ state with respect to the 6+ level as Z increases is mainly a consequence of the narrowing of the
energy gap between the two lowest lying neutron orbitals, 1̂ 7/2 and vYig/2, as illustrated in fig. 5. In the heavier
N=84 isotones this trend has been associated with the strong attractive interaction between the hi 1/2 proton and
the hg/2 neutron when coupled to spin I=17i [3]. This attraction is taken advantage of by each successive proton
pair added to the 146Gd core.

The three strongest transitions correlated with the a decay of the 8+ isomer have also been assigned as stretched
quadrupole transitions forming a cascade reaching a spin of 14ft and an excitation energy of about 4.3 MeV. This
sequence resembles the cascades seen in the lighter N=84 isotones, and the proposed 10+, 12+ and 14+ states
can be interpreted as the (^7/2)0+ 2+ 4+ s t a*es coupled to the aligned proton pair (fi"hii/2)io+- Gamma-ray lines
remaining in fig. 2b have not yet been placed in the level scheme. They are most likely situated above 4 MeV
excitation energy where the decay path is fragmented, as has been observed in 154Yb [8].



1.5

MeV

1397 9 /2 '

1.0
1091 9 /2 '

801 9 / 2 "

0.5
567 9/2'

400 9/2"

0.0 7/2" 7/2"

147-,
$4 G d 83

149 .
783

151 c
68 t r 83

7/2" 7/2"

1 5 3 VK
70 ' D 83

155
72 ' 8 3

FIG. 5. Systematics of the neutron single-particle states in odd N=83 isotones. The 9/2 state in 155Hf was extrapolated.

Although the interpretation of the 156Hf level structure proposed in this work appears to be quite strightforward,
more in depth shell-model analysis may shed some light on the growing role of the h9/2 neutron orbital. A simple
extrapolation from known nuclei places this orbital only 200 keV above the f7/2 neutron orbital in 156Hf and
both orbitals are almost degenerate in 158W, a nuclues which has only 2 protons more than 156Hf. One of the
consequences of this degeneracy would be the mixing of the members of the (I/1I9/2)Q+ 2+ 4+ 6+ 8+ multiplet with
the yrast {uij^)2 band. Also any attempt to find footprints of the interaction between the continuum and the
observed states requires data with much better statistics, which is necessary to extend the level scheme of 156Hf
to higher excitation energies, both along the yrast line and above it.

In the same experiment, excited states in the odd-Z proton-rich N=84 isotones 155Lu and 157Ta were also
observed for the first time. It is also worth mentioning that evidence was found that one of the states in 157Ta,
most likely the 7rd3/2 state which have not been seen before, undergoes direct proton decay. Prompt 7-ray
cascades were correlated with the a decays of the hn/ 2 proton states in both nuclei and with the 25/2" isomer
in 155Lu. Preliminary analysis of the 7-ray spectra correlated with a particles emitted from the 7rhxi/2 states
revealed yrast bands similar to these observed in heavier odd-Z N=84 isotones (see fig. 6).
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FIG. 6. Systematics of yrast bands built on the h u / 2 proton states in odd-Z N=84 isotones. The states shown for 15SLu
and 157Ta are proposed for the first time from the present work. The suggested configurations are indicated on the left
hand side of the figure.



The proposed E2 cascades feeding the 7rhu/2 state reach spin 23/2 . The resulting 23/2 , 19/2", 15/2".
11/2" sequence resembles the 6+, 4+ , 2+, 0+ sequence in lo6Hf, and can be interpreted as the (fr/o)2 multiplet
aligned with the h u / 2 odd proton. In addition, possible 27/2" states are suggested for both nuclei which would
correspond to the maximum spin state of the 7rhii/2®(i/f7/2®^hg/2)8+ configuration. In the 25/2" state neutrons
occupy the same orbitals as in the 27/2"" state but one proton (hn/2)2 Pair is broken. The results show that the
yrast' 25/2" state drops below the yrast 23/2~ already in 155Lu and comes down even more in 157Ta forming an
yrast trap. The lowering of the 25/2" state with respect to the 23/2" state simply mimics the drop of the uhg/o
orbital with respect to the is f7/2 orbital.

IV. SUMMARY

In this work results for excited states in three N=84 isotones, i.e. 156Hf, 155Lu and lo7Ta, are presented for the
first time. Despite low statistics, the proposed 7-ray transitions were unambiguously assigned to the individual
reaction channels using the RDT method and yrast cascades feeding the ground states, and the 8+ isomer in
lo(3Hf, were proposed. The resulting level schemes, to a large extent, follow the systematics of the lower-Z N=84
isotones, allowing shell-model interpretation similar to that proposed in ref. [3]. More in-depth analysis requires
data with better statistics.

The RDT method used in the present experiment, is seen to be a very powerful tool to identify in-beam 7-ray
transitions associated with very weakly populated reaction channels at and even beyond the proton drip-line.
Indeed, in another experiment, 7-ray transitions correlated with the ground state and isomeric state proton decay
in 147Tm were identified, truly representing in-beam 7-ray spectroscopy beyond the proton drip line. A large
array of Ge detectors such as GAMMASPHERE, placed in front of the FMA, would increase the 7-7 coincidence
efficiency by a factor of about 50 compared to AYEBALL, This would allow the extension of already known level
schemes to higher excitation energies and studies even further beyond the proton drip-line. For example, the
heavier even-even N=84 isotone 1 D 8 W, where the neutron orbitals f^ a nd hg/2 are almost degenerate, would be
well within the range of such a detection system.
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