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FINAL TECHNICAL REPORT 

INTRODUCTION 

Metastable excited nuclear states, isomers, have been a major subject of inquiry 
since their discovery in 1921, with studies motivated in different ways by their physical 
properties. Isomer halflives run the gamut from rather modest (like the T1/2 ~ 14 ms 
shape isomer of 242Am) to extremely long (like the essentially stable spin isomer mTa, 
with T1/2 > 1016 years). Quite short-lived isomers also exist. In all cases, the existence of 
an isomer reflects specific nuclear structure that creates some type of potential barrier 
against electromagnetic decay of the metastable level to lower-lying states. For so-called 
spin isomers, it is the angular momentum arising from a particular single-particle 
configuration that provides such a barrier, forcing electromagnetic decays to be restricted 
to high multipolarities. A further inhibition for K isomers of deformed nuclei comes 
from a need to significantly re-orient the angular momentum vector, whose projection on 
the body axis of nuclear symmetry is K. A full discussion of the underlying mechanisms 
of isomer formation may be found in the review of Ref. [1]. The population and decay of 
isomers can give considerable insight into nuclear structure, as discussed in [2]. 

Isomers have also been of great interest for potential applications, primarily due 
to the ability of some isomers to store tremendous amounts of energy, e. g. the K isomer 
l78m2Hf stores 2.46 MeV per nucleus, or about 1.2 GigaJoules/gram, with a halflife of 
31 years. Its natural decay follows a complex cascade of transitions that has been 
clarified [3] under a previous AFOSR grant (F49620-02-1-0187), terminating at the 
stable ground state. Harnessing this stored energy could give a source of "clean" nuclear 
energy for various applications [4], including, perhaps, a gamma-ray laser. Some other 
isomers do not have stable ground states, but might be valuable in providing a sequence 
of energy-releasing p or a decays [5]. 

Whatever the motivation, much effort has been expended to investigate the 
possibility of causing an induced depletion of long-lived isomers, releasing the stored 
energy as a burst of gamma rays or other nuclear radiations. A number of issues come to 
the fore when considering this topic: what isomers would be best to examine, what 
mechanism(s) would allow external control or bypass of the natural decay, and how 
would one experimentally measure an induced depletion from small isomer samples. Of 
course, the experimental goal would be to measure the energy required for the entity 
(photons, neutrons, etc.) that caused the induced depletion and the cross section for the 
reaction. The production of isomers in quantities sufficient for precision experiments is 
also an important goal. 

In 2001, an extensive review [5] discussed the general topic with a focus on 
depletion induced by photons and a view of the related systematics as deduced from the 
closely-related "activation" of isomers. Just one isomer exists in nature (180mTa) and its 
induced depletion has been conclusively demonstrated, largely under previous AFOSR 
grants to the PI (see Refs. [6-8] and references therein). Up to now the main method of 
predicting possible depletion energies for other isomers was to consider their relationship 
to the systematics of isomer activation for neighboring isotopes and to depletion levels 



found to depopulate 180mTa. This approach was most notably used in the case of the 31- 
year isomer of 178Hf. It was suggested in 1995 that on this basis a trigger level might be 
found "near 2.8 MeV" [9] from the "speculation that [depletion] levels are prevalent and 
lie between 2.5 - 2.8 MeV" [10]. First depletion experiments were attempted in 1996 by 
inelastic scattering of alpha particles at Orsay, with a repeat in 1997, but as yet no firm 
results are known and the data are unavailable for analysis. The first photon depletion 
experiments began in late 1998 and the positive indications reported therefrom [11, 12] 
began an intense, and controversial, period of research as reviewed in Ref. [13]. 

The field of study of induced isomer depletion has now moved into a new era, 
defined by less reliance on systematics predictions and utilizing greatly improved 
spectroscopic level data. With the ability to identify and target specific potential 
depletion transitions, one can anticipate a greatly increased pace of research. Within this 
context, the work conducted by the YSU Isomer Physics Project under AFOSR support 
has provided a considerable base of fundamental knowledge and has significantly 
advanced the field. Such basic information as cross sections for different reaction 
mechanisms is central to any evaluation of the feasibility of isomers for applications. 

A total of twelve manuscripts have been published during this grant. Also, three 
plenary, six invited and two contributed presentations by the PI resulted from grant 
sponsorship and a number of contributed presentations/posters were made by 
undergraduate students supported thereby. 

The essential technical details of the papers may be found in Appendix A while 
Appendices B and C list Invited and Contributed Presentations, respectively, under this 
grant period. 

HIGHLIGHTS OF PUBLISHED RESULTS 

Experimental tests of induced isomer depletion occupy a rather narrow sub-field 
within nuclear physics. As such, this work is somewhat removed from the mainstream of 
nuclear physics and has suffered from a perceived lack of firm founding in traditional, 
experimentally-verified concepts of the larger field. Work conducted during this grant 
has contributed significantly to the foundations of induced isomer depletion and explored 
several new concepts. A few recent highlights will be given to indicate the breadth and 
depth of these efforts. 

"Nuclear Forward Scattering vs. Conventional Mossbauer Studies of Atomically Tailored 
Eu-Based Materials," Konjhodzic, A. Adamczyk, F. Vagizov, Z. Hasan, E. E. 
Alp, W. Sturhahn, Jiyong Zhao and J. J Carroll, Hyperfine Int. 170, 83 (2006). 

Summary: 

This paper discussed experiments utilizing synchrotron radiation to perform 
Mossbauer spectroscopy on l5lEu-doped magnesium sulfide. While the 
immediate impact was for the study of nano-scale devices composed of this or 
similar materials, the same physical processes may prove useful in coherent 



control of nuclear processes, as discussed in detail in Kolesov, et al., Opt. 
Commun. 179,537(2000). 

"Microsecond and nanosecond isomers populated in fission reactions," G. A. Jones, P. M. 
Walker, Zs. Podolyak, P. H. Regan, S. J. Williams, M. P. Carpenter, J. J. Carroll, 
R. S. Chakrawarthy, P. Chowdhury, I. J. Cullen, G. D. Dracoulis, A. B. 
Garnsworthy, G. Hackman, R. V. F. Janssens, T. L. Khoo, F. G. Kondev, G. J. 
Lane, Z. Liu, D. Seweryniak, N. J. Thompson and S. Zhu, FUSION06: 
International Conference on Reaction Mechanisms and Nuclear Structure at the 
Coulomb Barrier, AIP Conference Proceedings 853 (Springer, New York, 2006), 
p. 342. 

Summary: 

This paper provided an overview of an experiment performed to investigate 
electromagnetic transitions, and thus nuclear structure, of the isotope 178Hf. In 
addition, incidental excitation of antimony and molybdenum nuclei was produced 
with resulting data on their structure. More detailed analyses followed later, but 
this paper illustrated the strength of fusion-fission reactions and coincidence 
gamma-ray spectroscopy as tools for the study of nuclear transitions. Such 
transitions in appropriate nuclei may provide the means for induced depletion of 
isomers. 

"Design and characterization of a compact multi-detector array for studies of induced 
gamma emission: Spontaneous decay of 178m2Hf as a test case," P. Ugorowski, R. 
Propri, S. A. Karamian, D. Gohlke, J. Lazich, N. Caldwell, R. S. Chakrawarthy, 
M. Helba, H. Roberts and J. J. Carroll, Nuclear Instruments and Methods A 565, 
657 (2006). 

Summary: 

Some published reports (see the survey in Ref. [13]) have claimed evidence that 
induced depletion of the Hf isomer could be caused by incident photons 
10 keV. To investigate these claims with improved sensitivity, a final 
implementation of the YSU miniball array was utilized at the BL12B2 beamline 
at SPring-8. This paper gave a fully-detailed characterization of the miniball 
system based largely on using natural decay of Hf. The purpose was to 
provided a baseline of natural events from which to compare measurements 
obtained during irradiations. 

"Identification of a high-spin isomer in Mo," G. A. Jones, P. H. Regan, P. M. Walker, 
Zs. Podolyak, P. D. Stevenson, M. P. Carpenter, J. J. Carroll, R. S. Chakrawarthy, 
P. Chowdhury, G. D. Dracoulis, A. B. Garnsworthy, G. Hackman, R. V. F. 
Janssens, T. L. Khoo, F. G. Kondev, G. J. Lane, Z. Liu, D. Seweryniak, N. J. 
Thompson, S. Zhu and S. J. Williams, Phys. Rev. C 76, 047303 (2007). 

Summary: 



This paper discussed the experimental identification of a new, high-spin isomer in 
,9Mo based on nuclear spectroscopic data obtained in fusion-fission reactions with 
coincidence gamma-ray spectroscopy. Similar techniques may be valuable in 
searching for transitions that will permit an induced depletion of isomers. 

"Nuclear structure and the search for induced energy release from isomers," J. J. Carroll, 
Nucl. Instrum. Meth. B 261, 960 (2007). 

Summary: 

This paper summarized the current state-of-the-art in experimental techniques 
available for the study of induced isomer depletion. 

"Photon scattering experiments on the quasistable, odd-odd mass nucleus ,7<>Lu," S. 
Walter, F. Stedile, J. J. Carroll, C. Fransen, G. Friessner, N. Hollmann, H. von 
Garrel, J. Jolie, O. Karg, F. Kappeler, U. Kneissl, C. Kohstall, P. von Neumann- 
Cosel, A. Linnemann, D. Miicher, N. Pietralla, H. H. Pitz, G. Rusev, M. Scheck, 
C. Scholl, R. Schwengner, V. Werner and K. Wisshak, Phys. Rev. C 75, 034301 
(2007). 

Summary: 

This paper reported the measurement of electromagnetic transition probabilities 
and energies for the isomeric nucleus l76Lu. 

SUMMARY 

The feasibility of isomers for real applications will depend sensitively upon 
specific nuclear parameters, such as the energies of depletion levels. Nuclear theory 
cannot accurately predict the probabilities for transitions that would allow isomeric nuclei 
to be excited into depletion levels, nor branching ratios for decay of those levels. Thus, it 
remains for experimental studies to measure these important parameters using state-of- 
the-art techniques. In some instances, this may be accomplished by direct depletion tests 
made with samples already containing populations of isomers, while in other instances 
this may be accomplished by more traditional nuclear spectroscopic studies utilizing 
samples containing ground-state nuclei. The ability to connect the results from these 
different methods is critical to providing a firm foundation of fundamental knowledge 
from which the practical value of isomers may be assessed. This task is not yet complete. 
However, work performed under this grant has greatly improved the understanding of the 
mechanisms by which induced isomer depletion may be achieved for various nuclei, and 
has placed this field on a firm footing. The challenge of further advancing this field will 
fall to future research efforts. 
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Abstract With the decrease in size of devices, rapid characterization of nano-devices is an 
inevitable necessity. It is shown that Mossbauer spectroscopy using synchrotron radiation 
from the advanced photon source provides such a tool of investigation. Results are 
presented and compared for conventional Mossbauer and Nuclear Forward Scattering for 
"'Eu-doped magnesium sulfide as an example, especially at low concentrations. 

Key words  europium • nuclear forward scattering • Mossbauer spectroscopy • 
atomic tailoring • photonic materials • rare-earths 

I Introduction 

Mossbauer spectroscopy is an extremely powerful technique of characterization for samples 
rich in iron and a few other isotopes. Using this method, different valence states of these 
isotopes as well as small variations in the crystalline field environment around them in 
a solid can be studied systematically and rapidly. As the size of the sample becomes 
microscopic, or the concentration of Mossbauer active nuclei decreases, the technique loses 
its effectiveness. In such cases, at least a lengthy data accumulation to enhance the signal to 
noise ratio becomes compulsory. However, for some experiments, the data accumulation 
time becomes prohibitively long. In this category, there are experiments performed on 
samples with extremely low concentrations of Mossbauer active ions or the ones that show 
extremely small effects resulting in the signal being buried in the noise. Nuclear Forward 
Scattering (NFS) using X-rays or y-rays from a synchrotron source offers an alternative to 
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the conventional Mossbauer technique [1—3]. The radiation from the synchrotron source is 
intense, tunable in energy, and in the form of short pulses to provide the opportunity of time 
domain y-ray spectroscopy. 

This paper deals with the application of Mossbauer spectroscopy in identifying samples 
doped with Eu and its different valence states in extremely low concentrations in alkaline 
earth sulfides. We discuss the case of MgS in particular. Low concentrations of impurities 
are necessary for photonics applications where the impurity atoms or ions should be 
isolated from each other. These isolated atoms/ions have well defined energy levels that can 
be used for the desired applications. At high concentrations, however, pair effects arising 
from Coulomb or exchange interactions can significantly change the energy level structure 
from a single ion to a more complicated one. In general, these pairs are difficult to deal with 
theoretically and unpredictable for any practical use. 

Typical impurity concentrations for photonics applications range around 0.01 mol% 
while the size of the Photonic devices can be as small as a few cubic microns. Using 
conventional Mossbauer spectroscopy, weeks or months of data accumulation time would 
be needed for such samples. This is partly because strong l5lSm sources are not readily 
available. Therefore, synchrotron radiation offers a great opportunity to study the 
Mossbauer spectrum by nuclear forward scattering. A comparison of the Mossbauer 
spectroscopy between using a conventional '5lSm source and the synchrotron radiation 
source is presented below. 

2 Atomically tailored photonics materials 

The size of photonic devices is always decreasing and in many cases has reached the 
quantum regime. In principle, the ultimate lower limit on the size of a photonic device is a 
single atom. However, to be useful this atom should be localized and optically addressable. 
Such is the case with optically active impurities in a wide bandgap semiconductor or an 
insulator. Therefore, in the future, only a few selected optically active atoms or ions in a 
solid will form the 'core' of the quantum photonic devices. Some fascinating applications 
that could work with only a few atoms in a solid host are: (1) spectral storage, where the 
information is stored in the optical spectrum of a small number of selected atoms in a solid, 
(2) quantum computing with a few optically addressable atoms, and, (3) coherent control of 
nuclear states with a laser [4-7]. In all these and similar atomic scale applications, there are 
severe constraints imposed on the energy level structure of the host, the optically active ion. 
its nucleus, and even the nuclei of the host material. 

In spectral storage, for example, the electronic states should be tailored to strongly 
absorb the photons from a laser, the photons that are used for addressing or photo- 
transforming the ions. The energy of the optical transition should be tailored to be 
preferably in the range of commercial lasers. The electronic states should be suitably 
located in the bandgap of the host to enhance (or in some cases to suppress) two-photon 
ionization and other non-linear optical processes. And finally, the relative concentration of 
different ionization states of the active ion should be controlled to facilitate a particular 
photo-induced transformation. 

For spectral storage, MgS and CaS were prepared with a very low concentration of Eu, 
0.01 mol%. in these europium based II—VI sulfides, the information is stored in the 
spectrum of Eu'+ by photoionizing them with a laser. A relatively large concentration of 
Eu + is necessary for trapping the electrons liberated in the process of photoionization. 

£) Sprin grr 



Nuclear forward scattering vs. conventional Mossbauer studies 85 

Therefore, doubly and triply positive valence states and the electronic energy levels of Eu 
were tailored to meet the requirements of an ideal material for spectral storage. It is not 
possible to determine the relative concentration of Eu27Eu3* in MgS using optical 
techniques. This is particularly true at low Eu concentrations. Eu3' has weakly allowed optical 
transitions within the states of 4^ configuration. Coincidently, very strongly allowed 4f-5d 
transitions of Eu2+ also lie around the same energy range in this host. The two spectra overlap 
considerably and any quantitative determination of relative Eu2+/Eu3+ concentrations is not 
possible. However, Eu (nat. abun. ~48%) is a Mossbauer isotope. Therefore, this technique 
can provide the information about the Eu2+/Eu3+ concentration ratio. 

Samples of MgS doped with varying concentrations of Eu were prepared by the methods 
described elsewhere [8, 9]. The laser-excited fluorescence spectra at -15 K gave strong 4f7- 
4f55dl emission confirming the presence of Eu2+ in the sample. In MgS, Eu2* substitutes 
for Mg~' and therefore it is an energetically more favored ionization state of Eu. Eu"" can 
also occupy a substitutional site with charge compensation provided by long-range 
displacement of the lattice ions. This displacement maintains the cubic site symmetry and. 
therefore, both Eu2+ and Eu3+ occupy sites of octahedral symmetry [10]. A slight variation 
from the cubic symmetry is there, which is expected due to the size mismatch between 
Eu 7Eu3+ and Mg"~, the ion for which they substitute in the lattice (Ionic radii: 1.17, 0.95 
and 0.72 A, respectively, for Eu2*, Eu3+ and Mg2+). This relaxes the cubic selection rules for 
the 4f-5d electronic transition resulting in very strong Zero Phonon Lines (ZPL) in the optical 
absorption spectrum; an attribute of great importance for quantum photonic applications. 

3 Mossbauer spectroscopy of l51Eu in MgS 

Mossbauer spectra of MgS.Eu samples, with naturally abundant Eu, (l51Eu:'53Eu, 
0.478:0.522), were taken using a 15lSmF3 source. Figure 1 shows the spectrum of 
Mg0.gEu0.2S at room temperature. The data accumulation was done in the constant velocity 
mode. It lasted for 14 h to give a signal of 8% absorption. The absorption spectrum shows a 
peak at 11.7 mm/s corresponding to l51Eu2+. A small shoulder is also clearly visible on the 
high velocity side, v=13.9 mm/s. The data has been fitted to two Lorentzian lines and has 
been resolved in the diagram. Due to the broad linewidth of the SmF, source, ~2 mm/s. this 
feature cannot be further resolved, even at low temperature. The origin of this small peak 
has not been investigated in detail here. However, such features could arise from non- 
standard Eu2' - centers that could be formed due to the trace impurities. Our sample, MgS, 
is particularly prone to such impurities - it readily absorbs water from the environment and 
is known to form oxygen-associated Eu centers. Also, prolonged Mossbauer experiments 
expose the sample to such elements more easily. The sample is in the form of 
polycrystalline powder where the surface to volume ratio is high and small traces of water 
can be absorbed readily. 

The spectrum in Fig. I does not show any trace of Eu3+ resonance which in this host 
should appear at ~0 mm/s. This clearly indicates that almost all Eu, 95(±5)% is in the form 
of Eir\ The uncertainty of ±5% is due to the poor signal to noise ratio of the absorption. 
The line-fitting of the spectrum in Fig. 1 shows that 88(±1)% of Eu~+ is at the normal 
substitutional site and the remaining 12(±1)% is at a site associated with some impurity. In 
our case, oxygen usually does not appear as an impurity. The appearance of this shoulder, 
therefore, could be attributed to prolonged exposure of the sample to the environment. 
Optical investigations on this sample are underway in our group. 
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Fig. 1 Mossbauer spectrum of MgS:Eu (20%), data acquisition time 14 h. The data can be fitted to two 
lines, arising from two different Eu"' centers as shown by the dolled lines (Isomer shifts: 13.9 and 
11.7 mm/s, linewidths: 2.4 and 2.2 mm/s). The relative contribution of these two centers is 88% and 12% 

Figure 2 shows the Mossbauer spectrum of MgS with 0.01 mol% of Eu. The spectrum 
was taken under exactly the same conditions as the experiment of Fig. 1. However, there 
were two exceptions: (1) the data accumulation was carried out for a period of 6 days. 
(2) the sample thickness was increased to 2 mm as opposed to ~0.5 mm for 20% Eu 
sample. The Eu~+ resonance at -12.6 mm/s is -5% absorption above the noise level and 
the Eu * signal is clearly visible at +0.5 mm/s. Within the resolution of the absorption lines, 
the two lines appear as isolated single lines. By comparing the area under the two 
resonances, the ratio of Eu"+ Eu + is -0.65/0.35 in this sample. A single line for Eu2* 
further means that for this sample there is only one dominant Eu2* site, i.e., the substi- 
tutional cubic site with Eu2+ replacing Mg2+. The broadening of Mossbauer resonances 
could also be due to the temperature effects and quadaipole splittings of Eu3* that are in the 
tens of MHz range. However, these effects are beyond the resolution of our SmF3 source. 

4 Nuclear forward scattering of MgS:Eu 

Mossbauer studies, using the synchrotron at the Advanced Photon Source (APS). Argonne 
National Laboratory were performed on the same samples as used in Figs.   1  and 2. 
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Fig. 2 Mossbauer spectrum of MgS:Eu (0.01 mol%) using a SraF3 source, data acquisition time 6 days. 
Isomer shifts for Eu:' and Eu3' signals are, respectively, 12.6 and +0.5 mm/s. The corresponding 
linewidths are 2.4 and 2.6 mm/s, respectively 

Figure 3 shows the nuclear forward scattering data on 20% Eu sample. The details of the 
experiments and the characteristics of the beam are described elsewhere [11]. To observe 
the beating of Eu3+ and Eu2+ signals over the time, a known amount of Eu2Oj was mixed in 
MgS:Eu (20 %) sample which predominantly had europium as Eu2+. The CONUSS 
program [12] was used for fitting the decay of the beating signal. The fitting shown as the 
dashed curve in Fig. 3 used the relative Isomer Shift (IS=—12.8 mm/s), quadrupole splitting 
for Eu3+ (2.1 mm/s) and the relative concentration of Eu2+: Eu3+ (0.35:0.65) from the 
known value from the data of Fig. 1. Only small variations, within the errors of determining 
these parameters were found to give the best fit. The isomer shift used in Fig. 3 is different 
from that used in Fig. 1, as we have not considered two different Eu2+ centers present in the 
sample as was clearly seen in Fig. 1. Secondly, in NFS (Fig. 3) we see relative isomer shift 
between Eu 2" in MgS and Eu3+ in Eu203 rather than SmF3 (Fig. 1). 

The total data accumulation time was 20 min for the spectrum of Fig. 3. This direct 
comparison between conventional Mossbauer and Nuclear Forward Scattering gives a ratio 
of 24. Roughly this is a factor by which the time of experiment is reduced from 
conventional Mossbauer to the Mossbauer studies using the time domain Nuclear Forward 
Scattering. In MgS samples with 0.01 mol% Eu the NFS experiment required a data 
collection time of about 6 h to give a good beating signal between the Eu3* and Eu2* 
resonances as opposed to 6 days of collection time for the conventional Mossbauer spectra 
of Fig. 2. Once again this is roughly a reduction by a factor of 24. However, note in these 
estimates, the ratio of the sizes of the samples is not taken into consideration. NFS is a very 
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Fig. 3 Nuclear forward scattering using 21.54 keV radiation for ,5lEu from the APS. The sample was 
70.7 urn thick and was composed of MgS:Eu (20%) mixed with Eu203 for observing the beating of the Eu3* 
and Eu~' signals. The relative concentration Eu +:Eu + was 0.65:0.35 and the data was accumulated for 
20 min. The fitting of the decay with CONUSS program yielded relative isomer shift of-12.8 mm/s and the 
quadrupole splitting of 2.1 mm/s 

sensitive teehnique and the sample thicknesses used were ~50-100 u.m, smaller by an order 
of magnitude than what were used for the conventional Mossbauer experiments. If this is 
taken into consideration, then by using NFS assisted Mossbauer, the overall data collection 
times are reduced by more than two orders of magnitude. Thus, thin samples such as films, 
or samples with a very small concentration of Mossbauer isotopes are at a greater advantage 
with regard to the expediency of data accumulation in NFS assisted Mossbauer. 

5 Conclusions 

In conclusion, we have shown that Nuclear Forward Scattering using fast pulses from a 
synchrotron source has great promise for fast characterization. In MgS:Eu, the valence states 
of Eu and their electronic states have been tailored for extremely low concentration samples 
that are necessary for some photonic applications. We have presented and compared data on 
Mossbauer studies by the conventional technique and using nuclear forward scattering in 
this material. The main advantage of NFS is that it reduces the data collection times by 
orders of magnitude when compared to the conventional Mossbauer technique. This is 
hoped to enable quick characterization studies on samples that have extremely small 
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amounts of Mossbauer isotopes. Even more excitingly, with such reduction in data 
accumulation times it is hoped that some very novel experiments can be performed where 
small effects are supposed to give very weak observable signals. Such weak signals 
necessitate prohibitively long data acquisition times. One of these experiments is the laser 
control of nuclear states. In this experiment a strong laser is expected to pump the electronic 
state and by electron-nuclear coupling, the nucleus of the parent Eu ion can be coherently 
controlled that can be detected by Mossbauer spectroscopy. It is estimated that for a 
detectable signal months of data accumulation time may be required using conventional 
Mossbauer technique. NFS has potential to reduce this time to hours or even minutes. 
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Abstract. Fusion-lission reactions were induced by bombarding a thick 27A1 target with l7!iHf 
projectiles at a laboratory energy of 1150 MeV using the ATLAS accelerator at Argonne National 
Laboratory. The subsequent y-ray decays were measured using the GAMMASPHERE germanium 
detector array. The beam was pulsed at two different ON/OFF cycles of 82.5/825 ns and 25/75 //s in 
order to observe the 7 rays from the decay of isomeric states. In l2,Sb 2721+A keV. Ilt=(25/2+) and 
2434 keV, I7t=19/2" states have measured half-lives of T|/2=200(30) ps and 8.2(2) ns respectively. 

The 2614+A keV, I*=(27/2+) and 2486 keV, I*=19/2+ states in '"Sb have measured half-lives of 
T|/2=52(3)/JS and 7.9(4) ns respectively. The positive parity isomers in these nuclei correspond to a 

Jtd5/2 or Jtg7/2 configuration, in l2lSb and l23Sb respectively, coupled to aligned (hn/2)2 neutrons. 

The IK=l9/2~ isomeric state in l2lSb is proposed to have a vhn/2®vd3/2®7td5/2 configuration. A 

previously unobserved isomerhas been identified in "Mo at an energy of 3010 keV, decaying with 
T|/2=18(5) ns. This state is interpreted as an energetically favoured 3 quasi-particle alignment of 
v (d ',) S7E(g9/2)2 configuration which is observed systematically in the even-Z N=57 isotoncs. 

Keywords: gamma-ray spectroscopy, fusion-fission reactions, isomeric half-lives. 
PACS: 23.30.-g, 23.20.En. 25.70.Jj, 27.50.+e, 27.60.-t-j 

INTRODUCTION 

In nuclei near closed shells, single-particle structure tends to dominate over rotational 
and vibrational collective effects. In medium and heavy (A>80) nuclei, high-j intruder 
orbitals play a very important role in the yrast structure. Particle-aligned states with 
configurations dominated by these high-j orbitals can be low enough in energy to form 
yrast trap, isomeric states [1]. Nuclei with a large number of isomers tend to decay 
via low multiplicity y-ray cascades, and are difficult to study using high-spin, high- 
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multiplicity experimental techniques where only y rays within a few nanoseconds of 
the prompt reaction time are considered. By contrast, one can achieve a great deal of 
clarity in experiments with extended times between reactions, in which low multiplicity, 
delayed transitions from isomeric decays can be studied. 

EXPERIMENTAL DETAILS 

Fusion-fission reactions were induced by bombarding a thick 27A1 target with l78Hf 
projectiles at a laboratory energy of 1150 MeV, using the ATLAS accelerator at Argonne 
National Laboratory. Fission of the 205At compound nucleus populated a broad swathe 
of nuclei with large yields, from 34Se to 54XC The resulting y-ray decays from these 
products were measured using the GAMMASPHERE [2] array, comprising 101 high 
purity germanium detectors in this experiment. The beam delivered by ATLAS was 
bunched into pulses separated by 82.5 ns. This pulsing was utilised to deliver short and 
long pulsed beam conditions, enabling the study of metastable states in the 10-4 —»10~9 

s range. In the short beam pulsing, all but 1 from every 10 beam pulses was swept away 
from the target, resulting in a 825 ns period within which delayed y-ray decays could 
be studied sensitively. Events where two or more coincident y rays were detected were 
written to tape. In the long pulsing measurement, a 25 ps beam-on period preceded a 75 
ps beam-off period, during which the data acquisition system was triggered by single 
y-ray events, time stamped using an external 10 MHz oscillator. 

RESULTS 

The data were sorted into a variety of time-restricted symmetric and asymmetric cubes 
and matrices. They were tailored to search for y-ray decays from isomers with a variety 
of different half-lives. Angular correlation measurements were made for pairs of y rays 
using the prescription of Ref. [3], to help determine the multipolarities of transitions. 

121 Sb 

Figure 1 shows the updated level scheme from this experiment, extended from the 
work of Porquet et at. [4]. The 2057 keV state and 14 transitions (marked with asterisks) 
are reported for the first time in the present work. Figure 2(a) shows a spectrum of 
transitions from the decay of a long-lived isomer through the strongly-coupled rotational 
band built upon the 7tg9/2l404] configuration |4|. The isomer is also observed to decay 
through the single-particle structures (on the right side of Fig 1). Figure 2(b) illustrates 
the time projection of y - y gates on the transitions depopulating this isomer. The 
isomeric half-life was measured to be ^2=200(30) ps, from a number of different 
gating conditions in both the collective and single-particle decay paths. 

This metastable state appears to be just above the E*=2721 keV, I,t=21/2+ state and 
decays via an unobserved (probably E2) low-energy transition. 

343 



(25/2+) 

19/2+ 

A\ 200(30) A*.S 

21/2+ %       2721 

17/2 

15/2* 

13/2' 

11/2 

9/2 

\ 2551 

£j!7* (409)' 
8.2(2) ns    / 

(9/2*) 

FIGURE 1. Level scheme for transitions in Sb from the decay of a Ti/i=200^s isomer. Gamma- 
rays marked with asterisks* are those that have been observed for the first time. Widths do not represent 
absolute intensity measurements, but rather provide an indication to the relative strengths of different "y-ray 
decay paths. 

The observation of the 41 keV transition (shown in a spectrum in the inset of Fig. 
2(a)), which approaches the detectable limit of GAMMASPHERE, is a valuable link 
between the rotational band and the 2721 keV state. After taking into account the effi- 
ciency of the germanium detectors, the intensity of the 41 keV transition is found to be 
12.4 times smaller than the 323 keV y ray, using gates with no other feeding transitions. 
This corresponds to an internal conversion coefficient of oc,0,=15(3). Calculations using 
Ref. [5] provide a theoretical value of cc,0/=8.4 for an Ml transition, indicating that the 
41 keV y ray is an M1 with some E2 admixture. Similar calculations for the 287 and 292 
keV y rays require the 287 keV transition be of El, Ml or E2 character. 

Angular correlation measurements indicate that the 287 keV y ray is a dipole transi- 
tion. Figure 2(d) shows the angular correlation function for the 287 and 998 keV y-ray 
pair. The A2 and A4 coefficients imply that the 287 keV transition is a dipole. 

Based on this experimental evidence, the 2721 keV state is assigned I*=21/2+. Given 
that the 2721 keV state thus decays via 287 keV El and 41 keV Ml transitions, it is 
unlikely that it is the origin of the 200 /us isomer. The reduced matrix elements, B(E 1) for 
287 keV and B(M1) for 41 keV, with a 200ps half-life, would require that the transitions 
are exceptionally hindered (~10~8 W.u.). It follows, that to account for such a long- 
lived isomer, there must exist another state that decays to the 2721 keV state via an 
unobserved, low-energy, highly converted transition. With consideration of the intensity 
of the isomeric decay, and the germanium detector efficiencies and internal conversion 
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FIGURE 2. (a) A y-ray spectrum double gated on each of the transitions in the strongly-coupled 
rotational band based on the 7tg9/2 orbit, taken from the long-pulsing experiment. The inset shows an 
expansion of the low-energy part of the spectrum. Lead X-rays were observed, as the target included 
some 2l,8Pb. Time spectra in panels (b) and (c) show decays of the 200/JS and 8.2 ns isomers respectively 
in l2lSb. The y- y angular correlation of the 287 and 998 keV transitions is shown in panel (d), discussed 
in the text. The error bar on the x-axis expresses the range of 6 for the detector pairs, where 8 is the angle 
between the detectors. 

coefficients of low energy y rays, it is likely that the missing transition, A has energy 
EA(£2)<D0 keV if it is considered to have E2 multipolarity. 

In addition the EA=2434 keV, 1^=19/2" state was observed to be isomeric. Figure 2(c) 
shows the time difference between 287 and 292 keV yrays. A Gaussian plus exponential 
fit to these data results in a half-life of T]/2=8.2(2) ns. 

The 2542 and 2712 keV states have been inferred from the observation of weak 170 
and 400 keV transitions in anti-coincidence with the 292 and 286 keV yrays in the long- 
pulsing experiment. The ordering of the y rays could not be established in the current 
work, so the state energies are marked as tentative in Fig. 1. An accurate lifetime for 
these delayed transitions could not be measured due to limited statistics, so it is unclear 
whether these y rays are from the decay of the 200 /JS isomer. 

123 Sb 

Figure 3(a) shows the partial level scheme of 123Sb adapted from Ref. [4]. The 
transitions in this level scheme (up to 23/2+) were observed following the decay of 
an isomer in the long-pulsing experiment discussed above. Figure 3(b) shows a time 
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FIGURE 3.    A partial level scheme for i2;,Sb is displayed in panel (a). Time spectra showing the decay 
of the T| ,1=52 /JS and 7.9 ns isomers in l23Sb are shown in (b) and (c) respectively. 

spectrum of the isomeric decay, with a measured half-life of T|/2=52(3) fjs. Initially 
it appears that the isomeric lifetime derives from the 2614 keV state. However, it is 
possible, as in the case of '~'Sb, that there is an unobserved transition from a higher- 
lying isomeric state (shown at 2614+A keV in Fig. 3(a)). It is shown later that this is the 
most likely scenario. 

Combinations of y - y angular correlations provide the spin assignments in Fig. 3(a) 
up to 23/2+. Intensity balance measurements, such as those outlined in the previous sec- 
tion, measure the internal conversion coefficient of the 128 keV y ray as a;<„=0.69(13), 
corresponding to E2 multipolarity within the 2o limit. 

The 2486 keV state is observed to be isomeric. Figure 3(c) shows the time-difference 
between the 128 and 442 keV transitions. Using a Gaussian plus exponential fit, a half 
life of T|/2=7.9(4) ns was measured. 

"Mo 

Figure 4(a) shows a partial level scheme of "Mo extended from that established by 
Regan et al. [6]. In data from the short-pulsing experiment, transitions in the rotational 
band based on the vhn/2 excitation were observed. Gamma rays from the 1^=23/2 
state and below, were observed to be delayed (see Fig. 4(b)), and the 980 keV y ray 
depopulating the I7t=(27/2^) state, was observed in the prompt gated spectra. A 305 
keV y ray was observed in coincidence with the delayed transitions, decaying from 
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FIGURE 4. A partial level scheme of "Mo is shown in (a). Panel (b) shows a gate on delayed 482 and 
693 keV transitions in the decay of the T|/2=18(5) ns isomer. A time spectrum for the decay of the 3010 
keV isomeric state is shown in (c). A prompt component (contamination) was subtracted using a time 
spectrum gated on y rays with approximately the same energy, from non-isomeric states. The lifetime fit 
was performed over the range indicated. 

a previously unreported state at E,—3010 keV. No transitions feeding this state were 
observed in the current experiment and thus it was not possible to measure the lifetime of 
the state using the y-y time-difference technique used for isomeric states in the Sb nuclei. 
Figure 4(c) shows a germanium time spectrum of the double gated delayed transitions 
from the Ev=3010 keV state. Relative to the accelerator RF signal, the half-life of the 
decay is measured as ^1=18(5) ns. Data points close to the prompt part of the spectrum 
were not included in the fit due to uncertainties in the subtraction procedure. It was not 
possible to measure the multipolarity of the 305 keV transition with angular correlations, 
due to low statistics. 

The Ev=3685 keV state was tentatively assigned I*=(27/2-) by Regan et al. [6], The 
Ev=3010 keV isomeric state does not appear to be the yrast relative to the I7t=(27/2") 
state, from intensity measurements, and is thus unlikely to have the same spin. The spin 
of the E.v=3010 keV isomeric state is thus likely to be limited to l=(23/2, 25/2). 

DISCUSSION 

Figure 5 shows a comparison of states in 121l23Sb with those in 120122Sn [7, 8] respec- 
tively. 
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FIGURE 5.    Energetic comparison of states in 121l2-'Sb with those in isotonic Sn neighbours with the 
same neutron conligurations. 

121 Sb 

The 19/2 isomeric state observed in 12lSb is consistent with sytematics of 19/2 iso- 
mers in odd-mass antimony nuclei from A=l 13-131 [4, 7, 9, 10, 11, 12]. The transition 
rate of the 292 keV yray from the 19/2" state is B(E2)=0.83(8) W.u. The 19/2" isomers 
are analogous to the 7~, vh, -y2 X>vd3/2 configuration isomers in neighbouring Sn nuclei 
(see Fig. 5), with the additional coupling of 7td5/2- 

It has not been possible to ascertain the spin, parity and energy of the 200 /JS isomer 
with certainty. Despite this, it is possible to infer the spin and parity using systematic 
considerations. Lighter odd-mass Sb nuclei with A> 117 have isomeric 25/2+ states 
corresponding to the odd d5/2 proton coupled to the fully aligned v(hn/2)2 configura- 
tion, observed systematically as isomeric 10+ states in neighbouring Sn nuclei. One can 
expect that a state of the same neutron configuration and spin is present in '"'Sb and, 
since the Jid5/2 orbital is more bound than the 7Cg7/2 [13], the isomer is expected to have 
I7t=25/2+ character. It follows that such a state should decay to the 21/2+ level, which is 
part of the same 7td5/2 ®v(hj |«)  multiplet, via a low-energy E2 transition. 

123Sb 

The experimentally observed level structure of the positive parity band shown in 
Fig. 3(a) exhibits seniority coupling of 7tg7/2 ^ v(hj i/^)2- However, the IK=27/2+ state 
corresponding to fully aligned (hn/2)2 neutrons is not observed in this experiment. 
The Ti/2=7.9(4) ns half-life of the 2486 keV state corresponds to a transition rate 
of B(E2)=0.115(8) W.u. for the 442 keV y ray. One would expect the decay of the 
I7I=27/2+ state to be longer-lived than the 23/2+ state. It is therefore likely that an 
unobserved Ev=2614+A keV state is the origin of the 52 JUS half-life, decaying via a 
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highly converted, low energy E2 transition. The energy of this transition can be limited 
experimentally, following similar arguments to the A transition in l21Sb, to EA(t-2)<60 
keV. If one assumes the same transition rate for the IJt=27/2+ state as the 19/2+, then this 
transition energy would be expected to be EA(£2) ~30 keV. Also, if the IIt=23/2+ state 
has a similar transition rate as the 19/2+, then one would expect an isomeric half-life of 
the order of 1/JS. The half-life for this state was not observed experimentally. 

"Mo 

The 1^=21/2+ isomeric state in the N=57 isotone 105Cd has a reported configuration of 
vd5/2(XiJC(g9/2)-2 as deduced from the g-factor measurement in Ref. [14]. The analogous 
maximally aligned coupling of the (gg/2)

2 protons with vd5/2 and Vg7/2 should form 
states in "Mo with \n=2M2+ and 23/2+ respectively. Since we have restricted the spin 
of the isomeric state to I=(23/2, 25/2), the I7t=23/2+, vg7/2 <g> ft(g9/2)2 configuration 
seems more likely. In support of this assertion, if the EA=3685 keV, I7t=(27/2~) state 
corresponds to the alignment of the (g9/2)

2 protons coupled to the vh| i/2 (as suggested 
in Ref. [15]), the difference in energy between the I7t=(27/2) and isomeric Ev=3()10 
keV states (675keV) is qualitatively consistent with that between the yrast 1^=11/2 and 
the 7/2+ states (449 keV). 

SUMMARY 

Fusion-fission reactions using a pulsed beam have been successful in identifying y-ray 
decays from a number of previously unobserved isomers in Sb and Mo nuclei. Shell- 
model calculations are the subject of current and future endeavours to compare with the 
empirical spectroscopy of mid-neutron-shell Sb nuclei. 
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Abstract 

Reports that incident photons near lOkeV can induce the emission of gamma rays with concomitant energy release from the 31-year 
isomer of l7sHf challenge established models of nuclear and atomic physics. In order to provide a direct and independent assessment of 
these claims, a multi-detector system was designed as a specialized research tool. The YSU miniball is unique in its combination of 
performance characteristics, compact size and portability, enabling it to be easily transported to and placed within the confines of 
beamline hutches at synchrotron radiation sources. Monochromatic synchrotron radiation was used in the most recent studies from 
which evidence of prompt triggering was claimed, suggesting similar sites for independent tests of these results. The miniball array 
consists of six high-efficiency BGO scintillators coupled with a single 65% Ge detector and provides time-resolved gamma-ray 
calorimetry rather than purely spectroscopic data. The need to record high detected folds from the array (up to seven-fold gamma 
coincidences) makes this system different in practice from standard spectroscopic arrays for which data is typically restricted to triples or 
lower folds. Here the system requirements and design are discussed, as well as system performance as characterized using the well-known 
natural decay cascades of l78nl Hf. This serves as the foundation for subsequent high-sensitivity searches for low-energy triggering of 
gamma emission from this isomer. 

(    2006 Elsevier B.V. All rights reserved. 

PACS: 23.20.Lv; 27.70.+ q; 29.30.-h; 29.30.Kv 

Keywords: Multi-detector array; Gamma-ray calorimetry; Induced gamma emission; Isomer; l78m2Hf 

1. Introduction 

The possibility that nuclear energy could be released in a 
relatively clean fashion from long-lived nuclear isomers has 
been under consideration for decades [1]. Such metastable 
states are capable of storing considerable energy for rather 
long durations. The archetype is l80mTa, being an excited 

'Corresponding author. Tel.: +330941 3617; fax: +3309413121. 
E-mail address: jjcarroll@cc.ysu.edu (J.J. Carroll). 

0168-9002/$-see trout matter r  2006 Elsevier B.V. All rights reserved. 
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state with a halflife greater than 1015 years and located 
75 keV above the unstable ground state [2]. An induced 
depopulation of this isomer due to irradiation of samples 
with real photons (bremsstrahlung) was first observed in 
1987 [3] with detailed confirmation and characterization of 
the process coming later (see Ref. [4] and references 
therein). The induced depopulation was accompanied by 
a release of the stored 75 keV, but was initiated by incident 
photons of at least 1 MeV. proving to be a sink rather than 
a source of energy. Nevertheless, the existence of transi- 
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tions connecting the isomer to levels that decay toward the 
ground state provided intriguing insight into weak 
components in the wavefunctions [5]. 

Other isomers have been suggested as being potentially 
of greater practical value [1]. Principal among these is the 
31-year-lived isomer l78m2Hf, storing 2.446 MeV per 
nucleus, or about 1.3GJ/g at natural density. Studies 
which attempted to replicate the induced depopulation of 
ISOmTa for l78m2Hf have concentrated so far on rather low 
energies, using real photons below lOOkeV from brems- 
strahlung and synchrotrons. Experiments using virtual 
photons via Coulomb excitation have been conducted on 
ground-state l7SHf targets, providing results that support 
the possibility of induced depopulation of l78m2Hf by 
transitions with energies greater than 300 keV [6,7]. Ref. [8] 
surveys the experimental landscape as of early 2004, and 
later results or additional details of previous results are 
described in Refs. [9-11]. The controversial nature of the 
positive results, in light of several carefully conducted null 
measurements, perhaps reached its zenith with the recent 
report [9] that induced depopulation of the l78m2Hf isomer. 
with f = fC — 16"*", proceeded through an intermediate, 
higher-lying state that subsequently decayed to the ground 
state in a single transition. Since only a modest-multi- 
polarity transition from isomer to intermediate state could 
be expected, this would seem to require a A/> 10 transition 
for the purported decay transition. 

While the last claim [9] of induced depopulation of 
l78m2Hf would appear to require little further considera- 
tion, other previous claims are not unphysical a priori, 
although theoretical analyses have cast doubt on the 
purported mechanism [12.13]. As in the case of lsoTa and 
other nuclei (see, for example, Ref. [14]). the presence of K- 
forbidden transitions in l78Hf, likely required for an 
induced depopulation, would provide important nuclear 
structure information. Depletion caused by incident 
photons of low energies, reported to be near lOkeV, would 
also have important implications to the understanding of 
nucleus-electron couplings and potential applications. 
Also, despite continued positive claims the magnitude of 
the effect remains rather small. Thus, improved experi- 
mental methods by which to better examine these claims 
will be valuable. 

All of the most recent positive results (see the survey of 
Ref. [8] and Refs. [9,11]) were obtained using monochro- 
matic synchrotron radiation (either from bending magnets 
or undulators) as the source of incident photons. Most null 
experiments were, in contrast, obtained using continuum 
radiation sources, including bremsstrahlung [15] or 
"white" synchrotron radiation [10,16.17] and thus pre- 
sented unique experimental challenges that differed from 
the positive measurements. Also, in the null results of Refs. 
[10,16,17] no special timing instruments were used by 
which any relationship between pulses of synchrotron 
radiation and gamma rays emitted from the l78m2Hf sample 
could have been recorded. It has been claimed that excess 
gamma-ray emission triggered by incident photons near 

lOkeV was prompt, coming within a few nanoseconds of 
the pulses of synchrotron radiation [11,18], and thus that 
the duty cycle of the synchrotron would lead to a washing 
out of the signal without timing information. Ref. [18] 
suggests (see p. 164) that this explains the null measure- 
ments. An independent examination of the positive reports 
of prompt triggered gamma emission, induced by mono- 
chromatic synchrotron radiation near lOkeV, requires a 
different approach than was taken in the works of Refs. 
[10,16,17]. For this purpose, a multi-detector gamma 
spectroscopic system was developed in a compact config- 
uration that permitted its emplacement within the confines 
of the radiation hutch at the BL12B2 beamline of the 
SPring-8 synchrotron. This beamline was chosen as 
providing similar radiation characteristics to those utilized 
to obtain some positive results at SPring-8. These 
independent tests will be described in a future work [19]. 

This paper will first discuss the design requirements and 
implementation for the miniball system (Section 2) as 
needed to search for prompt triggered gamma emission 
from 178m2Hf. Then the sensitivity of the array for 
detection of gamma-ray cascades will be covered, as 
measured from the well-known natural decay of this 
isomer. This will include determination of the system 
efficiency and detection limits for gamma-ray calorimetry 
(Section 3). 

2. Detection system 

2.1.  Design requirements and configuration 

Many multi-detector arrays have been constructed for 
high-resolution gamma-ray spectroscopy [20]. such as the 
well-known Gammasphere system. The large value and 
physical size of these systems and their associated 
instrumentation make it infeasible to consider transporting 
them to sites such as SPring-8 and emplacing them within 
the confines of beamline hutches for experiments of short 
duration. Thus, it was necessary to develop a unique 
system of modest size that combined some spectroscopic 
capabilities with the essential ability to perform gamma-ray 
calorimetry. The latter aspect is similar in concept to that 
described in Ref. [21]. The present system was designated 
as the YSU miniball, stressing its similarities with much 
larger arrays, although its design is predicated on a very 
specific type of experiment. Initial design of the system 
occurred in 2001 [22] and an implementation was used in 
works described in Refs. [8,15]. 

Fig. 1 is a schematic energy-level diagram of the l78Hf 
nucleus, which possesses several isomers. The long-lived 
(metastable) levels are those at 1147.4 keV, with a halflife of 
4s {ml), and at 2446.1 keV, with a halflife of 31 years (mJ). 
The figure shows the main transitions resulting from the 
natural decay of the 31-year isomer [2,23]. Also depicted is 
a sketch of a general process of induced energy release that 
begins with excitation of a nucleus initially in the m2 state 
to a higher-lying intermediate state. Back-decay (E) of the 
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Fig. 1. Partial level diagram of Hf, showing the dominant electromagnetic transitions occurring during spontaneous decay of the 31-year isomcr [2]. 
The weak transitions found in the experiment of Rcf. [23] arc not shown. The total widths of cascade arrows represent the relative transition intensities, 
while their darkened widths indicate the gamma intensities. Transition energies arc in kcV. The primary initial step in the nt2 decay occurs by a completely 
converted 12.7-keV E3 transition and the corresponding arrow docs not attempt to represent its intensity. Also shown is a depiction of a hypothesized 
triggering process by excitation of nuclei already in the 31-year isomcric state to a higher-lying intermediate level, as described in the text. 

intermediate state to the isomer provides only elastic 
scattering of the incident entity, assumed to be real 
photons. Other decay branches of the intermediate state 
may bypass the ml level and initiate cascades that 
eventually reach the stable ground state. These branches 
would provide a means by which the 2446.1 keV stored by 
the 31-year isomer could be released via gamma rays and 
conversion electrons. These branches may be generally 
characterized as prompt (P), in which the cascade from the 
intermediate state reaches the ground-state band rapidly, 
slow (S), in which the cascade reaches the ml band, and 
other (O). The latter type of cascade bypasses the 4-s 
isomer, but may pass through some states that have 
significant halflives on the time scale of a detection system. 
Reports of induced energy release, so-called triggered 
gamma emission, have so far been restricted to incident 
photons energies near lOkeV. Below an energy of 
(2446.1 + 10) keV, known levels have halflives less than 
1.5 ns with the exception of the ml metastable state and a 
shorter-lived isomer at 1554.0keV (Ti/2 = 77.5 ns) [2]. 

As mentioned above, recent reports of positive evidence 
of triggering indicated that the gamma emission was 
prompt, coming within 1 ns of the pulse of incident 
synchrotron radiation [11]. In that work, a small-volume 
Ge detector was used to measure gamma rays emitted from 
a sample containing l78m2Hf as it was being irradiated with 
monochromatic synchrotron radiation near lOkeV. Spec- 
troscopic information was recorded as well as the time 
between gamma detection and individual pulses of incident 
radiation. Those pulses were of 20-50 ps duration and were 
separated by several nanoseconds—the time of the pulses 
was determined by placing an avalanche photodiode in the 
beam (behind the sample) [11], Although "1 GHz electro- 
nics" were employed for the photodiode [11], the true time 
resolution between pulses and gamma-ray detection was no 
doubt more on the order of 10 ns as is typical for Ge 

detectors. In any event, that report precludes cascades that 
are delayed by passage through the 77.5-ns isomer. 

The l78Hf nucleus provides a natural way of testing this 
claim of prompt gamma emission without the need to 
record the times for pulses of incident synchrotron 
radiation. As discussed in Refs. [15,22] and seen in Fig. 
1, spontaneous decay of the ml isomer occurs via two 
bursts of gamma rays, each of which consists of a cascade 
with inter-transition delays less than 1.5 ns. The first burst 
occurs from transitions within the ml band, after decay of 
the m2 state, and is stopped briefly by the 4-s isomer. The 
total energy released in the first cascade from the 16 f ml 
isomer to the 8~ ml isomer is 1298.7 keV. while the energy 
released in the second cascade from the ml isomer to the 
ground state is 1147.4 keV. Within each cascade the gamma 
rays are simultaneous on the scale of the resolving time of 
Ge spectrometers. If the gamma rays were detected with 
sufficiently high efficiency by a large-solid-angle array, a 
summation of their energies would coincide with the total 
energies of the bursts, minus any energy lost into 
conversion electrons and therefore invisible to the Ge 
detectors. Conversely, prompt gamma emission due to the 
claimed induced energy release would produce a single 
burst of gamma rays with total energy of (2446.1 + 10) keV. 
Gamma-ray calorimetry would therefore distinguish 
clearly between prompt triggered events and those from 
natural decay. Such high-summed-energy cascades could 
only be due to triggering, so they would of necessity be 
correlated with incident pulses of synchrotron radiation 
without any need to explicitly record the time of those 
pulses. 

The YSU miniball is designed to perform this function of 
time-resolved gamma-ray calorimetry using a compact 
array. A photograph of the miniball located with the 
BL12B2 hutch at SPring-8 is shown in Fig. 2. A balance 
between  performance  and  portability   was  achieved  by 
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Fig. 2. YSU miniball array within the experimental hutch of the BL12B2 
beamlinc at SPring-8. Labeled items arc (a) a 65% Gc detector (part of 
miniball system), (b) a cubic support structure holding six BGO crystal/ 
PMT assemblies, (c) a sample positioning arm, attached to a translation 
stage, and (d) exit port from the support structure for synchrotron 
radiation. The additional small-volume Gc and X-ray detectors arc 
independent from the miniball instrumentation. 

using six 3.0" diameter x 2.5" long BGO crystals to provide 
high solid angle (about 83% of 4rt) and high intrinsic 
efficiency. Nal(Tl) crystals were employed in previous 
implementations [15,22], but the lower peak-to-Compton 
ratio of that scintillator material compared with BGO 
made interpretation of spectra more difficult, thus the 
change to BGO. Many reports of induced energy release 
indicated evidence of the emission of gamma rays at 
energies not part of the natural decay cascades (see the 
survey of Ref. [8]). High-resolution spectroscopy would be 
advantageous in identifying any such unusual gamma rays. 
but this would be precluded by the use of only BGO 
scintillators. In order to insure that every gamma-emission 
event observed by the array contained one gamma ray 
having a precisely determined energy, a 65% relative 
efficiency p-type Ge detector was coupled instrumentally to 
the BGO crystals. The large-volume Ge detector observed 
the sample through a gap between BGO detectors along 
one of the diagonals of a cubic support structure. 

Use of a p-type crystal, with its associated thin Al-end 
window, was beneficial for spectra taken under irradiation 
in that the window would provide filtering of any incident 
radiation near lOkeV that was scattered toward the 
detector. Aluminum windows on the BGO crystal housings 
provided similar shielding, minimizing the chance of pile 
up between scattered synchrotron radiation and gamma 
rays. 

Fig. 2 also shows the placement of a second Ge detector 
(10% efficiency n-type) and an X-ray detector, both of 
which observed the sample through other diagonals of the 
cube. These were used as parts of independent systems to 
obtain a separate singles spectrum (no coincidence) and a 
calibration of the scattered synchrotron radiation during 

exposures. They have no impact on the characterization of 
the miniball system and are not discussed further. 

2.2. Instrumentation 

A schematic of the pulse-processing instrumentation for 
the miniball is given in Fig. 3. Once data acquisition was 
enabled, recording of a gamma-emission event was 
initiated only when the Ge detector observed a gamma 
ray. One preamplifier output from the Ge detector was sent 
to an Ortec 579 Fast Filter Amplifier and then to an Ortec 
583 constant-fraction (CF) discriminator to provide a 
master gate channel. The ARC method [24] was employed 
with this discriminator and its threshold set a minimum 
energy for recorded gamma rays into the Ge detector. The 
discriminator's NIM output was stretched and converted 
to TTL by a Stanford DG535 pulse generator. The output 
from the pulse generator served as the system gate and its 
width and delay could be adjusted over a wide range. 

High voltage to the Ge detector was provided using a 
standard Ortec module that utilized manual front-panel 
controls. High voltage to each BGO's PMT was provided 
by a single octal NIM module from Radiation Technolo- 
gies, Inc. that was computer controlled and allowed remote 
changes on the order of a few volts. 

A FERA/CAMAC system was employed to record 
spectroscopic and time information from the detectors, 
chosen for its flexible programmability using the KMaxNT 
software [25] and for buffering and fast transfer of data. A 
customized toolsheet was built in this platform to control 
data acquisition, including operating parameters like ADC 
thresholds, data word sizes, use of zero-suppression, buffer 
size, etc., and to monitor individual detector energy and 
time spectra in real-time. The FERA hardware was 
managed by a CMC 203 driver that received the system 
gate and distributed it to two Ortec AD413A quad 8k 
peak-sensing ADC's and a Silena 4418/T octal TDC. 
Spectroscopic pulses from the Ge detector were input to an 
Ortec 672 linear amplifier with a shaping time of 2 us and 
its unipolar output was digitized with one channel of an 
AD413A. Output from the BGO PMT's was routed first to 
an Ortec CF8000 octal CF discriminator. A buffered 
spectroscopic signal was available from each CF8000 
channel whereby spectroscopic signals from the BGO 
detectors were fed to separate Ortec 672 amplifiers with 
shaping times of 2 us. The bipolar signals from these 
amplifiers were digitized by other channels of the 
AD413A's after inversion, which provided the best 
linearity and resolution. 

Negative NIM signals were output by each channel of 
the CF8000 as timing signals when the incoming PMT 
pulses exceeded adjustable thresholds. These timing signals 
were stretched by separate channels of an Ortec GG8010 
and then converted to ECL standard signals by separate 
channels of a Phillips 7126 level translator prior to being 
input to the TDC. The leading edge of the gate distributed 
by the driver via the FERA bus served as a START pulse 
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Fig. 3. Schematic of the pulse-processing instrumentation for the miniball array. The Gc detector provided the master gate for the system as described in 
the text. 

to the TDC and the pulses originating from BGO PMT's 
served as STOP markers. This allowed recording of the 
relative time interval between a master Ge signal and those 
from each individual BGO detector. The TDC provided an 
active time window of 2.8-us duration, during which 
START-STOP times were logged as distributed over 3840 
channels—the module used an additional 256 channels for 
sliding-scale non-linearity compensation. The resolution of 
the TDC was 0.73 ns/channel. considerably shorter than 
the inherent time resolution obtainable from the Ge and 
BGO detectors after pulse processing, being both on the 
order of tens of ns. The temporal relationships between the 
gate, spectroscopic and timing pulses are shown in Figs. 4 
and 5. 

Although not suitable for extended discussion herein, it 
is worth noting that while CAMAC is an international 

standard this is not the case for the FERA system. The 
Fast Encoding and Readout ADC approach was developed 
by Lecroy to provide data transfers between CAMAC 
modules at rates in excess of that supported by the 
CAMAC backplane. FERA utilizes ECL signals on a 
front-panel bus distributed and managed by the driver 
module. Via handshakes the driver receives data from 
ADC's and TDC's and assembles these separate para- 
meters (data pieces) into an event, then buffers many events 
either internally or in a separate memory module. In this 
system, when the internal buffer was 3/4 full, a Look At 
Me (LAM) was sent to the controlling computer to cause 
an upload of data. FERA handshake protocols are not 
fully standardized, therefore the amount of effort required 
to regularize communications between the driver and the 
Ortec and Silena modules should not go unrecognized. It is 
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Fig. 4 Oscilloscope trace showing (a) the Gc detector prcamp signal, (b) 
the Ge CFD timing pulse, (c) the system gate and (d) the output of the 
spcclroscopy amplifier from the Ge signal. The time scale is 2 us per 
division. 
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Fig. 5. Oscilloscope trace showing (a) inverted system gate, (b) a BGO 
timing STOP signal, (c) a histogramming box that determines the 
magnitude of negative-going STOP pulses that will be recorded and (d) 
a histogram showing the frequency of STOP pulses as a function of time. 
The histogram provides the coincidence curve used to set delays on the 
time channels. The time scale is 1 u.s per division. 

also worth noting that direct observation of signals on the 
FERA bus destabilized the communications between driver 
and other modules, an impediment to this regularization. 

An absolute time for each event was assigned with 20-ns 
resolution by the CMC 203 CAMAC driver based on when 
it received a gate relative to the start of acquisition. Each 
parameter was a 32-bit word, two of which were used to 
record the absolute event time. This instrumental resolu- 
tion was far better than that supported by the detectors 
themselves. A one-parameter header of constant digital 

value was inserted at the beginning of each event, so that 
events in which incomplete handshakes caused some 
parameters to be lost by the driver could be excluded as 
having too few parameters. A total of nineteen 32-bit 
parameters was recorded in each good event—off-line 
sorting of the data sets indicated that only 1 out of every 
300 events was incomplete and such bad events were 
discarded off-line prior to data analysis. 

Zero-suppression mode was not employed in the ADC's 
so as to avoid having events of varying lengths. Each ADC 
module possessed four inputs with a processing time of 6 us 
per active input and 1.8 us per inactive input. Readout of 
the ADC's to the driver was found experimentally to 
require 7.4 us following the end of digitization. The total 
processing time for the ADC's could, therefore, vary in 
duration, but the TDC introduced a fixed deadtime of 33 us 
that included digitization of the START STOP delay and 
readout of the module. Output of additional gates from the 
DG535 was inhibited for a period chosen at 50 us to avoid 
the possibility of interference with processing of the current 
event. 

Proper digitization of spectroscopic and TDC STOP 
signals required use of the GG8010 and DG535 units to 
introduce appropriate delays at various points in the 
different channels. These modules also allowed matching of 
pulse widths to the demands of subsequent units in the data 
streams. For example, the Ge spectroscopic pulse was input 
into a linear amplifier set for triangular shaping with a 2-us 
time constant. This shaping time had the added effect of 
introducing a delay of 5 us between the peak of the initial 
pulse from the Ge preamplifier and the amplified pulse. The 
output of the DG535, serving as the system gate, was 
delayed and its width set to insure full digitization of the 
spectroscopic pulse by the ADC. 

The use of preamplifiers for the BGO signals was 
considered, but rejected due to the inability to maintain a 
sufficiently fast risetime with available units. The PMT 
outputs were input directly into the CF8000. which 
produced both time marks and buffered spectroscopic 
signals. Tests showed that the best resolution for a BGO 
crystal was obtained by using the bipolar amplifier outputs 
and triangular shaping. The resulting resolution was found 
to be 8% for the 60Co 1332keV peak, as shown in Fig. 6. 
Proper digitization of peak heights by the ADC's required 
those peaks to not occur within 1 us of the start or end of 
the gate. A gate duration of 5 us was utilized to meet this 
condition based on the delays and widths of the spectro- 
scopic pulses for the Ge and BGO channels. 

As mentioned previously, timing pulses from the CF8000 
were stretched, delayed and converted to ECL as needed 
for proper digitization by the TDC. Valid STOP signals 
had to reach the TDC during its 2.8-us active period that 
began with the leading edge of the gate. Lack of a valid 
STOP pulse to the TDC during the active period was 
recorded as an increment of one count within the sliding- 
scale region. Invalid STOPs occurred for several reasons, 
as discussed later. The delays were selected so that true 
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Fig. 6. Comparison of Gc (black) and BGO (grey) energy resolutions for a 
w)Co calibration source (obtained at Youngstown State University during 
preliminary testing). 

coincidence STOPs appeared at roughly channel 1500 for 
each TDC input by obtaining coincidence curves using the 
histogramming feature of the Tektronix TDS-5104 1-GHz 
digital oscilloscope. Fig. 5 shows a scope trace displaying 
the gate and STOP pulses from a single BGO, generated 
with a 60Co source. Also shown in the figure is a histogram 
of the numbers of STOP pulses occurring as a function of 
time. The delay for this STOP stream was set so that 
coincidence between gamma rays entering the Ge (START) 
and this BGO produced a time marker within the gate. 

Off-line sorting of data sets to extract singles or higher- 
fold spectra for any detector or combination of detectors 
was accomplished using an in-house software suite that was 
custom designed [26] for the miniball system. The software 
allowed sorting based on energy and timing parameters for 
each detector and determination of summed energy and 
detected fold from the BGO crystals. 

Standard calibration sources were used to assess the 
basic performance of the miniball system as was done in 
earlier stages of its development [15]. Because the 
spontaneous decay of l7Xm-Hf has been extensively 
characterized [2,23] and because the eventual aim was to 
perform trigger studies in subsequent experiments [19], it 
was decided to perform efficiency calibrations using a 
mixed l78m2Hf/'72Hf sample. This approach benefited from 
the number and distribution of gamma lines, and the 
available coincidences. 

One particular test with a standard calibration source 
was very valuable. A l37Cs source was employed to 
investigate the possibility of Compton scattering in one 
detector causing coincident events in other detectors. 
Discriminator thresholds in the miniball instrumentation 
eliminated X-rays from recorded events, so that only 
random coincidences should have been in evidence from 
this single-line source. Fig. 7a shows a time spectrum 
obtained for one BGO crystal. A small coincidence peak 
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Fig. 7. (a) A TDC spectrum showing the distribution of STOP pulses 
from one BGO obtained from a l17Cs source. Compton scattering between 
detectors results in a small coincidence curve, while in (b) this cross-talk 
between detectors has been eliminated by wrapping the detectors with 
1 mm Pb. 

was seen and interpreted as being due to Compton cross- 
talk between the Ge and that BGO. Such cross-talk could 
occur between any detectors. A 1-mm Pb wrap was applied 
around the BGO crystals as they extended within the cubic 
support structure, resulting in the time spectrum shown in 
Fig. 7b in which this cross-talk was eliminated. It should be 
noted that no filters were applied to the faces of any of the 
detectors, other than the thin Al detector housings. 

3. Characterization using ,78m2Hf decay 

3.1.  Sample composition and configuration 

The miniball performance was principally characterized 
by gamma rays emitted in spontaneous decays within a 
mixed l78m2Hf/'72Hf source. This characterization was 
chosen, as mentioned above, to serve as the foundation for 
experiments conducted specifically to search for evidence of 
prompt-induced energy release during subsequent irradia- 
tions with synchrotron radiation. 
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Fig. 8. Sample containing m~Hf and "Hf, attached to the positioning 
arm and held in the central cavity of the miniball. Pb wraps around the 
BGO's were added after this picture. The diagonal of the cube containing 
the positioning arm is not perpendicular to the diagonal through which the 
synchrotron radiation was intended to pass in later experiments. The 
sample face was oriented at 15' with respect to the beam axis. 

Fig. 8 shows a photograph of the sample employed in 
this work, attached to a positioning arm. The mechanical 
construction of the sample consisted of an Al frame that 
held together two 1-ram thick Be disks. The hafnium 
material was deposited by evaporation on one Be disk and 
occupied a roughly circular spot near the center of that 
disk.' The details of the distribution are not important for 
the present discussion, other than the fact that the 
radioactive Hf did not constitute a point source. The 
active content included 0.37 uCi of l78m2Hf (2.0 xlO13 

nuclei or 5.79 ng) and 0.29 uCi of 172Hf (9.3 x 10" nuclei or 
0.26 ng) at the time of the tests in June 2004. It has been 
estimated [27] that the total hafnium content was 
approximately 2500 x that of the active l78m2Hf material, 
which was produced by proton spallation [28]. The isomer- 
to-ground-state ratio for l78Hf in the sample was also 
estimated [27] to be about 1:500. The hafnium material was 
deposited as a polycrystalline form by precipitation during 
100% evaporation from solution in 1 N HC1. The sample 
was held within the miniball in the central cavity formed by 
the faces of the BGO crystals using the aluminum 
positioning arm that extended through one of the half 
diagonals of the cubic support structure. One full diagonal 
of the cube was reserved as the entrance and exit channels 
for synchrotron radiation. The large Ge detector coupled 
to the BGOs, an independent small Ge and an X-ray 

'The distribution of hafnium material within the deposit was 
determined by passing a narrow (0.5 mm x 0.5 mm) beam of monochro- 
matized synchrotron radiation set to the L3 edge of Hf through the 
opening in the Al sample frame. Transmission of the radiation was 
recorded by pre- and post-sample ionization chambers as a function of 
sample position as it was raster-scanned across the fixed beam axis. (This 
procedure is discussed in detail in a forthcoming manuscript on searches 
for prompt-triggered gamma emission.) 

detector utilized separate half diagonals as viewing ports. 
The positioning arm was affixed outside the miniball 
structure to a translation table so that the sample could be 
moved remotely in a vertical plane. The orientation of the 
sample was determined by the eventual need to irradiate 
the largest possible area of the hafnium deposit with a 
beam spot of smaller dimensions. 

3.2.  Singles spectra, timing and detector efficiencies 

Gamma radiation emitted due to natural decay of 
l78m2Hf and ' 2Hf within the mixed sample was recorded 
by the miniball system for a period of about 74h. At 
regular intervals of about 12 h. the small dewar on the Ge 
detector was filled and data acquisition was halted for this 
period. The BGO PMT's were gain matched after each fill 
by minor adjustments to their operating voltages via 
software control. The Ge detector evidenced no gain drift 
and its voltage was maintained throughout the measure- 
ment. The data set consisted of 6831 3.5-MB tiles, each 
containing about 48,000 recorded events, from which a 
singles Ge spectrum was extracted as shown in Fig. 9. This 
was accomplished by first removing events of incorrect 
length, i.e. wrong number of parameters, which comprised 
about 0.3% of the data. Then the data were sorted without 
imposition of any conditions on coincidence between the 
Ge and BGO detectors or on detector pulse heights. The 
inset in the figure shows an expanded section of the 
spectrum that contains the doublet of lines at 213 and 
217keV that occur in the spontaneous decay of l7x'":Hf. 
The latter of these lines comes from the 9~->8~ transition 
just above the ml isomer while the former originates with 
the 4+->2 + transition in the ground-state band (see 
Fig. 1). The doublet is well separated, indicating excellent 
performance for spectroscopy with this detector and 
confirming no measurable gain shift. All peaks in the 
spectrum were positively identified as corresponding to 

2000 4000 6000 
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Fig. 9. Ge singles spectrum extracted from the miniball data without sort 
conditions and acquired for a total of about 74 h without irradiation. 
Major peaks from natural decay of l7*"l2Hf (bare) and Hf (ovals) arc 
labeled. 
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gamma rays from spontaneous decay of l78m2Hf, l72Hf and 
its daughters, and natural background. The total event rate 
in the Ge was 1.2 kHz and deadtime resulting from this rate 
was on the order of 6%. 

An initial question was the degree to which the efficiency 
of the large-volume Ge detector was influenced by the 
small gap through which it viewed the central cavity of the 
miniball. The restricted view was due to the BGO crystals 
and their Pb wraps and would partially shield the sample 
from view by the Ge detector. It was not possible to test 
this in the beamline hutch, so data were taken at 
Youngstown State University. Ge singles spectra were 
extracted from miniball data obtained using the hafnium 
source in two different geometric configurations: first, with 
the BGOs and Pb wraps in place and, second, with those 
BGOs and wraps removed which would otherwise have 
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Fig. 10. (a) Plot showing measured efficiencies for the Gc detector using 
well-known gamma rays from m2Hf and mHf decays. Filled symbols 
indicate values obtained when the full miniball is assembled, including Pb 
wraps on the BGO crystals. The open symbols indicate values obtained 
when the BGO and their wraps arc removed that would otherwise restrict 
the Gc detector's view of the central cavity. These measurements were 
made at Youngstown State University to determine the flattening of the 
efficiency curve due to the miniball configuration, (b) Plot showing 
measured efficiencies for the Gc detector using the hafnium source, taken 
at SPring-8 in the BL12B2 beamline hutch over a period of about 74 h. 
Efficiencies were determined directly from the counts within full-energy 
peaks (filled symbols) and also from selected sum peaks by the method of 
Appendix B (open symbols). 

restricted the view of the Ge detector. Fig. 10a shows the 
"direct" efficiencies obtained from these measurements 
using the standard form 

N, = ATffi) 
Ge (1) 

where Nt is the number of counts contained within a given 
full-energy Ge peak, A is the sample activity. T is the 
acquisition live time,/, is the fraction of decay events that 
emit y, and «pe is the full-energy peak efficiency for 
detection of that specific gamma ray. The /, values used in 
Eq. (1) were obtained from the ENSDF [2] as listed in 
Appendix A and peak fits were obtained using the 
commercial FitzPeaks program [29], The effect of the gap 
between BGO crystals was to suppress the overall 
efficiency, but less so at higher gamma-ray energies where 
the cross section for photoelectric interactions decreases. 
Gamma rays entered only the central section of the Ge 
crystal and Compton-scattered photons therefrom had 
other opportunities to interact in the outer part of the 
detector. This produced the flattened efficiency curve 
shown in Fig. 10a when all BGO and wraps were in-place. 
Fig. 10b shows the actual Ge efficiency curve from data 
obtained at SPring-8, being about 0.35% near 1 MeV. 

It was possible to provide an additional verification of 
the magnitude of the direct efficiency values. The method 
described in Appendix B was employed to obtain 
efficiencies based on the relationship between the number 
of counts in individual full-energy peaks and correspond- 
ing sum peaks appearing in the singles spectrum. Efficien- 
cies determined in this way for specific pairs of gamma-ray 
energies are also plotted in Fig. 10b. It was not necessary 
for full-energy peaks in the Ge singles spectrum to be 
corrected for summing losses due to the small relative 
magnitude of this effect. The situation was different for the 
scintillators, as discussed below, which were closer to the 
sample and also had higher intrinsic efficiencies. 
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Fig. 11. Singles spectrum from a specific BGO detector and extracted 
without sort conditions from the full data set. Major peaks are labeled as 
in Fig. 9. The discriminator threshold for this BGO channel was 
significantly less than for other channels. 
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Singles spectra were also extracted for each BGO 
detector and one example is shown in Fig. 11. Again, no 
sorting conditions were imposed on the data, but the 
instrumentation required coincidence with a count from 
the Ge detector. The largest peaks in the spectrum were 
identified with intense gamma rays from 178m2Hf and l72Hf 
decays. The spectrum excludes the low-energy part of the 
89/93-keV doublet due to the minimum thresholds in the 
CF discriminator. Clearly, spectroscopy with the BGO was 
severely inhibited due to the wide peaks, particularly for 
the many overlapping lines from the hafnium source. This 
same difficulty was found when attempting to determine 
the BGO efficiency using multi-line calibration sources 
such as l5~Eu. In no case could FitzPeaks provide 
meaningful fits for BGO spectra, but the well-known TV 
program [30] was able to provide accurate fits for singlets, 
with systematic errors on the order of 5% or less for 
sources such as ",9Cd or l37Cs. It was also possible to 
obtain reasonable fits for the lines from 60Co which were 
sufficiently resolved (see Fig. 6) and the efficiency for 
gamma-ray detection at 1332keV in a single BGO crystal 
was about 3%. The paucity of points from single-line 
sources did not provide a suitable efficiency calibration 
over a wide range of energies, so a different procedure was 
employed. 

A time spectrum obtained from a single BGO detector is 
shown in Fig. 12, extracted from the full data set. A 
START signal opened an active interval for the TDC such 
that STOP pulses occurring during this interval were 
distributed throughout the spectrum, as discussed above. 
Events in which (a) no gamma ray entered the BGO 
crystal, (b) no STOP pulse was generated because its energy 
was below the discriminator threshold, or (c) a STOP pulse 
was generated too late for the active window, were 
recorded in the sliding-scale section. Delays in the timing 
channels   placed   coincidence   between   Ge   and   BGO 
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Fig. 12. Time spectrum for a specific BGO detector showing the 
distribution of STOP pulses. The "true" coincidence width is 51 ns, 
although a wider channel range was used in some time sorts to include the 
effects of walk of the Ge time mark (START) and BGO time mark 
(STOP). 

1000 

Fig. 13. Section of a bi-dimcnsional "doubles" spectrum displaying 
coincident events between the Gc detector and a specific BGO crystal. 
While full BGO singles spectra like that in Fig. 11 do not permit effective 
peak fitting, projections of slices ("cuts") of the doubles spectrum simplify 
the BGO spectra and do allow peak fitting. One cut is shown, made for 
events   in   which   the   full   energy   of   the   495-keV   gamma   ray   in 

"2Hf- Hf decay is deposited in the Gc detector. 

detectors at roughly the center of the active range. The 
shape of the coincidence curve in the figure indicated walk 
from low-energy pulses in the Ge channel as the origin of 
the shoulder to the left of the main coincidence peak. The 
smaller shoulder to the right was due to walk in the BGO 
channel. The full width of the narrow coincidence peak was 
70 channels, corresponding to a resolving time of 51ns. 
Based on the constant level of background far from the 
narrow peak, 0.72% of the counts within the 70-channel 
width corresponded to random coincidences with respect to 
the Ge START. Taking a larger width of 700 channels 
ensured inclusion of true coincidences with walk of either 
START or STOP signals and of those counts only 2.7% 
were due to random coincidences. Herein, a full sorting 
width of 700 channels was employed, but the effective 
resolving time for true coincidences was still on the order of 
50 ns. 

Fig. 13 shows a part of the y—y ("doubles") spectrum for 
the Ge and one specific BGO, extracted from the data set 
under the condition of coincidence as discussed above. 
While singles spectra (like that of Fig. 11) were too 
complex for fitting, projections of specific ranges in the y-y 
data allowed analysis using TV. Software gates (called cuts 
in TV) were made using this software," such as the one 
shown in Fig. 13 around the 495-keV peak in the Ge 
projection.  The  BGO  projection  for  this  cut  therefore 

"Many other spectrum analysis programs were available, including the 
powerful Radware suite. The miniball system produces asymmetric data 
due to different detector types and so TV was chosen as being best suited 
to this application. 



P. Ugorowski el al. / Nuclear Instruments and Methods in Physics Research A 565 (2006) 657-676 (,(,7 

"KA* 1 * •:OMI    00   - „n   ,„, ,-|                              VIE 

,. 1    ^—^. 1 Ge spectrum • 325 keV cut 
IMC two             laou             '«-i             •&> 1U0                  t«o                   1U0                  MM m 

(hi 
sum peak     1 ^ 42s KeV ••-- 

(213 keV     (1 
+ X rays       | \ 

... 
+ 89 keV     f   L             sum pea^ 

213keV *93keV)       1           (426 keV 

* \       1                               +X 
\      1                  1            +89keV 

.... 
..... 

|                 /      1          + 93keV) not 

,.. U   <    V sum peak .... 
(2i3keV-i-426keV) 

•... ^H>              X^A^ 

Fig. 14. (a) BGO projection (larger pane) obtained by a cut on the 495- 
keV photopcak in the Gc projection (short, top pane). The simplilied 
structure in the BGO projection allowed identification and effective fitting 
of full-energy and sum peaks, (b) BGO projection obtained by a cut on the 
325-kcV Gc photopcak. Two coincident transitions are of too low energy 
to be recorded in the BGO due to discriminator levels. However, they 
appear as summations to the larger gamma-ray peaks at 213 and 426 keV. 
as do X-rays resulting from electron conversion. 

contained coincident photopeaks and Compton events 
originating in the ml band of Fig. 1, and random 
coincidences. BGO spectra obtained from different cuts 
were quite sparse compared with a full projection and fits 
to the broad peaks were performed using the known 
energies of gamma rays emitted in l78m2Hf and 172Hf 
decays. Fig. 14 shows two BGO spectra corresponding to 
cuts on 495- and 325-keV lines in the Ge projection. 

Efficiency values for gamma rays detected by a BGO and 
in coincidence with the Ge detector were obtained using the 
peak fits from cut spectra and are plotted in Fig. 15a. 
Considering a BGO spectrum that resulted from a specific 
Ge cut around y„ the number of counts Njt in a full-energy 
peak therein was given by 

Njt = NJ „HGO 
l\n (2) 

where JV, corresponds to the value in Eq. (1) provided that 
the cut process included standard background subtraction 
using channels in the continuum to the right and left of the 
Ge peak for yr The e?GO denotes the photopeak efficiency 
for a specific y, in the BGO in coincidence with the given yt 

on which the cut was made in the Ge projection. The factor 
fi\, is the fraction of decay events that emit the particular fj 
provided that y, was also emitted (see Appendix A). A cut 

16 

•A 

12 - 

10 

8 

6 - 

4 

2 • 

0 

• Direct eft 

O Eff by sum peaks 

!t2|    . 
.   $ 

(a) 

/K 
**. 

ib) 

200 400 600 

E. [keV] 

Hi 10 1000 1200 

Fig. 15. (a) Plot showing measured efficiencies for a specific BGO detector 
using well-known gamma rays from Hf and      Hf decays. Data were 
taken at SPring-8. Filled symbols indicate values obtained using the 
photopcak counts after inclusion of counts lost to summation. When 
possible, multiple values for the efficiency of each gamma ray were 
extracted from different cuts, providing an internal cross-check. Open 
symbols show values obtained by comparison of sum peaks from major 
gamma rays to the corresponding photopcak areas, (b) Effective single- 
BGO efficiency, obtained as the average of values from the six separate 
BGO detectors. Errors shown arc systematic as statistical errors are 
comparable in magnitude to the size of the symbols The curve is drawn to 
guide the eye. 

taken on the Ge 213-keV line provided BGO efficiencies for 
the coincident 325- and 426-keV lines. Likewise, a cut on 
the Ge 426-keV line provided BGO efficiencies for 213 and 
325 keV. Thus, cross-checking was performed between 
efficiency values at each specific energy obtained using 
different cuts. It is worth noting that cut spectra 
corresponding to the ground state band did not include 
full-energy gamma-ray peaks at 89 and 93 keV from the 
8~-»8+ and 2+ -+0+ transitions, respectively, or from X- 
rays following electron conversion. This was due to the 
small size of the corresponding unamplified BGO signals 
which were below most minimum discriminator thresholds. 
Nevertheless, the spectra evidenced summations between 
these gamma rays and the main features at 213, 325 and 
426 keV. Also, summations appeared between X-rays 
emitted following conversion of the 89- and 93-keV 
transitions and the main gamma lines. These sum events 
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result from triple coincidences in which y, enters the Ge 
detector and both y, and yk enter a single BGO crystal. To 
determine the direct efficiencies from Eq. (2), counts in 
identifiable sum peaks within the BGO singles spectrum 
were added to the full-energy counts of individual gamma 
rays. The resulting efficiencies reflected values for hypothe- 
tical single-lines sources. 

Efficiency values were also determined based on the 
relationship between individual and sum peaks using the 
method of Appendix B. Despite their larger statistical 
errors, their magnitudes confirm the direct efficiencies as 
shown in Fig. 15a. Systematic errors in fitting of the broad 
BGO peaks are not shown, but were estimated to be on the 
order of 10%. 

Each scintillator evidenced a unique efficiency curve, as 
expected. The principal causes were that each detector lay 
at a slightly different spacing from the sample and that self- 
absorption was different for each specific sample orienta- 
tion relative to a given detector. In one case (see Fig. 11), 
the CF8000 threshold could be set lower than for other 
BGO channels, but was increased to more closely match 
channels. For the following analysis, an averaged efficiency 
was determined as shown in Fig. 15b to represent the 
canonical single BGO response. 

3.3. Physical multiplicity and detected fold 

The miniball system was designed to perform time-resolved 
calorimetry for gamma-ray cascades resulting from natural 
decay of l78m2Hf and from possible prompt induced energy 
release. Fig. 16 shows bi-dimensional plots of the Ge energy 
vs. the summed energy from the scintillators for different 
values of detected coincidence fold. Every event records at 
least one gamma ray, from the Ge crystal, so the total 
detected fold is designated as (1 + F), where F is the detected 
fold from the six BGO detectors. Sorting was performed as 
described above with F being the number of BGO's that 
produced a valid STOP pulse within the respective coin- 
cidence period of the individual detector. The summed 
gamma-ray energy registered from the BGO detectors was 
then obtained by adding the individual spectroscopic data 
from the separate scintillators. 

Each natural decay of l7Xm2Hf produces (see Fig. 1) two 
gamma-ray bursts from cascades separated by the 4-s ml 
isomer. Only a single cascade occurs below that isomer, 
releasing a total energy of 1147keV and possessing a 
physical multiplicity M of five. However, the 93-keV 
transition is strongly converted (a93 = 4.74) and it and 
the 89-keV transition are suppressed in the BGO spectra 

due to the discriminator levels. This means that the 
effective physical multiplicity is reduced to three unless 
the 89- or 93-keV gamma rays register in the Ge detector. 
The effective triplet cascade then contains the 213-. 325- 
and 426-keV transitions for a total energy of 964 keV. The 
cascade above the 4-s isomer releases 1298.7 keV and 
contains a number of branches, so that the physical 
multiplicity ranges from 4-6. The first step of the decay, 
the 16+-*13~ transition at 12.7keV, is completely 
converted with a12.7 = 1.39 x 107 so the effective physical 
multiplicity ranges from 3 to 5. The most intense branch 
(70.7%) occurs through the 574-. 495- and 217-keV 
transitions with a physical multiplicity of three (53.1% 
for the gamma-ray triplet). All gamma-ray triplets con- 
tribute a total of 72.2%. 

Decay of ' ~Hf nuclei in the sample produces gamma rays 
emitted in many different branched cascades from transitions 
in 172Lu and l72Yb. From the established nuclear data [2], on 
the order of 30 cascades correspond to a physical multiplicity 
of two, on the order of 140 cascades correspond to a physical 
multiplicity of three and on the order of 360 cascades 
correspond to a physical multiplicity of four. Higher multi- 
plicity cascades are also possible. Beta decays of l72Hf and 
172Lu can lead to different daughter levels, so cascades of 
identical physical multiplicity may represent various total 
energies released by the gamma-ray transitions. Despite the 
complexity of cascades following l72Hf decay, a physical 
multiplicity of three represents a major component. 

For a given physical multiplicity, the frequency with 
which a given detected fold F would occur could be 
modeled using a simple Monte Carlo code. Fig. 17a shows 
a histogram of the calculated detected fold F assuming an 
energy of 250 keV (with a measured BGO photopeak 
efficiency of 4.9% and therefore a total efficiency of about 
5.7% used for this calculation, based on Ref. [31] and 
measured values) for all gammas in the cascade and a 
physical multiplicity of three. In this idealized case, the 
detected folds for the BGO detectors appear in the relative 
intensities listed in Table 1 and plotted in Fig. 17a. Also 
given are measured total counts within bi-dimensional Ge 
vs. summed BGO spectra for different coincident folds. 
The general agreement between measured and calculated 
intensities for different folds is surprisingly good, consider- 
ing that the spectra contained contributions from different 
physical multiplicities. Another factor that reduced the 
accuracy of the calculation was that some coincidence 
counts in a BGO in coincidence were due to Compton 
rather than photopeak interactions. Some gamma rays 
reaching a BGO in coincidence did not provide a valid 

Fig. 16. Bi-dimensional spectra showing events corresponding to different delected folds and displayed by the energy deposited in the Ge and the total 
energy deposited in all six BGO detectors: (a) corresponds to F = 1 with (b) being an expanded view; (c) corresponds to F = 2 with (d) being an expanded 
view; and (e) corresponds to F = 3 with (f) being an expanded view. Plots (a)-(f) were obtained by sorting the data on the wide time range. Plots (g) and (i) 
show data extracted using the wide time range for F = 4 and 5, respectively. Plot (h) shows a delected fold of F = 4 extracted using the narrow lime range. 
Plols of F = 5 for the narrow lime range and of F = 6 using cither lime range exhibit a small number of widely-scattered events that are not easily visible 
in print. The total counts in the F = 5 narrow-lime sort spectrum is 53. The total counts in the F = 6 wide and narrow-time sort spectra are 38 and 0, 
respectively. Selected sum-energy loci arc indicated as discussed in the text. 
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Fig. 16. (Continued) 

STOP pulse due to their pulse height so that those events 
were recorded as having a detected fold of F - -1 rather than 
F. This was also the case when coincident summing 
occurred within a single BGO. For prompt triggered 
gamma emission, the physical multiplicity will be on the 
order of eight so that the anticipated distribution of 
detected folds will be that of Fig. 17b. 

3.4.  Calorimetry 

The spectrum of Fig. 16a. with expanded section in Fig. 
16b, shows data for a detected fold of (1 + 1) (Ge + any one 
BGO3) and contains numerous paired gamma-ray peaks. 
In the case of l7Xm2Hf decay in the cascade below the ml 

This differs from Fig. 13 which shows doubles data between the Gc and 
one specific BGO. but without restrictions on what is recorded by the 
other BGO scintillators. Fig. Ida contains doubles between the Gc and 

isomer, detection of 213 keV in  the Ge coincident with 
detection of 325 keV in one BGO provides a peak while the 
converse (325 keV in the Ge, 213 keV in the BGO) provides 
its partner. A line drawn in Fig. 16a connecting these two 
peaks represents a locus of constant total deposited energy at 
538 keV. This is significantly less than the total cascade energy 
since the physical multiplicity is five and the detected fold is 
only (1 + 1). Examination of the (1 +2) spectrum of Fig. 16c, 
with expanded section in Fig. 16d, shows two loci of y-y-y 
peaks   corresponding   to   deposited   energies   of 964   and 
1286keV. representing nearly the full l7XmlHf-> l7SgHf and 
i7«,n2Hf^ '•miHf cascades_ respectiveiy 

The (1 + 3) spectrum of Figs. 16d and e also evidences a 
locus  of  1286keV  from  several  cascade  branches  with 

(footnote continued] 
any BGO for the case that exactly one of the BGO registers a coincident 
gamma ray. 
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Fig. 17. Simulated distribution of BGO detected folds F for different 
physical multiplicities M for a cascade of 250-keV gamma rays and a 
corresponding total efficiency. The histogram of (a), with M = 3, 
represents the dominant cases for natural decay of l78m2Hf and measured 
total counts in the spectra of Figs. 16c,d. The histogram of (b), with 
M = 8, represents the expected distribution of detected BGO folds for 
prompt triggered events, if any. from -Hf. 

Table I 
Relative intensities for different BGO folds calculated for an idealized 
cascade of physical multiplicity three and based on the total BGO 
efficiency at a nominal 250keV 

Calculated intensity Measured intensity 

II 0.43 
1 0.47 
2 0.097 
3 0 
4 0 
5 I) 

6 II 

0.48 
0.43 
0.085 
0.0038 
0.00026 
0.000011 
0.00000014 

Also given arc relative intensities in measured bi-dimcnsional Ge vs. 
summed BGO spectra. 

physical multiplicity of four above Hf, while one peak 
is seen that corresponds to decay of l7HmlHf to the ground 
state with summed energy of 1057keV. The latter peak is 
actually a doublet of 89- and 93-keV lines in the Ge 
detector from events of physical multiplicity of four in the 

ground-state band. The peak corresponding to 93 keV in 
the Ge detector is smaller since the transition is heavily 
converted. No other peaks from the ground state band can 
appear with such high detected fold since the 89- and 93- 
keV peaks were suppressed from the BGO detectors due to 
discriminator thresholds. 

In addition to features identified with 178m2Hf, loci of 
constant summed energy appear in the spectra from 
cascades following l7"Hf decay. For a detected fold of 
(1 + 1) in Figs. 16a and b, paired peaks appear from 900- 
and 1093-keV transitions, giving a summed energy of 
1993 keV. Many other peaks from l72Hf decay contribute 
to the (1 + 1) spectrum, although in some instances both 
partners do not appear. This occurs when the energy of one 
of the gamma rays is too low to register in the BGO 
spectrum. For any detected fold, different summed energy 
loci exist from the numerous decay branches. Gamma-ray 
cascades in l72Lu have summed energies less than 240 keV. 
Summed energies of l72Yb cascades reach as high as 
2343 keV (2.57%) after decay of l72Lu, with a total of 
9.59% exceeding 2200 keV. 

If claims of prompt-triggered gamma emission from 
l7Hm2Hf are correct, then the summed energy in an induced 
cascade would be about (2446+ 10)keV. The data shown in 
Fig. 16 evidenced no locus of coincident peaks at this 
summed energy and indeed none should occur for natural 
decays of the hafnium species in the sample. Fig. 16g shows 
a (1 +4) spectrum with coincidence again determined by the 
wide (700-channel) time sort. The counts are quite low and 
distributed over a range of energies in the BGO dimension, 
suggesting a number of unresolved gamma-ray peaks. This 
is consistent with the numerous cascades of physical 
multiplicity five that occur in 172Hf decay. The largest 
summed energy from these distributed counts would be 
about 2300 keV. It is interesting in Fig. 16g that the energies 
of coincident gamma rays from the Ge detector are those 
resulting from l78m2Hf decay. Thus, these counts appear to 
be due to random coincidences between decays from the 
different hafnium species. Fig. 16h shows a (1 +4) spectrum, 
but sorted on the narrow coincidence peak of Fig. 12 that 
contains a smaller fraction of random events. The number of 
counts is greatly reduced, confirming that random coin- 
cidences were the source of events in Fig. 16g. Random 
coincidences at a quite low level continue to appear for 
higher detected folds, such as F = 5 in Fig. 16i (wide time 
sort). A narrow time sort on F=5 and wide and narrow 
sorts for F= 6 exhibit widely-scattered single events with 
total spectral counts of 53, 38 and 0, respectively. 

In the subsequent experiment to examine gamma 
emission during irradiation with synchrotron radiation 
[19], it would be desired to determine the cross section for 
any prompt-triggered events. It is possible to foresee two 
possible outcomes from this experiment: 

• Sufficient prompt induced gamma emission will occur so 
that identifiable peaks will appear in bi-dimensional Ge 
vs. summed-BGO spectra, or 
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• Insufficient prompt induced gamma emission will occur 
to produce identifiable peaks in bi-dimensional spectra 
and only scattered background counts appear. 

In the first case, cuts in the (1 + F) spectra could be taken 
and the resulting peaks fitted in the summed-energy BGO 
projections. This would determine the measured rates for 
detection of specific y^+F> events and the placement of 
peaks along a locus of constant total deposited energy 
would allow the individual gamma-ray energies to be 
deduced. The reaction rate for induced events could then 
be determined from the detection rate of each peak by 
using the measured efficiencies for the different detectors at 
the appropriate energies and by assuming some value for/ 
of the specific •/' + ^ cascade. An assumption of/% 1 would 
be reasonable for any prompt cascade through the ground- 
state band since there would be no branching and only a 
few transitions would be significantly converted. The cross 
section for prompt-induced gamma emission would finally 
be deduced from the reaction rate, the number of target 
l78m2Hf nuclei and the incident photon flux. 

To validate this approach, it was tested for various 
(1 + F) bi-dimensional spectra showing natural decay of 
i7Km2j_jf jne ana[vsjs was performed only for regular 
peaks, i.e. those corresponding to deposition in the Ge of 
the full energy, £„ of a single transition within a known 
cascade. Development of a general expression applicable to 
any regular peak for arbitrary detected fold and arbitrary 
summed energy is a complex problem that can be 
satisfactorily solved by Monte Carlo methods or the 
advanced approach of Ref. [21]. However, for the specific 
case of i78m2Hf decay all the relevant cascade data are 
available. Thus, a relatively simple analytical approxima- 
tion may be successfully applied to the observed intensities. 
To be consistent with the cuts of Figs. 13 and 14a, the case 
of Ej = 495 keV will be considered as resulting from a 
detected fold of (1 +2) and a summed energy of 1286keV 
(see Figs. 16c and d). 

Two cascades in the ml band can be identified that 
produce a 495 keV gamma ray (y, for the Ge detector): the 
574-495-217keV sequence and the 297-277-495- 
217keV sequence. Both cascades give a total energy of 
1286keV and thus will contribute to the number of counts 
in a regular peak resulting from a cut on 495 keV. A 
potential complication arises from the fact that 
E, = 495 keV may also be produced by true coincidence 
summing (TCS) between 258 and 237 keV transitions4 in 
two other cascades: 574-258-237-217keV and 297- 
277-258-237-217 keV. The probability of such TCS 
events occurring in the Ge crystal is lower than that for 
direct  detection  of the 495 keV  gamma  ray  by  about 

4The 495 keV transition bridges the two 258 and 237 keV transitions and 
represents the typical intraband case of a stretched E2 crossing over two 
component Ml transitions. In this case, the E2 branch is usually much 
more intense than the Ml branch since the former is of collective nature 
while the latter is more the result of single-particle changes. 

(/W237|258//495)(4l4V':495)- Th'S faCt0r "S on tlle 0rder 

of (0.08)(0.005) = 0.0004, so the probability of TCS in the 
Ge due to crossed-over transitions is negligible whenever 
the bridging transition is also detected. 

For this regular peak, the number of counts 
Ni,F.zE— N495.2.12/16 is related to the rate of emission- 
causing events R and the measurement live time T by 

^495,2,1286 = ( ^ ^7 495 ^S ) (30) [/ 574|495>:574 J 2I7|574,495':2I7 

+ V 297|495 £297 J 277|297,495£277 J 2l7|277,297,495fc2l7   J- 

(3) 

The common combinatorial factor 30 = 6!/(6—F)\ re- 
flects that two of the six BGO scintillators exhibit full- 
energy deposition for this peak. The first term in the square 
brackets is an M = 3 cascade with >•„ y, and yk caught in 
separate detectors while the second term is an M = 4 
cascade in which one pair of gamma rays sum within a 
BGO detector. There are three possible pair-wise combina- 
tions for this cascade and for each of the 30 two-BGO 
combinations. One pair-wise combination, 297 + 277keV, 
is another example of crossed-over transitions, summing 
now within a scintillator. In Eq. (3) its contribution is 
negligible compared to that of the bridging 574 keV 
transition, but is included for completeness. 

In the above example all of the M gamma rays from the 
cascades must be detected to contribute to the peak since it 
is partly defined by a total energy deposition of 1286keV. 
Many possibilities exist for peaks to be produced with 
lesser total energies, such as when (1 + F)<M because one 
gamma ray misses all BGO detectors. This would require 
inclusion of a factor of the form /(l — 6J:

BGO
) where/is the 

joint probability for the missing gamma ray. 
When applied to peaks corresponding to natural decays 

of l78m2Hf, the rate R represents the sample activity. Using 
formulations like Eq. (3), the l78mlHf- l7SgHf cascade in 
(1 + 1) (Figs. 16a and b), (1+2) (Figs. 16c and d) and 
(1+3) (Figs. 16e and f) bi-dimensional spectra reproduce 
the known value of 0.37 uCi within + 15%. Application of 
the same procedure to peaks from the more complex 
l78m2Hf—,78mlHf cascades reproduces the known activity 
to within ±30%. 

An alternate means of determining the rate of prompt 
triggering would be required in the second case, where no 
identifiable peaks occurred in the bi-dimensional spectra. 
Then the detected rate for emitted gamma rays could only 
be determined from the total counts within a region of the 
spectra that corresponds to a specific summed BGO 
energy. For example, considering the width of peaks in 
the BGO dimension, events from a prompt-triggered 
cascade would reside between total energy lines of about 
2380 and 2530 keV. Using effective efficiencies for Ge and 
BGO detectors averaged over this section of the bi- 
dimensional spectrum and an estimated / value, the 
reaction rate could be estimated. To determine if this 
procedure was feasible in practice, it was tested for regions 
in which natural decay of l7Xm2Hf appears. 
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Sum-energy ranges of 1200-1370 keV and 885-1040 keV 
were used in the (1+2) spectrum of Fig. 16b to count the 
total events from cascades above and below the 4-s isomer 
of l78Hf, respectively. These were found to be 4,271,050 
and 7.029.212 while in those same regions the counts within 
the full-energy peaks from l78m2Hf cascades were 2,706,250 
and 3,174,291. Thus, 63% and 45% of the total counts in 
the sum-energy ranges reside in full-energy peaks from this 
nuclide while the remaining counts are due to Compton 
events for l78m2Hf gamma rays, photopeak and Compton 
events from l72Hf decays, and other background. This 
background should include some contribution from cosmic 
rays, which will appear even with the shortest possible 
coincidence times. In order to estimate the activity based 
on the total counts within the ranges, and without basing 
this estimate on knowledge of specific peaks, it was 
necessary to employ some effective values for the joint 
emission probability and for the Ge and BGO efficiencies. 

The estimated rate Rf\+F) of emission-causing events 
based on the total counts Nlol within a sum-energy range 
from the (1+2) spectrum was determined using 

*<l+2> " 7W)(30(£Ge4GO))' ( 

Even without knowledge of specific peaks in the (1+2) 
spectrum, it is clear that triplet gamma-ray cascades will 
provide the dominant contribution to the total counts. 
Counts due to a triplet will appear spread over three peaks 
having the same sum-energy range due to the permutations 
of detection in the Ge and the scintillators. Taking the total 
counts in the sum-energy range means adding the 
contributions from all three peaks resulting from permuta- 
tions for triplet detection. The Ge efficiency, however, was 
determined from Eq. (1) separately for each individual 
peak based on the full joint emission probability. Simply 
adding the numbers of events within all three permutations 
of the full-energy peaks overcounts the joint emission 
probability, thus the appearance of if in Eq. (4). For 
heavily branched cascades or when strong conversion 
occurs, the joint probability will differ significantly from 
unity. However, without knowledge of the specific cas- 
cades, a value of/« 1 is the only justifiable choice. 

The Ge and BGO efficiencies for a (1 +2) spectrum enter 
as a product of the form f:Ge(f.BGO)2 (see Eq. (3)). When 
employing the total counts within a sum-energy range, an 
average value over that range must be utilized. Using the 
total counts corresponding to l78m'Hf-» l78gHf decay, an 
estimated rate of Re

{f+2) = 33,670 s~' was found, equiva- 
lent to an activity of 0.91 uCi.  The sum-energy range 

l7SmlHf  cascades   provided 

Table 2 
Measured total background counts (natural decay) and minimum 
detectable emission rates for the sum-energy range corresponding to 
prompt-induced emission, if any, from l7,ll"2Hf. 

corresponding   to   l7Sm2Hf 
R*«+2) = 18,500 s-', equivalent to 0.50 uCi. 

Application of the same procedure to the (1+3) 
spectrum (Figs. 16d and e) gives rate estimates that are 
about a factor of 3-4 lower than the known 178m2Hf 
activity of 0.37 uCi. For the l78m2Hf-> l78mlHf sum-energy 
range, this was attributed to the use of/* 1 when the actual 
joint  probability  is  about  0.1.  The  low  value  for  the 

/ Total counts Minimum gamma-ray 
detection rate [s-1] 

1 (wide sort) 32,180 2.56 x 10"' 
(narrow sort) 14,352 1.71 x 10"'1 

2 (wide sort) 57,097 3.41 x 10"' 
(narrow sort) 7986 1.27 x l(T3 

3 (wide sort) 24,853 2.25 x 10"' 
(narrow sort) 1283 5.10 x 10^4 

4 (wide sort) 4342 9.39 x l(r4 

(narrow sort) 106 1.47 x UP4 

5 (wide sort) 253 2.27 x lO"4 

(narrow sort) 2 2.02 x I0~5 

6 (wide sort) 3 2.47 x 10~s 

(narrow sort) 0 < 1.01 x 10-5 

l78mlHf->178gHf sum-energy range was attributed to the 
fact that the low-energy gamma rays in the cascade (89 and 
93 keV) do not register if they enter the scintillators, so that 
the total number of counts in the range is too low for the 
given multiplicity. Application of the procedure to the 
(1 +4) spectrum (Figs. 16g and h) gives no estimate from 
the ground-state band (both 89- and 93-keV gamma rays 
must register for a total detected fold of five) and an 
estimate equivalent to 0.02uCi for the l78m2Hf-> 178mlHf 
cascades. 

Prompt-induced gamma emission could be expected to 
exhibit little branching and few gamma rays out of the total 
multiplicity near 8 would have such low energies as to fail 
to register in the BGO detectors. Thus, the approach 
should provide a reasonable upper limit to the rate of such 
events should no peaks be in evidence in the bi-dimensional 
spectra. 

The small number of counts within the summed-energy 
range of 2380-2530keV. centered around (2446+ 10)keV, 
will serve as the background in the subsequent experiment 
[19]. Table 2 lists measured total counts due to natural 
decay and background in this region for bi-dimensional Ge 
vs. summed BGO spectra of different detected folds. The 
minimum detectable rates for gamma rays due to prompt 
triggering are also given, corresponding to three standard 
deviations of the background counts in the range for the 
specified fold. 

4. Summary 

Claims of prompt gamma emission from l78m2jjf 
induced by incident photons near lOkeV require confirma- 
tion by independent tests designed specifically for this type 
of event. The YSU miniball system is uniquely suited to 
such studies based on its capability for time-resolved 
gamma-ray calorimetry and is sufficiently compact and 
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portable to be transported to and placed within synchro- 
tron radiation hutches. The system has been characterized 
by the natural decay of l7Hm2Hf as a prelude to a search for 
low-energy prompt-induced gamma emission from this 31- 
year isomer. The sensitivity and detection limits for data 
obtained using the miniball were established. 
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Appendix A. Probabilities for individual and coincident 
gamma rays 

The probability that an individual gamma is emitted 
following decay of l78m2Hf is tabulated in the ENSDF [2] 
and   adopted   values   are   listed   in   Table   A.l.   Weak 

Table A.l 
Literature values [2] lor emission probabilities and conversion coefficients 
for gamma rays resulting from decay of l7lim2Hf. 

E, [kcV] ./; Xi scale 

12.7 7.178 x 10"* (2) 1.39 x 107 7.181 x 10"8 

88.862 0.644(10) 0.492 0.670 

93.185 0.172(3) 4.73 0.174 

213.434 0.814(11) 0.234 0.810 

216.668 0.646(10) 0.289 0.645 

237.431 0.093 (2) 0.222 0.092 

257.646 0.167 (4) 0.136 0.166 

277.403 0.0138 (7) 0.13 0.0133 

296.812 0.0969 (2) 0.090 0.0968 

309.50 0.00019(20) 8.66 0.00019 

325.557 0.941 (11) 0.0626 0.941 

426.360 0.970(13) 0.0294 0.971 

454.05 0.167(3) 0.0249 0.164 

495.013 0.713 (22) 0.0199 0.705 

535.036 0.0941 (4) 0.0165 0.0908 

574.215 0.879 (29) 0.0139 0.880 

Errors on the adopted/ values are given in the ENSDF format. Also given 

arc calculated emission probabilities using the method described below 

transitions found in Ref. [23] are not included as they 
could not be observed in this work. 

The above literature values were used in the determina- 
tion of the efficiency for the Ge detector, from peak counts 
in the singles spectrum extracted without sort conditions 
from the miniball data and using Eq. (1) in the main text. 
Determination of efficiencies for gamma rays detected by 
single BGO scintillators requires the probabilities for 
double coincidences, since the instrumentation requires 
coincidence with the Ge detector. These probabilities may 
be calculated as follows based on the literature data. 

Thirteen unique cascades from l78m2Hf-> 178mlHf were 
identified as shown in Table A.2, again excluding the weak 
transitions found in Ref. [23]. The branching ratios for 
each transition were found from the / and a values 
according to 

b,•=/,•(!+ a,) (A.l) 

where b, is the probability for a given branch from a given 
level, and ft and a, are the corresponding gamma 
probability and conversion coefficient. From these values 
it is possible to determine the total likelihood that any 
given cascade will occur. Based on Table A.2, the 574-keV 
transition is described by b574 = (0.707 + 0.111 t 
0.0741) = 0.892, and from Eq. (A.l), fS74 = 0.880. This 
agrees, as it should, with the literature value in Table A.l. 

The joint probability that 574- and 495-keV gamma rays 
are emitted in coincidence is then found by 

/s •-fsiJ 445|5"4 : / 49s/ 495/ 5741495- (A.2) 

It is straightforward from Table A.2 and Eq. (A.l) to 
find 

/. 495|574 
0.707 

0.707 + 0.111 + 0.0741 / VI +0.0199 
= 0.777 

(A.3) 

so that the joint probability /574,49s = 0.684. In a similar 
manner the joint probability for a triple coincidence may 
be found from Table A.2, as occurs when a single BGO 
exhibits sum peaks (•/,• detected by the Ge and both y, and yk 

detected by the BGO) or when two BGO detectors receive 
separate gamma rays. Only one cascade occurs in 
178mlHf->178gHf decay and the joint probabilities then 
reduce to the product of the / values for the specific 
transitions. Other factors such as 74951574,217, the joint 
probability that a 495 keV gamma rays is emitted given 
that 574 keV and 217 keV are also emitted, may be found in 
a similar manner. 

While   a   tabular   approach   for  enumerating   possible 
cascades was simple for 1 7Km2 Hf. it is not well suited for 
gamma rays resulting from decay of ~Hf and its 
daughters. Among l72Yb transitions there are 40 energy 
levels and about 2000 possible cascades following l72Hf 
decay. The more general approach of Ref. [32] was used to 
determine /'values needed to evaluate selected gamma rays 
following l72Hf decay. 
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Table A.: 
Unique cascades in decay of l7Km2Hf-> l7*mlHf and their likelihood based on literature values 

Cascade. E [kcV] Probability 

12.7 ^ 574.2 -. 495 - 216.7 0.707 

12.7 - 574.2 -. 257.6 -. 454.1 . 0.111 

12.7 - 574.2 -* 257.6 -. 237.4 * 216.7 0.0741 

12.7 -. 296.8 - 535 - 454.1 -> 0.0544 

12.7 -* 296.8 -> 535 -. 237.4 —» 216.7 0.0363 
12.7 -. 296.8 -» 277.4 - 495 -+ 216.7 0.0118 

12.7 ^ 296.8 - 277.4 - 257.6 -> 454.1 • * 0.00184 

12.7 -. 296.8 - 277.4 - 257.6 -* 237.4  * 216.7 0.00123 

309.5 ^ 535 454.1 —» 0.000938 

309.5 -^ 535 237.4 —• 216.7 0.000626 

309.5 ^ 277.4 -. 495 -> 216.7 0.000202 

309.5 - 277.4 -. 257.6 -* 454.1 -• 3.18 x 10-i 

309.5 -. 277.4 -» 257.6 -* 237.4 - 216.7 2.12 x !0-5 

Appendix B. Determination of detector efficiencies via sum 
peaks of cascade gamma rays 

Placement of the hafnium sample within the central 
cavity of the miniball represents a close geometry between 
source and detectors. The l7Sm2Hf and l72Hf radioisotopes 
emit cascades of gamma rays, so true coincidence summing 
(TCS) could be expected to impact the values of detector 
efficiencies determined from the counts within full-energy 
peaks. If the goal of the miniball system was to be able to 
compare the rates of emission at specific gamma energies 
from the natural decay, during and without irradiation by 
external photons, then efficiencies would not be required 
and TCS could be ignored. However, the possibility of 
emission of new gamma-ray lines from a prompt-triggered 
cascade required determination of the detector efficiencies 
and the role of TCS. 

The general topic is discussed in Ref. [33] and numerous 
analytical, empirical and computational methods have 
been developed (see, for example, Refs. [32.34]). The 
methods all seek to correct the efficiencies determined 
directly from counts in full-energy peaks for events lost to 
summations. Herein it was desired to not only obtain such 
corrections, but also to determine the detector efficiencies 
based on comparison of the counts in sum peaks to the 
counts in the individual full-energy peaks. The latter would 
provide a verification of the direct efficiency values, and the 
radionuclide activities which enter the calculations in 
different order. No method has been applied previously 
to the hafnium nuclides of interest in this work, nor does 
the literature discuss the determination of efficiencies from 
the sum-to-individual-peak counts. 

The present approach considers two gamma rays 
designated as y, and y:, emitted in coincidence within a 
prompt cascade that may include other transitions. 
Entrance of both gamma rays into a single BGO detector 
causes a summation and a loss of counts from the 
respective photopeaks according to 

where N, is taken from Eq. (1) and Nj,fj, and <7
BC,U are the 

number of photopeak counts, the emission probability per 
decay, and the photopeak efficiency, respectively, corre- 
sponding to y,- (recall that y, was already detected in 
coincidence in the Ge detector). The sample activity is A 
and T the acquisition live time. Self-absorption may occur 
as gamma rays emitted from the hafnium nuclei exit the 
sample through the Al frame (see Fig. 8). bul this simply 
contributes to the real efficiency of a detector and does not 
appear explicitly in Eq. (B.l). All counts removed from the 
photopeak due to summations of any type are accounted 
for in the coefficient Sj. This includes, but is not limited to, 
summations with both full-energy and Compton events 
from yk and with both full-energy and Compton events 
from gamma rays other than y, , y, and yk in the same 
cascade. The number of counts appearing in a BGO sum 
peak, Nz, due to y, and yk is 

Nz = (NJje^W^c^) = (NJk4 „BGO Wj^r°) (B.2) 

reflecting the symmetry between peak-to-peak summations 
in the BGO crystal. The/^., is the conditional probability 
per decay that y7 is emitted given that yk was emitted (to the 
same BGO) and y, was emitted for the Ge. These may be 
found as discussed in Appendix A. 

In many instances, the parameter 5, will be approxi- 
mately constant for a specific y7 and yk pair. Then Eqs. 
(B.l) and (B.2) may be solved to obtain 

„BGO 

and 

NJNl 

ATNfc//,.,,, 
(B.3) 

1 - Sj = 1 - sk 
NtNtfj 

(B.4) 

Nj = NfjE•(l-Sj) (B.l) 
The true efficiency value may also be determined from 

the apparent value, eB    ,app, obtained directly from the 



676 P. Ugorowski el al. / Nuclear Instruments anil Methods in Physics Research A 565 (2006) 657-676 

photopeak areas, using 

„BGO 
BGO.app 

-Sj 
(B.5) 

In this approximation, the photopeak efficiencies for 
multi-line sources, such as l7Sm2Hf and l72Hf, may be 
determined through Eq. (B.3) or Eq. (B.5). Cascades 
emitted from l78m2Hf satisfy the above approximation for a 
number of paired gamma rays that corresponded to sum 
peaks that did not exhibit contamination from actual 
transitions at that energy or from nearby l72Hf lines. The 
values are plotted in Fig. 10b for the Ge detector and in 
Fig. 15a for a BGO detector. Direct efficiencies in Fig. 10 
are uncorrected as S differs little from unity. The above 
method is similar to the more involved approach developed 
in Ref. [35] and efficiency values obtained by the two 
calculations typically agree to within less than 1%. Thus, 

I78m2 the 
calibrations of detectors even when TCS is significant. 
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Gamma-ray and conversion-electron spectroscopy have established the existence of a 2.29(1) s, Kn = 0'. 
isomeric state in neutron-rich l74Tm. The isomer deexcites via 100- and 152-keV electromagnetic transitions 
First results from a newly commissioned Si(Li) detector array have established their M1 and £3 multipolarities, 
respectively. The single-particle configurations of the excited states suggest that the £3 transition originates from 
a nh\\/2 —* ndi/2 configuration change, whereas the A/1 transition occurs between members of a Gallaghar- 
Moszkowski doublet. From the measured half-life, the deduced fl(£3) value of 0.024(2) W.u. is highly hindered. 
The reported measurements resolve ambiguities in the previously proposed ft decay scheme of l74Er to '74Tm. 
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I. INTRODUCTION 

Models of exotic neutron-rich nuclei predict interesting, 
as yet unexplored, new physics [1]. However, these nuclei 
are largely difficult to access in experiments. Isomeric states 
are proving to be a convenient tool to access and explore 
excited states in neutron-rich nuclei [2]. In well-deformed 
nuclei, isomerism can usually be ascribed to A^-forbidden 
and/or high-multipolarity transitions [3]. After accounting 
for these aspects, the reduced hindrance then depends pri- 
marily on "local" nuclear-structure A^-mixing effects, such 
as density of states, deviations from axial symmetry, and 
Coriolis mixing [3]. Taken together, these many influences 
severely complicate the prediction of isomer decay rates. 
Nevertheless, the experimental identification of isomeric states 
has a pivotal role in studies of nuclei approaching the drip-lines 
[2,4] and even of some of the heaviest nuclei synthesized 
to date [5]. Although there is evidence for exotic proton 
and two-proton decay modes of isomers near the proton 
drip-line [6], analogous questions regarding the neutron decay 
mode of isomers in the neutron-rich region are still open [7]. 
Additionally, one of the goals of a future study of neutron-rich 
nuclei in the Dy-Hf region is to search for the possible 
existence of an "island" of/^-decaying high-A.' isomers [3,8]. 
Furthermore, isomer production, especially with high-energy 
proton-induced reactions, is still poorly understood, and will 

'Electronic address: rsc 1 (ajtriumf ca 

be important for future radioactive-beam projects. There are 
open questions on the reaction mechanism and production 
cross sections of isomers in even-even, odd-even, and odd-odd 
nuclei [9], Additional complications arise because of the 
unknown release times of isomers and exotic nuclei from, for 
example, surface-ionization ion sources. Thus, experiments 
form a crucial component to address these issues. 

A new program of research in the deformed, isomer-rich, 
170-190 mass region [3,8,10] has been launched at the Isotope 
Separator and Accelerator (ISAC) facility sited at TRIUMF, 
Vancouver, Canada. In the present work we report on the 
characterization of a new 2.29 s isomer in neutron-rich l74Tm 
(Z = 69). The motivation to study such deformed odd-odd 
nuclei is based on their level structures, whose excitation 
spectra are among the most intricate and poorly characterized 
in nuclear structure physics [II], This is associated with 
partially blocked pairing, high level density (resulting in a 
multitude of low-lying configurations), and complex decay 
patterns. The high probability of isomeric states is a key feature 
in the spectra of these nuclei, and their identification can lead 
to unambiguous temporal ordering of excited states. Such is 
the case with l74Tm, as presented here. 

II. EXPERIMENTAL PROCEDURE AND RESULTS 

In the present series of experiments, nuclei far from the 
line of ft stability are produced at the ISAC facility using 
30-/nA 500-MeV proton-induced reactions on a Ta target. The 
reaction products deexcite during transit, whereas long-lived 
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isomers (T\/i ^ a few milliseconds) allow a fraction of the 
isotopes to be delivered in an excited state. The reaction 
products are extracted using a surface ionization source and 
accelerated to an energy of 30 keV. A high-resolution mass 
analyzer separates species with different mass number, which 
are then transported to experimental stations such as the 
8;r spectrometer. This spectrometer has been reconfigured 
in a close-packed configuration [12] and is comprised of 20 
Compton-suppressed high-purity germanium detectors. The 
low-energy beams from ISAC are focused at the center of 
the 8;r array and stopped in a 12.7-mm-wide continuous-loop 
collector tape that is fed from a large aluminum storage 
chamber. The movable tape transport facility removes long- 
lived activity from the focus of the 8;r array and minimizes the 
contaminating activity present in an isobaric beam. Within the 
87r array, an aluminum hemispherical mounting houses five 
Si(Li) detectors in a pentagonal geometry, cooled to liquid- 
nitrogen temperatures. Typically, the off-line intrinsic resolu- 
tion of the (cooled) Si(Li) detectors is 2.9-keV at 975-keV 
(A'-shell converted electron of the 1063-keV transition in 
2{)7Bi); whereas the in-beam resolution is 1.85-keV at 302-keV 
(A"-shell converted electron of the 364-keV transition in l74Tm 
ft decay). Each of the five Si(Li) detectors, 5 mm thick, circular 
in shape, and with an area of 200 mm2, was mounted at a 
distance of 2.2 cm from the beam focus. The Pentagonal Array 
for Conversion Electron Spectroscopy (PACES) covers 8% of 
the solid angle [13]. 

In two sets of experiments several of the known high-£ 
isomers in the Dy-1 If region, with half-lives ranging from a 
few milliseconds to several minutes, have been accessed [14]. 
We report here the spectroscopy of a new 2.29(1) s isomer 
in the neutron-rich nucleus l74Tm. An initial study measuring 
only the y transitions was presented at ENAM04 [15]. The 
A — 174 isobaric beam was implanted into the movable tape 
transport facility, with beam-off/beam-on/beam-off cycling 
times of 2s/2s/2s, 2s/3s/3s, 5s/10s/10s, and 10s/100s/50s. Any 
remnant radioactive decay from the beam particles missing 
the tape were monitored in the initial beam-off period after 
moving the tape. 

Singles and coincidence y-y, y-electron, and electron- 
electron data were acquired and sorted off-line into several 
matrices; these include y-time, electron-time, y-y. /-electron, 
and electron-electron coincidence matrices. Standard radioac- 
tive sources of l52Eu, mBa, 207Bi, as well as the known 
y-ray and electron peaks from l74Tm ground-state ft decay, 
were utilized to calibrate the spectra. The accumulated /-ray 
data were dominated by the ground-state ft decay of "4Tm 
(7"i/2 = 5.4 min). The detection of new isomers is compounded 
by the presence of multiple decay sources of varying intensities 
in the form of (here, A — 174) isobaric contaminants as 
well as ionized fluoride/oxide molecular beams (leading to 
decays from the A = 158 and A = 155 mass chains). Despite 
contamination, a judicious choice of cycling times enabled 
rather clean separation of, especially, short-lived isomers. The 
yields of the A = 174 oxide beam, mainly emanating from the 
decay of l58Er and l58Tm, were measured to be 13 and 1% of 
the 174Tmgs yield, respectively; whereas the decays from the 
A — 174 fluoride beam, primarily from l55Tm, was measured 
to be at a 0.03% level. Figure 1 shows the singles y-ray 
spectrum, after subtracting the dominant "4Tmfs activity. 
The inset shows the growth and decay curve of the 2.29(1) 
s isomer in the 2s/3s/3s tape cycle [15]; the prominent 
peaks are the 100.3- and 152.1-keV y-ray transitions and the 
Tm K x rays. The ground-state-to-isomer ratio (later corrected 
for electron conversion) is 200:1 and demonstrates the device 
sensitivity. The two coincident y-ray transitions were, in 
addition, also known to be present in the ground-state ft decay 
of 174Er, which has a half-life of 3.3 min [16,17]. From the 
y-y coincidence data, ^-conversion coefficients of 3.1(1) and 
1.13(6) were extracted, respectively, for these two transitions 
and were the basis for M1 assignments in the previous 
works [15,17]. 

The ground-state spin and parity of l74Tm are known to 
be I" — 4", as deduced from the ground-state systematics of 
the odd-proton Tm isotopes and the N — 105 isotones, and 
the allowed-unhindered ft decay proceeding to the lowest two 
excited 5" states in l74Yb [18]. However, the excited states in 
l74Tm populated in the /" = 0+ ground-state ft decay of l74Er 
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FIG. 1. The short-lived singles y-ray spec- 
trum showing prominently the Tm K x rays and 
the 100- and 152-keV y-ray transitions. The 
5.4-m l74Tm ground-state /(-decay component 
has been subtracted. The inset shows the growth 
and decay of the isomer gated by the 100-keV 
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FIG. 2. The singles conversion-electron 
spectrum obtained by subtracting the 5.4-m 
l74Tm ground-state /i-decay component. Ky 

denotes the conversion-electron corresponding 
to the /-ray transition, whereas the Tm x rays 
are labeled Ka/Kp. 

must be of low spin. Hence an unobserved low-energy, high- 
multipolarity transition was postulated between the low-spin 
states observed following fi decay and the high-spin ground 
state [17]. However, several issues could not be resolved from 
y-ray spectroscopy alone. These relate to the large intensity 
difference between the two, seemingly M\, y-ray transitions 
at 100 and 152 keV; the absence of a 252-keV crossover £2 
transition; and speculation that the isomeric state could be 
a new excited state, the decay of which could not itself be 
established, requiring population from a hypothesised high-A" 
/S-decaying isomer in l74Er [15]. 

A closer examination of the A'-electron conversion coef- 
ficient for the 152-keV transition, extracted from x-ray and 
y-ray intensities [15,17], reveals that it agrees, within error, 
with the values expected [19] for a M\ multipolarity (a/c — 
0.81) and an £3 multipolarity (aK — 1.18). Furthermore, a 

£3 multipolarity for the 152-keV transition would explain 
the large intensity imbalance with the 100-keV transition 
that arises from the earlier deduction of M 1 multipolarity 
for both transitions. However, the ^.-conversion coefficients 
would differ greatly {a^ = 0.12 and 4.1 for M I and £3 mul- 
tipolarity, respectively), motivating a measurement involving 
a conversion-electron spectrometer. Therefore, in a follow-up 
experiment, a new conversion-electron spectrometer, PACES, 
was brought on-line at the 87r -spectrometer station. The singles 
conversion-electron spectrum obtained by subtracting (with 
appropriate time restrictions) the transitions from the 5.4 m 
l74Tm ground-state fi decay is depicted in Fig. 2. This clearly 
illustrates electrons from K-, L-, and A/-converted transitions 
that are involved in the isomer decay, in addition to the Tm Ku 

and Kff x rays. The conversion-electron spectrum, gated by the 
100-keV y-ray transition, is shown in Fig. 3. The key feature is 
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FIG. 3. The conversion-electron spectrum 
gated by the 100-keV y-ray transition. The ear- 
lier [15,17], incorrect, M1 -multipole assignment 
for the 152-keV transition would have given rise 
to strong K conversion and very little L and M 
conversion. The inset depicts the isomer decay 
scheme as a result of the present work. 
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TABLE I. Relative y-ray intensities, experimental and theoretical internal conversion coefficients (ICC). 

Ev keV ICC (present expt.) ICC(Ref. [17]) ICC(theo., Ref. [19]) Multipolarity 

152.1 

100.3 

66.5(6) 

100.0(6) 

aK 1.13 ±0.06 
at3.31 ±0.48 
aM 1.10 ± 0.12 

aK 3.1 ±0.01 
aL 0.45 ±0.10 
aM 0.14 ±0.03 

aK 0.54 ± 0.06 

aK 1.7 ±0.3 

aK(E3)\.\* 
aL(E3)4.10 
^(£3)0.99 

aK(M 1)2.66 
aL(M\)QAQ 
aM(Af 1)0.09 

£3 

M\ 

the prominent peak at 142-keV because of L conversion, with 
the K- and M-conversion peaks being of relatively low intensity 
in this spectrum. The deduced conversion coefficients, as well 
as the K/L- and L/M intensity ratios, compare very well with 
an £3 multipolarity assignment for the 152-keV transition and 
rule out the M 1 alternative. Similarly, the conversion electron 
data unambiguously assign Ml multipolarity to the 100-keV 
transition. The K-, L-, and A/-conversion coefficients from the 
present and the previous data are shown in Table I. The deduced 
isomer decay scheme is depicted in the inset of Fig. 3. Analysis 
of the electron-electron coincidence matrix shows the expected 
coincidence relationships between the K and L conversions 
emanating from the two coincident transitions. 

III. DISCUSSION 

As discussed, the ground-state spin-parity of l74Tm was 
deduced to be 4 . In view of the lack of a crossover y-ray 
transition (ly 252-keV < 0.34% ly 100-keV) or a highly 
converted M4 transition, in the "singles" conversion-electron 
spectrum (Fig. 1), it is reasonable to infer that the 100- and 
152-keV transitions are of stretched M1 and £3 character, 
respectively. A 100-keV M 1 transition would not give rise to 
such a long half-life, so the 152-100 keV transition ordering 
is well defined. Accordingly, the spin-parity sequence is 
(in increasing energy order) either 4 — 5~ — 8+ or 4~ — 
3' — 0+. Only the 0+ assignment for the 252-keV isomer 
is consistent with the known indirect feeding from the /J decay 
of l74Er [16,17]. 

Because this is one of the most deformed regions of the 
nuclear chart, the levels can be classified by the K quantum 
number, equal to the value of the spin of each intrinsic state. 
Thus, the isomer acquires a K" = 0+ assignment. The iden- 
tification of the isomer contradicts the previous claim of ob- 
serving the 100-and 152-keV y-ray transitions in coincidence 
with fi particles from the l74Er ground-state decay [16,17]. 
Transitions with energies of 637, 643, 708, 714, 766, and 773 
keV were observed in both the LBNL and GSI l74Er fi decay 
data [16,17], though not in the present work, as an erbium 
beam is not produced efficiently by the ion source. These y-ray 
transitions likely feed the K" = 0+ isomer and originate from 
low-spin levels, consistent with a scenario of allowed Gamow- 
Teller fi decay. Indeed, the summed singles intensities of all 
these transitions [17] is 94(4)% of the total (y + e~) intensity 
of each of the 100- and 152-keV transitions (from the deduced 
M1 and £3 assignments, respectively). Furthermore, a direct 
174 Er(/"=0+) 174 

be strongly suppressed because of the nonanalog nature of 
the orbitals involved, consistent with the observed intensity 
flow. 

The same selection rule also forbids fi decay of the 
l74Tm isomer to 174Yb K" = 0+ levels. An upper limit 
of 1.0(5)% /J-decay branch could be deduced for such a 
forbidden decay. This limit was determined from the peak- 
free region of the electron spectrum from the 2s/3s/3s tape 
cycle after background subtraction from the e time data. 
(A significant branch would indicate the importance of the 
so-called correction terms [20].) 

A simple structural description of the observed states 
can be obtained purely by considering the available single- 
particle orbitals near the Fermi surface. For 174Tm, the 
relevant proton single-particle Nilsson orbitals have quantum 
numbers l/2+[411] and 7/2"[523], at a calculated quadrupole 
deformation of /S2~0.28 [21]. These orbitals couple with 
the neutron Nilsson orbitals, namely 7/2" [514], 5/2 [512], 
and 1/2 [521 ], to produce a set of low-lying intrinsic states 
in l74Tm. By comparison to the odd-// neighbors, the odd 
proton of l74Tm is likely to be in the l/2+[411] Nilsson orbital 
("3,i75Tm;£s _ 1/2+), and the odd neutron in the 7/2   [514] 

Nilsson orbital (173Er,l75Yb I" = 1/2). Following the em- 
pirical Gallagher-Moszkowski (GM) rules [22], a coupling of 
the orbitals JT1/2

+
[41 1] <g> u7/2~[514], a spin-parallel triplet 

state, is especially energetically favored and gives rise to 
the ground-state spin-parity of K" = 4". The observation of 
allowed-unhindered fi decay to the Kn = 5 states in l74Yb 
lends further support to this assignment [18]. 

The A"71 = 3~ stateat 100-keV is suggested to be the singlet 
coupling of the GM-doublet arising out of the same orbitals, 
JT1/2+[411]®V7/2-[514]. The 100-keV A/1 transition is 
then a A'-allowed transition between the GM-doublet mem- 
bers. Indeed, calculations based on the quasiparticle phonon 
model (QPM) predict the two lowest lying intrinsic states 
in l74Tm as a result of such a coupling, and the calculated 
splitting of 94-keV is very close to the observed splitting of 
100-keV (neglecting zero-point rotational motion) [II]. The 
contribution of this quasiparticle configuration is about 66 
and 63% in the triplet and singlet states, respectively; a small 
contribution of 12% is calculated to arise from a £>:; collective 
vibration. 

The Kn = 0+ state at 252 keV is seen to result from a 
favored coupling of the jr7/2"[523] ® v7/2~[514] Nilsson 
orbitals. The 152-keV £3 transition is then a A'-allowed 
proton-hole transition from the intruder fti 1/2(0/19/2) or- 

Tm(/7r = 0jtomcr) Fermi transition will       bital to the normal-parity di/2 orbital. Incidentally, for this 
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configuration the protons and neutrons occupy the spin-orbit 
partners of the \h orbital; such states are, supposedly, highly 
favored because of an attractive proton-neutron interaction. 
The 152-keV transition occurs between two intrinsic states 
differing only in the proton orbital, whereas the neutron 
orbital is a spectator. Likewise, the 100-keV transition involves 
a proton spin-flip. Thus, the two observed transitions in 
the decay scheme of the 2.29 s isomer can be explained 
as being A.'-allowed transitions that occur between three 
deformed intrinsic states involving only proton excitations. 
In well-deformed odd-odd nuclei, in addition to the usual 
/C-selection rule, there is a two-particle transition selection 
rule involving the so-called nonoverlap forbidenness such 
that a simultaneous change of proton and neutron intrinsic 
configurations is severely hindered [23]. The proposed ex- 
citation scheme is consistent with the requirements of these 
two selection rules. From the measured half-life of 2.29 s, 
a B(E3) value of 0.021(1) W.u. [using theoretical value of 
a(theo)(lota|) = 6.61] or, using the measured conversion elec- 
tron coefficient a(c\pL\K+L+M) — 5.5(5), a B{E3) value of 
0.024(2) W.u. could be deduced for the 152 keV, K" = 0+ -» 
K" — 3", transition. In terms of the hindrance factor, defined 
as [24] 

Fw = 
T\/2y (experiment) 

T\/2y (Weisskopf)' 
(1) 

the £3 transition is calculated to have Fw = 42(4) 
[a(expt.)lK+L+M) = 5.5(4)] or 48.7(2) [a(theo)(tolai) = 6.61], 
which is well within the prescribed range for a A'-allowed 
AK = 3. £3 decay [24]. 

IV. CONCLUSION 

In summary, through y-ray and conversion electron spec- 
troscopy the excitation energy and decay properties of the 
2.29 s isomeric level in l74Tm have been firmly established. 
The results of three different experiments [15-17] can be 
combined to explain all the data consistently with a minimum 
number of states. The isomeric level is characterized by a 
K" — 0f assignment and the two coincident y-ray transitions 
involve mainly proton excitations. The deduced transition 
rate is hindered but well within the prescribed limits of 
A^-allowed £3 decays. It is important for future experiments 
on heavy neutron-rich nuclei that there should be simultaneous 
measurements of both y rays and conversion electrons, to 
derive unambiguous level schemes. 
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Abstract 

Experiments on produetion of long-lived l78m:Hf isomer in reactor irradiations are described. Properties of this nuclide are promising lor its 
potential application as a relatively safe power source characterized by high density of accumulated energy. Metal "a'Hf samples were activated 
in the Dubna IBR-2 reactor at positions corresponding to different neutron fluxes. Samples were bare or shielded by Cd and B4C layers. The 
gamma activity of the samples was analyzed with Ge gamma spectrometers during a two-year period following their irradiation. In the presence 
of dominant activation products 175Hf and l8lHf, the high-spin isomers l78m;Hf and ,79m»Hf were also detected despite relatively low levels. The 
isomer-to-ground state ratios and cross-sections were determined from the measured yields. For ,78m;;Hf, the cross-section for burnup (destruc- 
tion) by neutron capture after its production was also estimated, clarifying the results from earlier experiments. In the context of suggestions for 
use of l78n,2Hf for applications, the results confirm that large-scale production of this isomer by reactor irradiations is not feasible. In contrast, the 
efficiency of production of l7gm-Hf is much higher and an amount of about 1016 atoms may be produced in standard reactor irradiations. For 
l78m-'Hf, more productive methods are known, in particular fast neutron irradiations al E„ > 14 MeV and spallation reactions at intermediate 
energies. Neutron cross-sections for isomers may also be significant in astrophysics. 
© 2006 Elsevier B.V. All rights reserved. 

PACS: 28.20-v; 29.25.Rm; 84.60.Ve 

Keywords: Energy storage; Isomer nuclide; Production; Reactor neutrons; Cross-sections 

1. Introduction 

High-energy density sources are needed for modern aero- 

space devices and for other applications. A compact, portable 

and safe source can attract attention of engineers of different 

specializations. The isotopes, like 238Pu and 2l0Po were used 

since many years, but their disadvantage was entirely clear be- 

cause such a source being destructed should create a biologi- 

cally dangerous a-radioactive pollution. Other nuclear power 

sources are ecologically dirty as well. During recent years, 

an interest has appeared in the energy stored by nuclear iso- 

mers. The l78m;Hf isomer is recognized in literature as most 

* Corresponding author. Tel.: +7 496 216 4668; fax: +7 496 216 5083. 
E-mail address: karamian@nrmail.jinr.ru (S.A. Karamian). 
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promising because it does not create daughter radioactive 

products that longer-lived than 4 s, emits only photons and 

soft electrons and is characterized by high-energy density of 

1.3GJ/g. This would be a source of relatively clean nuclear 

energy, which is not very dangerous even in a view of acciden- 

tal destructions. 

Possible use of l78m-Hf isomer as an energy reservoir was 

proposed in 1995 and discussed in the special issue of the 

"Hyperfine Interaction" journal [ 1 ]. In more detail, the advan- 

tageous properties of l78n^Hf and of some other isomers — 

candidates for triggered decay, were reviewed in Ref. [2], 

Different ways for energy release due to a triggering of 
178ni2Hf by some external stimulus (like X-rays) have been tested 

beginning from 1999. More than 10 articles are published and 

the results are analyzed and commented in Ref. [3]. Unfortu- 

nately, some promising observations have not been reproduced 

and confirmed by other researchers and the problem remains 
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not yet well clarified until now. However, even without stimu- 
lation this long-lived (Jm = 31 y) source can find an applica- 
tion as a power supply unit for microelectronics devices in 
systems restricted in the size and weight. Therefore, it would 
be important to find relatively simple and inexpensive method 
for massive production of l78m:Hf. Reactor irradiations are 
known to be most productive for accumulation of radioactive 
isotopes, thus the reactor yield of l78m2Hf isomer has to be 
measured in reliable experiment. 

On the other hand, the i78m-Hf production in the first wall 
of a fusion reactor was discussed in Ref. [4]. Fusion neutrons 
should be productive for the synthesis of l78n,:!Hf in stellar 
conditions, as well. Let us remind that the radioactive products 
of nucleosynthesis define the stable isotope abundances. For 
instance, the production and survival of l80mTa isomer in the 
cosmogenic radiation bath was described in Ref. |5] and in 
the references therein. The y-radiation of radionuclides plays 
important role in the energy balance of stars. By the methods 
of y-astronomy, some emission lines of nuclides, like 
56Ni—56Co, were successfully detected, and one can suppose 
similar success in future for the l78n,:!Hf characteristic lines 
provided that the sensitivity of y-telescopes is significantly 
improved. Such manifestations of l78m-Hf are defined by its 
production and destruction cross-sections with fast and slow 
neutrons. The present article is devoted to this problem. 

Total and activation cross-sections as well as resonance pa- 
rameters for slow neutron radiative capture may be found for 
stable Hf isotopes in the tabulations of Refs. [6,7]. It is well- 
known that the main activity induced in natural hafnium tar- 
gets is due to the production of l75Hf (70-day halflife) and 
l8,Hf (42-day halflife) after («,y) reactions. In addition, the 
short-lived first metastable (mi) isomers of l78Hf, l79Hf and 
l8tlHf are also formed with cross-sections that are sufficient 
for successful detection. However, the production of high- 
spin second metastable (m2) isomer via (/i,y) reactions in iso- 
topes like l78Hf and l79Hf are more problematic. Only recently 
has a measurement appeared in the literature for the produc- 
tion of r = (25/2") l79n^Hf [8]. The production of the famous 

178m 

measurements. But, significant self-absorption of thermal 
and resonance neutrons in targets must also be avoided and 
this restricts a target thickness. In addition, fast neutrons 
within a reactor spectrum are sometimes useful for isomers 
production via (n,n'y) reactions, and their contribution may 
complicate the analysis of the experiment. All these factors 
must be kept in mind when designing experiments for the 
measurement of low-yield exotic radionuclides by reactor irra- 
diations. In the present work, the production of the high-spin 
isomers l78n^Hf and l79m=Hf isomers was observed and quan- 
titatively characterized. These measurements therefore serve 
to augment the existing data obtained in high-flux irradiations 
for the former isomer [9] and to provide new information for 
the latter [8], The burnup of 178,"2Hf by (n,y) reactions was 
also investigated, expanding the results of Ref. |9| and com- 
paring it with the present measurements. 

2. Experimental detail 

In a first series of experiments, metal Hf samples of about 
20 mg were irradiated in an outer channel of the IBR-2 Dubna 
reactor of the Frank Laboratory of Neutron Physics, Joint In- 
stitute for Nuclear Research. Metal Hf targets of natural isoto- 
pic composition are advantageous as compared to an enriched 
target in their chemical purity and lower resonance-absorption 
factors. The standard method of Cd difference was applied for 
the isolation of the separate effects of thermal and epi-Cd neu- 
trons. The neutron spectrum at the location of the targets was 
well-known from previous experiments, but NiCr-alloy sam- 
ples were nevertheless irradiated as spectators. The activity 
of 'Cr served to calibrate the slow neutron flux while 58Co 
was produced in a reaction with fast neutrons at E„ > 0.8 MeV 
and was used for calibration of the fast neutron flux. 

Following their irradiation, the activity of the samples was 
studied using a 20% efficiency HPGe gamma detector. The 
spectroscopic system allowed a count rate up to 15 kHz while 
preserving a reasonable dead time less than 25% and a spectral 

/* = 16+ isomer l78m-Hf was reliably detected from its activity       resolution on a level of 1.8 keV for the ' Co lines. Standard 
in 1973 [9], but the cross-section was deduced using some as- 
sumptions that deserve additional investigation. 

The population of high-spin states following neutron cap- 
ture may be expected to have a rather low probability due to 
the need for their population by stretched cascades of many 
y rays. This type of cascade is characterized statistically by 
a relatively low yield. High-fluence irradiations are normally 
required in order to produce an observable activity for such 
low-yield products, but this introduces another complication 
in that a significant "burnup," or depletion, of the produced 
nuclei may occur. 

For some products the destruction cross-section can be 
higher than 1000 barns. Therefore, fluences above 
0.5 x 10 n/cm2 should be avoided to produce negligible 
burnup, or the remaining activity after irradiation would sug- 
gest a production cross-section that was significantly underes- 
timated. With restricted fluences, a larger amount of the target 
material    should    be   exposed    for   higher   sensitivity    of 

test sources (   "Eu and others) were used for energy and effi- 
ciency calibrations of the y spectrometer. 

In measured spectra from the activated Hf samples, y lines 
were observed and their peak areas quantitatively determined 
for the following radionuclides: l7SHf, l79m-Hf. l80mHf and 
18'Hf. The bulk of the activity was due to 175Hf (70 d) and 
18lHf (42.4 d) formed in («,y) reactions. Negligible activity 
was contributed by admixtures of other elements in the Hf 
material. Only Zr was present in a quantity of about 3%, while 
the concentration of other elements was estimated to be on 
the level of less than 1 ppm. The detected yields of Hf 
and l8lHf were used as additional, intrinsic calibrators of the 
neutron fluxes and then the thermal cross-section 
<rlh = (0.44 ± 0.02) b and resonance integral lY = (5.8 ±0.7) 
b were deduced for 18(lmHf production in the 179Hf(«.y) reac- 
tion. The resulting values were in good agreement with the 
tabulated data [6], confirming the accurate calibration of the 
neutron flux in these irradiations. 
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A yield of the high-spin l79m-Hf isomer was detected and 
clearly originated from reactions with fast neutrons, since 
the effect of thermal neutrons was found to be insignificant 
for its production. This conclusion was definite because bare 
and Cd-shielded samples showed the same activity of 
179ni2Hf within the standard error. No y lines from l78m;Hf 
were observed in this first series of irradiations, reflecting its 
low production yield and the presence of much higher activi- 
ties of other nuclides. 

A second series of experiments were performed in order to 
significantly improve the sensitivity of the measurements for 
detection of the low-yield isomers. At the same position in 
the outer channel, a larger Hf sample was placed for a longer 
duration. The sensitivity was improved by three orders- 
of-magnitude, but this was still insufficient for observation 
of l78m:Hf. A strong increase in the neutron flux was then 
sought to increase the production of this isomer. In the reactor, 
an inner channel was available that allowed an irradiation near, 
but outside, the active core within a cylindrical region was 
shielded by a 3-mm layer of B4C. A Hf sample was exposed 
there for 18 days, after which decay of the resulting activity 
was followed for two years. Finally, activity of l78m;Hf was 
successfully observed and its yield determined after the third 
series of irradiations. 

At the inner location, the thermal flux was determined in 
earlier experiments to be about 0.5 x 1012 neutrons/(cm2 s), 
thus during the 18-day irradiation a fluence near 1018 n/cm2 

could be accumulated. In the present experiments, the value 
of flux was not used explicitly since all measurements were 
carried out in a relative mode by comparing the activities of 
l7Km:Hf     179n,;Hf   and    ISOmjjf   ^^j   tQ   thQse   Qf  spectators 

and intrinsic calibrators Hf, mHf and 95Zr which were 
present within the targets. Such a method is reliable and 
accurate in the presence of shields. Data processing requires 
special care for high-sensitivity measurements of neutron- 
production cross-sections. The burnup of isomeric nuclei 
produced during the irradiation must be taken into account 
when the neutron fluence exceeds 1020n/cm2. In the present 
irradiations, however, even in the inner channel the fluence 
was 100 times lower. This is due to the fact that IBR-2 is 
a pulsed reactor constructed specially for time-of-flight 
spectroscopy, not to achieve a high mean power. With this 
fluence, burnup of high-spin hafnium isomers or other 
double neutron-capture reactions may be expected to have 
a probability below 10~ compared to the probability for 
single neutron capture. Nevertheless, some excess activity 
of 182Ta was detected beyond that which could be attributed 
to single neutron capture on a small admixture of Ta 
in the target. This excess production of l82Ta was likely 
due to the double neutron-capture process: ' °Ylf(n,y) 
,8IHf-* mTa(/7.y)182Ta. 

Also, in order to achieve a higher absolute yield of 
l78m:Hf in the second and third experimental series, relatively 
thick metal samples were used. Self-absorption of thermal 
and resonance neutrons could not be neglected for these 
thicker samples, which were rods of 1-mm cross-sectional 
dimension. 

The well-known equation describing the reaction rate per 
target nucleus when exposed to comparable fluxes of thermal 
and resonance neutrons is: 

ffth +-r )^ih, (1) 

where Fth is the thermal neutron flux. The coefficient k reflects 
the particular characteristics of the spectrum of irradiating 
neutrons, being a fixed constant for a definite location of 
each irradiation station in a specific reactor. It may be defined 
approximately as: 

* = ^ln(E2/£,). (2) 

where £,and E2 define the "resonance" range of neutron 
energies and Fres is the flux of resonance neutrons. For sim- 
plicity, one can introduce the notation: 

a*+Ii (3) 

In the first series of experiments, the numerical value k = 5 
was determined and this was in agreement with extensive pre- 
vious measurements carried out in the outer channel of the 
IBR-2 reactor. The outer and inner channels used in this 
work are separated by only air and a shutter is opened when 
the outer channel is used. Thus, the same value of it was 
used for irradiations at the inner location, while the effect of 
B4C and self-shielding was considered separately as described 
below. 

The production rate of some nuclide in a target of definite 
composition and mass can be expressed as follows: 

d/V 

~d7 
NAcam 

M 
<rlh7"lh + ~T~Tr< (4) 

where NA is Avogadro's number, c is the mass concentration of 
the element of interest in g/g, a is the abundance of a particular 
isotope of that element, m is the total mass of the irradiated 
target and M is the atomic mass of the element. The rlh and 
rrcs factors are dimensionless attenuation coefficients reflect- 
ing self-absorption in the target layer for thermal and reso- 
nance neutrons, respectively. Each may reach a maximum 
value of unity for targets of negligible thickness or be signif- 
icantly smaller for thick targets. 

Eq. (4) describes the (n,y) capture reaction with slow neu- 
trons. The F,h and k parameters represent characteristics of the 
reactor, while all but one of the other parameters must be spec- 
ified for a definite nuclide in the target, i.e. the capturing iso- 
tope. The lone exception is the factor r[h. which is a unique 
parameter characteristic of all reactions with thermal neutrons 
in a target of specific composition and thickness and is inde- 
pendent of the particular capturing isotope. Unlike r[h, rres is 
individualized because the resonance energies and peak 
cross-sections are extremely specific to each isotope and 
vary irregularly from one nuclide to another. Strong absorption 
near  the  resonance   peak   for  one   isotope   may   produce 
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absolutely no influence on the resonances of other nuclides. 
The partial thickness of the target corresponding to the indi- 
vidual isotopes will also depend on c, a and M, and this is im- 
portant for resonance neutron absorption. 

In the outer channel, neither the first nor the second series 
of irradiations were sufficiently intense to produce a detectable 
yield of l78m:Hf. However, the dominant activities of l75Hf, 
l8lHf and 95Zr were measured with high accuracy. Using 
Eq. (4), the concentration of Zr was evaluated numerically, 
as well as the rth coefficient specific to the target and the res- 
onance-absorption coefficient rrcs specific to l8lHf production 
via the l80Hf(fl,y) reaction. For l75Hf and 95Zr, resonance- 
absorption was insignificant due to the low concentration of 
l74Hf and 94Zr nuclides within the target. These evaluated pa- 
rameters were then employed in the analysis of the measure- 
ments carried out following the irradiation near the active 
core that had much higher flux. 

In the inner location, the thermal neutron flux was strongly 
attenuated (almost absorbed entirely) by the 3-mm thick B4C 
shield, while the transmission of neutrons was also influenced 
at other energies below 20 eV. No sharp cut-off occurs since 
the total cross-section of boron varies smoothly with neutron 
energy. Therefore, activation by thermal neutrons could be ex- 
cluded and the effect of resonance neutrons was characterized 
by a corrected resonance integral /Y(corr) as follows: 

/ £;'x(£„)l?r„d£„ 
/Y(corr)=/Y—- (5) 

o 

where /Y is the tabulated resonance integral, x(E„) is the cal- 
culated transmission function through the B4C filter, and gT,, 
is the resonance strength obtained from the data of Ref. [6]. 
Using so-calculated /Y(corr) values, one can calibrate the res- 
onance neutron flux inside the B4C shield, again determined 
from the measured activities of high-yields of 175Hf and 
18' Hf. For both isotopes the self-absorption coefficients rres 

are known from the outer-channel experiment described 
above, but the rrcs value corresponding to the production of 
178,":Hf in the l77Hf(n,y) reaction was not calibrated. Al- 
though one may assume stronger absorption for ' Hf than 
for l80Hf, taking into account the resonance strengths for 
both nuclides. A more precise estimate for the rres of l77Hf 
was obtained on the basis of the resonance excitation function 
given in Ref. [71, as compared to l8()Hf. 

Finally, the total number of resonance neutron-capture 
events by ' 7Hf nuclei in the target was deduced. From this 
value the isomer-to-ground state ratio amlau may be deter- 
mined for l78Hf whenever activity of l78m-Hf is measured. 

3. Results 

In gamma spectra measured after two years of cooling of 
the Hf sample exposed to a fluence of about 1018 n/cm2 (in 
the inner channel), characteristic lines from l78m-Hf decay 

were found as shown in Fig. 1. Their intensities were still 
much lower than the lines resulting from the dominant l75Hf 
and l8lHf activities. This could be expected for the 31- 
year-lived isomer, which should be produced with a low yield 
that is suppressed by its high angular momentum and resulted 
in an isomer-to-ground state ratio on the level of about 10~8 or 
less. The spectrum contains many lines of different origin, in- 
cluding those from activated admixtures within the sample, 
from natural background and from summations of the gamma 
rays with characteristic X-rays of the emitting atoms within 
the sample and the Pb within the detector shield. The panels 
in Fig. 1 show gamma lines from 178m=Hf decay as well as 
some other lines that are not related to this analysis. 

Table 1 gives the number of counts detected for gamma 
transitions from l78m=Hf decay at 426.4, 495.0 and 
574.2 keV, in comparison with the major lines of Hf and 
l8lHf. Lines from l78n,:Hf at lower energies were completely 
obscured by the large Compton background despite the cool- 
ing period. The statistical error in the peak area of the line 
at 574.2 keV is poor because this lies near the strongly mani- 
fested Compton ridge due to y lines from 95Zr and 95Nb de- 
tected at energies of about 750 keV. Better accuracy was 
reached for the other two lines and the observed intensities 
were sufficient to define the number of 178,";Hf nuclei within 
the activated target, taking into account all necessary factors 
of efficiency and decay. By comparing this number to the cal- 
culated total number of l77Hf(n,y) events, as described above, 
gave the experimentally measured <rm,/<7g ratio for l78Hf. The 
latter value was determined for resonance neutrons transmitted 
through the B4C filter. However, a similar tTm,/<Tj. ratio should 
be valid for slow neutrons in general, including thermal 
neutrons. Such regularity has been experimentally confirmed 
in many cases when the <rm/a£ ratio was determined both 
from measured <rlh and /Y values, e.g. the case of the 180mHf 
isomer [6]. 

Taking the am2/aB ratio so-obtained and then using the 
known [6] <rlh and /Y parameters for the l77Hf(/i.y) reaction, 
the partial aih and /Y for population of l78m-Hf were deduced. 
The accuracy of this result cannot be expected to be very high 
due to the modest statistics (see Table 1). In principle, how- 
ever, the present data were taken under more clean conditions 
than in previous measurements reported in the literature and 
should be reliable. 

Neutron-capture cross-sections for Hf nuclides are 
summarized in Table 2 with literature data taken from 
Ref. [6]. The present results are given for the reactions of 
particular interest, 177Hf(«, y)l78m?Hf. l78Hf(/7,y)l79m:Hf 
and l78mW(n,y)179S'm-Hf. The latter reaction which is re- 
sponsible for l78n,;Hf destruction (burnup) may be especially 
exotic and is discussed in more detail below. 

More than 30 years ago, activity of the l78l,1-'Hf isomer was 
observed [9] from isotopically enriched hafnium targets irradi- 
ated within a high-power reactor. Gamma spectra of this iso- 
mer were carefully studied using state-of-the-art techniques 
available at that time. However, the production cross-section 
given in Ref. [91 may not be very accurate because it was de- 
termined by only considering the effect of thermal neutrons. 
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Fig. I. Panels show sections of the gamma spectrum collected from the metal nalHf sample after neutron irradiation in the inner channel of the 1BR-2 reactor, and 

after two years of cooling time. Lines corresponding to decay of l78m=Hf isomer are identified and peak fits are shown from which the counts of Table 1 were 

determined. 

neglecting the resonance neutron flux, and assuming that the 
"burnup" (destruction) cross-section was at a rather low level 
of less than 20 b. It is well-known that a purely thermal flux 
does not exist in any reactor near its active core and the pres- 
ence of resonance neutrons changes the yields of reaction 
products. Also the l78m-Hf yield could be strongly reduced 
due to the burnup process at the fluences applied in the 
work of Ref. [9], >10"' n/cm". The degree of burnup defi- 
nitely depends on the values of <7,h and IY for the isomeric nu- 
cleus, but the relatively low axh given in Ref. [9] was 
unexpected. 

Values of a(h and /Y for neutron capture show for many nu- 
clei a correlation with the level density of neutron resonances. 
Standard estimations using the Gilbert—Cameron formula 
|11], verified by known neutron resonance densities for vari- 
ous nuclides, predict a much higher resonance density for 
l7s,":Hf than that known for the l78SHf nucleus. The former 
nucleus may be characterized by a level density comparable 
with the measured resonance density for l77Hf, or perhaps 
even larger. Thus, similar values of ath and /Y can be expected 
for l78m;Hf and l77Hf nuclei and these are much larger than the 
20 b used in Ref. [9J. Recently, the burnup cross-section due to 
thermal neutrons was measured in Ref. 112] for the l77mLu iso- 
mer and a value of <Tlh = 590 b was obtained, including both 
neutron capture and superelastic scattering components. Not- 
ing that l77mLu also possesses high spin and excitation energy 

similar to l78m:Hf, one may expect them to have comparable 
burnup cross-sections. Such arguments motivated the present 
independent measurements of the 178m?Hf production cross- 
section in reactor irradiations and an evaluation of the role 
of burnup which depends on neutron flux. 

There is no doubt that the number of produced l7)(m;Hf nu- 
clei was determined correctly in the earlier experiment |9], al- 
though the cross-section was underestimated by a factor of 10 
using an incorrect approximation. Now that yield |9] may be 
taken and combined with appropriate corrections so that it 
can be compared with the present cross-sections. To make 

Table 1 

Number of peak counts in the y lines from l78m;Hf compared to the lines of 
175Hf and mHf (see Fig. 1) 

Nucleus £Y (keV) Counts Statistical 
error (Vr) 

171ms Hf 426.4 19,321 6.3 

495.0 12,461 7.6 
574.2 16,627 10.4 

l75Hf 343.4 1.086 x 10" 0.2 
432.8 1.599 x Kf 0.3 

mHf 4X2.0 1.487 x 10K 0.3 

The gamma spectrum was taken after two years of "cooling" of a metal ,i:"Hf 
sample activated with reactor neutrons. 
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Table 2 

Neutron capture cross-sections for hafnium isotopes 

Target J7 Product n <r,h (b) /r(b) trJot Reference 

mHf 0* ,75Hf 5/2 561 436 - [6] 
!76Hf 0+ l77Hf 112' 23.5 880 - [6] 
l77Hf 7/2" i78gHf ()' 373 7173 - 16] 

I78mi ur 8 0.96 - 2.6 x 1<T3 
161 

178m, Hf 16 2.6 x 10 6 5 x 10 5 (7±2)x 10 ' Present 
,78Hf 0 l798Hf 9/2' 84 1950 - |6| 

I79mi Lif 1/2" 53 - 0.63 |6| 
179m, Hf 25/2" <2 x 10"4 <1.3 x 10"3 <2.4x 10-6 Present 

178m, Hf 16' !79gHf 9/2' 190 4500 (0.24 ±0.07) Present" 
179m, Hf 25/2 45 ±5 1060 ±60 - [10] 

l7"Hf 9/2' ISOgjjf <r 41 630 - 16] 
l80'"Hf s 0.45 6.9 1.1 x 10"2 16] 

'""Hf ()' •"111 1/2 13.04 35.0 - [6] 

* Obtained by comparison of present results with those of Ref. [9] 

this recalculation of the cross-section corresponding to the ear- 
lier experiment, the following assumptions are made: 

1. The effective cross-section of Eq. (3) is, in general, appro- 
priate to account for the contribution of resonance 
neutrons. 

2. An effective, or net, production cross-section, <rpro, calcu- 
lated with the <rth and /Y from the current experiment, 
should be valid for the conditions of Ref. [9] when an ap- 
propriate value of k = 20 (suitable for a well-thermalized 
spectrum as would be expected for that experiment) is 
taken. 

3. The yield of l78m=Hf measured in Ref. [9] in a high-fluence 
irradiation may then be reproduced with the calculated 
(Tpri) by taking into account a much larger burnup effect 
than was assumed in the earlier work. 

Following this approach, the effective cross-section for 
burnup in the l78m;Hf(/7. y) reaction was deduced. The accu- 
mulation of a given product nucleus in the presence of burnup 
is given by 

N|K.(*) 
<V,<T„ 

(o"i - Cbui 

-"tarn* (6) 

where Nnet and N{ are the net number of product nuclei and the 
number of target nuclei at the start of the irradiation, respec- 
tively, <P is the neutron fluence, <rhurn and <r, are the capture 
cross-sections that take into account the burnup of the product 
and target nuclei, respectively. The apr„ value is the physical 

production cross-section without burnup. All a values are de- 
fined to be effective, as in Eq. (3). 

Combining the present production cross-section results 
with the yield measurements of Ref. [9] as described above, 
the effective burnup cross-section, <rhui.n, was deduced for 
l78m-Hf isomer using Eq. (6). This effective cross-section is 
a linear combination of <rth and Iy values summed for two 
exit channels of the capture reaction, together corresponding 
to the formation of l79Hf product nuclei in either its ground 
state (g) or its 25-day-lived m2 state. 

Fortunately, decomposition of ffburn was possible because 
<T[h and [y parameters have already been directly measured 
for production of l79m=Hf after irradiation of l7Kn,-Hf in 
Ref. [10]. The ground state yield may also be determined by 
subtraction of l79m^Hf contribution from the total burnup 
yield of 178n':Hf. It was assumed that the ratio (Tm,/<Tg for 
production of l79m-Hf and l79sHf nuclei in neutron capture 
by I78m:Hf should be approximately the same for both 
thermal and resonance neutrons. The partial a,u and /Y for 
the 178m2Hf(n,y)179SHf branch are therefore deduced and 
should be added to the previously known values for the 
branch of the reaction that populates l79m;Hf. Thus, the 
burnup of l78m;Hf due to neutron-capture reactions is now 
characterized by the total <rlh and Iy values, although with 
only modest accuracy. Nevertheless, the general behavior of 
production and burnup processes has been clarified by the 
present experiment. 

Table 3 compares the cross-sections for l78m-Hf production 
in reactions with slow and fast neutrons. The upper limit 
therein for the l78Hf(«,/;'Y) reaction was determined based 
on the present measurements. Fast neutrons with E„ > 3 MeV 

Table 3 
Summary of the production of 178l1"Hf via different neutron-induced reactions 

Reaction Energy XI Cross-section (mb) (r.Ja,, Reference 
177 Hfdi.y) 

*H((n.n'y) 
''Hit n.2n) 

Thermal 12 2.6 x in-3 

Resonance 12 /T = 5 x 10 ! 

E„ > 3 MeV 31/2 <7 x 10^ 
£„= 14.5 MeV 1 1 7.3 

(7±2)x 10 
<2.5 x 10"" 
3.5 x 10"3 

Present 
Present 
Present 

|4| 
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bremsstrahlung for the l78n,2Hff accumulation has been tested 
[24] using the Ta sample irradiated with electrons at 5 GeV 
synchrotron. The analysis and comparison of different 
methods is given in Ref. [25]. 

4. Discussion 

The results summarized in Tables 2—4 permit the plot of 
Fig. 2, showing the systematics of the isomer-to-ground ratio 
versus spin deficit for production of hafnium isomers. This 
plot leads to some interesting points and, perhaps, a general 
conclusion. It can be seen in Fig. 2 that the am/ag ratio follows 
a regular exponential decrease with increasing A/. The (n,y), 
(n,n'y) and (n,2n) reactions demonstrate separate curves with 
individual slopes in the log plot. A natural explanation for the 
appearance of different curves is that the projectile angular 
momentum increases with the neutron kinetic energy. In gen- 
eral, the systematics does not demonstrate any unexpected be- 
havior, but the plot allows a quantitative definition of real 
values for specific reactions. It can, therefore, be used to 
make estimates of <Tm/<7g values for other cases. It is important 
to note is that the systematics cover a wide range in angular 
momentum, as high as /= 16 for isomers populated in the 
(n,y) reaction and corresponding to a <xm/<rg ratio lower than 
10~8. Such values are not typical in comparison with other 
measurements known in the literature for neutron-induced 
reactions. 

The conclusion that 179ni2Hf is produced via (n.n'y) reac- 
tions while, conversely, l78m2Hf is produced via (n,y) reactions 
is supported by Fig. 2 in addition to the arguments given 
above. In this plot the upper limits determined for 178n,*Hf pro- 
duction via the (n.n'y) reaction and for l79m-Hf production via 
the (n,y) reaction deviate from the systematic pattern, both 
lying far above the curves corresponding to the respective re- 
actions. The limit was deduced from the measured yield attrib- 
uting it either to the (n,y) or to the (n.n'y) reaction. Good 
agreement with the regular pattern for the definite-type reac- 
tion confirms a negligible contribution from the another one, 
especially if the latter one is characterized in systematics by 
much lower yield. This was the case for bothl7Sm;Hf and 
l79rn2Hf isomers allowing us to differentiate between possible 
producing reactions. 

The present result that there are significant cross-sections 
for burnup of l78m2Hf in the l78n,2Hf(«, y)l79nl2'EHf reaction 
equal in total alh = 235 b and /Y = 5600 b is worth further dis- 
cussion. Such large values are known for many other nuclei, 
e.g. the ,77Hf nucleus with odd-neutron number is character- 
ized by even higher values, as is known from Ref. |6]. In 

and other reactions. Recently, a productivity of high-energy       the even—even l78Hf nucleus, a pair of neutrons is decoupled 

could, in principle, activate the ,78n,2Hf state located at 
a 2.446-MeV excitation energy. Fast neutrons can certainly 
penetrate through the B4C shield without significant absorp- 
tion and their flux was measured by activation of a Ni specta- 
tor. Thus, a cross-section can be deduced for fast neutron 
production of l78m-Hf if its production is attributed to the 
(n.n'y) reaction. However, the values of <rm, and omi/o% ob- 
tained in such a manner are unphysically large when the reac- 
tion's spin deficit of A./ = 31/2 is considered for a hypothetical 
l78Hf(«.«'r)178m-Hf reaction. Recall that tU = Jm-J,- 1/2. 
Finally, it was assumed that the deduced cross-section for 
fast neutron production of l78'"2Hf is just an upper limit, while 
the dominant means of producing this isomer is due to slow 
neutron capture. The l79Hf(«,2/j) reaction with 14.5-MeV neu- 
trons was characterized in Refs. [4,13]. The efficient produc- 
tion of l78m=Hf in that reaction makes it one of the best 
methods for accumulation of this isomer, but the achievable 
flux of 14-MeV neutrons restricts the real use of this reaction 
for large-scale manufacture. In the case of reactor irradiations, 
neutrons with energies greater than 10 MeV appear with very 
low probability. 

Table 4 summarizes cross-sections for l79ni2Hf production 
which are described in more detail in Ref. [8]. In that work 
it was explained that the main production mechanism was 
the (n,n'y) reaction, unlike the situation found now for 
178,112 Hf production. The difference may be attributed primarily 
to the spin deficit (A/) values, which causes a preference in 
the (n,y) reaction for 178n'2Hf, but in the (n,n'y) reaction for 
l79,"2Hf. The absolute cross-section for l79m2Hf production is 
not particularly low and in standard reactor irradiations quan- 
tities as large as ug l79rn-Hf could be accumulated. Nanogram 
amounts are achievable for l78m2Hf, but this would appear to 
be insufficient for applications or for using the isomer as target 
or beam nuclei in experiments. 

According to Refs. [4,13], l78ni2Hf and l79m2Hf isomers are 
produced with much higher cross-sections in the (n,2n) reac- 
tion with 14.5 MeV neutrons, see in Tables 3 and 4. For 
massive production of l78ni2Hf in USA, the spallation reaction 
was applied using thick Ta targets exposed to high-power 
800 MeV proton beam available at Los Alamos [20]. The 
physical cross-sections for high-spin isomer production via 
spallation of different targets by 600 MeV proton beam have 
been systematically measured at Dubna, Refs. [21,22], Defi- 
nitely, the high yield characterizing spallation reactions 
was confirmed and quantitatively specified. The l76Yb(4He, 
2/?) reaction at 36 MeV He-ion beam seemed attractive in 
another aspect, namely in the sense of the best purity of the 
produced l78m2Hf activity [23], as compared to the spallation 

Table 4 
Summary of the production of l7',nl2Hf via different neutron-induced reactions 

Reaction Energy A./ Cross-section ( nb) oJa% Reference 

Thermal 12 <0.2 <2.4 x 10"" Present 
Resonance 12 /Y< 13 <7 x ltr6 Present 
£„ > 1.5 MeV 15/2 4.5 ±0.5 (1.6±0.2)x 10 3 Present 
£„= 14.8 MeV 12 25 7 x 10 3 141 

*Hf(«.y) 

Hfln.n'y) 
aHt\n,2n) 
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Fig. 2. Measured values of the isomer-to-ground state ratio versus spin deficit 
(A./) parameter for hafnium isomers produced in neutron-induced reactions. 
Numerical data and references are given in Tables 2—4. For simplicity, points 
according to the literature are given without error bars. 

in the m2 state, so that the isomeric nucleus can manifest 
itself for as equivalent in behavior to an odd-neutron nucleus. 
Thus, the observed large burnup cross-section is not out of 
scale [6], unlike the extremely large (n,y) cross-section for 
burnup of l78m,Hf reported in Ref. [14]. That value was 
deduced by indirect method basing on the resonance parame- 
ter evaluation. 

Table 2 shows that the population of the ground state ap- 
pears with 4x higher probability than the m2 state, but stron- 
ger selectivity was not manifested. This can be understood in 
the following way. Fig. 3 shows a partial level scheme for 
174Hf, the daughter of the burnup reaction of l78m,Hf. Com- 
pound-nucleus states of ' 9Hf are excited after neutron capture 
by l78'"2Hf and possess f = 31/2+ or 33/2+ and a fixed exci- 
tation energy near 8546 keV. For the lower-lying structure, the 
important features are the m2 isomer in l79Hf with f1 — 25/2" 
at 1106 keV and the two rotational bands built on the ground 
and isomeric states. Many other bands exist [15] and the pop- 
ulation of m2 and g states may initially proceed via such bands 
near the top of the cascade that follows neutron capture. How- 
ever, these decay paths will eventually reach the bands shown 
in Fig. 3. Direct transitions can also take place from the com- 
pound-nucleus state to the ground or m2 bands, but, of course, 
many different cascade paths contribute to the population of 
a given final state because the level density above E* = (4—5) 
MeV is high in hafnium nuclei. 

There is no spin deficit for the burnup reaction of l78m;Hf 
leading to the high-spin l79m-Hf state and it should be 
strongly populated. It is possible that some preference for 
this final state may arise due to its high K value and the 
fact that there is a similar structure of the target and product 
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Fig. 3. Partial level scheme depicting population of the m, and ground states in 
l79Hf after the l78m!Hf(n. y) reaction with slow neutrons. The cascades shown 
illustrate the discussion in the text. 

m2 isomers. However, this experiment demonstrated a prefer- 
ence for population of the ground state. A first conclusion is 
that the K quantum number and structure tagging do not 
survive past neutron capture at E* above 8 MeV. This may 
explain the nearly equal population of the m2 and ground 
states. 

A similar lack of selectivity to structure details at E* > B„ 
was concluded from the measurements of Ref. [16] on depop- 
ulation of the mTa isomer by fast neutron inelastic scatter- 
ing, in accordance with the basic ideas of the statistical 
model. In that work, no preferential population of the ground 
state was observed, unlike the present case of capture on 
l78m2Hf. The question remains why there exists even a modest 
preference for ground state population following the (n,y) re- 
action on l78m2Hf. One must take into account the presence of 
many levels of appropriate spin near and below the compound- 
nucleus state and these will be populated after neutron capture 
with equal probability without any influence of structure 
effects. Thus, selectivity for reaching either the ground or 
m2 states cannot appear near the top of the cascades. One 
must speculate that the modest preference for the ground state 
arises due to the position of the m2 level at 1.1 MeV. Some 
cascades proceeding to the ground state may obtain a higher 
probability simply because they possess a larger reserve of 
energy above the ground state than those reaching the isomer, 
thus providing more possibilities for branching. This idea has 
not yet been developed in detail. 
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The above interpretation can be modified if superelastic 
scattering (SES) [17] contributes a significant part of the 
observed total burnup cross-section. Until now, SES for 
l7!*'"'Hf was not measured and theoretical estimates allow 
a wide range for this cross-section. This process was not ac- 
counted for in the present analysis. There is a lack of suffi- 
ciently developed simulation procedures for reactions with 
high-spin isomers, despite interesting experimental data may 
be found in the literature |5,12.16—19]. 

5. Summary 

Production of high-spin 178m2Hf isomer in naIHf targets was 
successfully observed after their activation with the reactor 
neutrons at fluences lower than 1018 n/cm2. It was established 
that l78m-Hf is mainly produced due to the capture of slow 
neutrons in (n,y) reaction, while l79m2Hf is produced in the 
(n.n'y) reaction with fast neutrons. The production cross- 
sections are very different, so that it is possible to accumulate 
i7'J"1:Hf in a microgram amount after standard irradiations, 
but only nanograms of l78m;Hf. Comparing the present 
measurements with the published data, the destruction 
(burnup) cross-section was deduced for 178n^Hf due to a 
second neutron capture from the reactor flux. The partial 
<T,i,and /T values were specified for the burnup process leading 
to both m2 and g states in l79Hf. Also, the isomer-to-ground 
state ratios for hafnium isomers in neutron-induced reactions 
were systematized. The potential application of l78m-Hf iso- 
mer as a reservoir for energy storage and pulsed release has 
already been discussed extensively in the literature. However, 
the present results, as well as those in the literature, do not 
support an optimistic view of reactors as a source of large- 
scale manufacture of l78,":Hf. Other reactions may prove 
more efficient for production of this long-lived isomer. Spall- 
ation reactions with protons of intermediate energy, or neutron 
irradiations at an energy of 14MeV and higher must be the 
most productive as is discussed recently in the review of 
methods in Ref. [25]. 

Acknowledgements 

The authors gratefully acknowledge support from the 
United States Air Force Office of Scientific Research under 
contract F49620-02-01-0187. 

References 

[31 
[4] 

I? I 
[6] 

|7[ 

[8] 

[9] 
[10] 

[11] 

[12] 

[13] 
114] 

[15] 

[16] 
117] 
[18] 

[19] 
[20] 

[21] 

[22] 

[23] 
[24] 

125] 

Hyperfine Interact. 107 (1997) 3-68, 91-183. 

J.J. Carroll, S.A. Karamian, L.A. Rivlin, et al., Hyperfine Interact. 135 (2001) 3. 

J.J. Carroll, Laser Phys. 1 (2004) 275. 

M.B. Chadwick, P.G. Young, Nucl. Sci. Eng. 108 (1991) 117. 

D. Belie, C. Arlandini, J. Besserer, et al., Phys. Rev. C65 (2002) 035801. 
S.F. Mughabghab, Neutron resonance parameters and thermal cross sec- 

tions, part b, Z = 61 — 100, In: Neutron Cross Sections, vol. I, Academic 

Press, 1984. 
V. McLane. C.L. Dunford, P.F. Rose, Curves, In: Neutron Cross Sections, 
vol. 2. Academic Press, 1988. 
S.A. Karamian, J.J. Carroll, J. Adam, et al.. Laser Phys. 14 (2004) 438. 

R.G. Helmer. C.W. Reich, Nucl. Phys. A211 (1973) 1. 
S.A. Karamian, Y.T. Oganessian, J. Adam, et al., in: Proc. VI Interna- 

tional School-Seminar "Heavy-Ion Physics", Dubna, Russia. World Sci- 
entific, Singapore, 1998. p. 565. 

A. Gilbert, A.G.W. Cameron, Can. J. Phys. 43 (1965) 1446. 
O. Roig, G. Belier, J.-M. Daugas, et al., Nucl. lustrum. Methods A521 
(2004) 5. 

Y. Weixiang, L. Hanlin, Z. Wenrong, Chin. J. Nucl. Phys. 14 (1992) 326. 
G.V. Muradian. O.Y. Shatrov, M.A. Voskanian, et al., Phys At. Nucl. 66 
(2003) 6. 
S.M. Mullins, G.D. Dracoulis, A.P. Byrne, et al.. Phys. Rev. C61 (2000) 

044315. 
S.A. Karamian, C.B. Collins, J.J. Carroll, et al., Phys. Rev. C59 (1999) 755. 
G. Reffo, M.H. MacGregor, Nucl. Sci. Eng. 114 (1993) 124. 
LA. Kondurov. Y.V. Petrov, E.M. Korotkikh. et al., Phys. Lett. B106 

(1981)383. 
Y.T. Oganessian, S.A. Karamian, Hyperfine Interact. 107 (1997) 43. 
H. O'Brien, Nucl. Instrum. Methods B40/41 (1989) 1126. 
S.A. Karamian. J. Adam. D.V. Filossofov, et al., Nucl. Instrum. Methods 
A489 (2002) 448. 
S.A. Karamian, J. Adam, P. Chaloun, et al.. Nucl. Instrum. Methods 

A527 (2004) 609. 
Y.T. Oganessian, S.A. Karamian. Y.P. Gangrski, et al.. J. Phys. G18( 1992) 393. 
S.A. Karamian, J.J. Carroll, J. Adam, N.A. Demekhina. Nucl   Instrum. 

Methods A530 (2004) 463. 
S.A. Karamian, Phys. At. Nucl. (Moscow) 68 (2005) 1827. 



PHYSICAL REVIEW C 76, 047303 (2007) 

Identification of a high-spin isomer in "Mo 

G. A. Jones.1-* P. II. Regan,1 P. M. Walker,1 Zs. Podolyak,1 P. D. Stevenson,1 M. P. Carpenter.' J. J. Carroll,' 
R. S. Chakrawarthy,1 P. Chowdhury," A. B. Garnsworthy,1 R. V. F. Janssens,' T. L. Khoo,2 F. G. Kondev,'1 G. J. Lane, 

Z. Liu,1 D. Seweryniak,2 N. J. Thompson,1 S. Zhu,2 and S. J. Williams1'1 

1 Department of Physics, University of Surrey. Guildford GU2 7XH, United Kingdom 
2 Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA 

3 Department of Physics and Astronomy, Youngstown, Ohio 44555. USA 
4 TRIUMF. 4004 Westbrook Mall, Vancouver, British Columbia V6T2A3, Canada 

' University of Massachusetts Lowell. Lowell, Massachusetts 01854. USA 
6 Nuclear Engineering Division. Argonne National Laboratory. Argonne. Illinois 60439, USA 

7 Department of Nuclear Physics, RSPhysSE, Australian National University, Canberra 0200. Australia 
(Received 16 February 2007; revised manuscript received 26 April 2007; published 2 October 2007) 

A previously unreported isomer has been identified in ''''Mo at an excitation energy off, = 3010 keV, decaying 
with a half-life of Tl/: = 8(2) ns. The nucleus of interest was produced following fusion-fission reactions between 
a thick 27A1 target frame and a l78Hf beam at a laboratory energy of 1150 McV. This isomeric state is interpreted 
as an energetically favored, maximally aligned configuration of vh n ® 7i(g» )2. 
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The near-yrast structure of the A ~ 100 region with 
N > 56 is dominated by excitations associated with the high-/ 
••unnatural parity" proton g* and neutron hn orbitals. De- 
coupled, rotational sequences built on a single Win orbital 

are observed in all N = 57 isotones from 99Mo up to ^9Te 
[1-7] with associated weakly deformed, prolate shapes. At 
medium spins, these single-quasiparticle rotational bands are 
crossed by multi-quasiparticle configurations, which have 
been interpreted in the framework of the Cranked Shell Model 
to be associated with either vh n <g) jr(g->y. vhu ® v(gz)2, or 

U/IM ® v(h n )2 configurations, depending on the proton num- 
ber and the associated core deformation [ I -3]. These collective 
rotational bands can compete with single-particle excitations 
formed by the favored, maximally aligned couplings of high- j 
proton (gi) and neutron (/in and g-i) orbitals. This Brief 
Report describes the identification of a high-spin isomeric state 
that feeds the previously reported hn  decoupled-rotational 

structure, at /" = #   , in "Mo [I]. 
The experiment was performed at Argonne National Labo- 

ratory using the Argonne Tandem Linear Accelerator System 
(ATLAS), which delivered a 178Flfbeamata laboratory energy 
of 1150 MeV, with an average beam intensity of 2 particle nA. 
The main experimental focus was to study long-lived isomers 
in hafnium-like nuclei, using deep-inelastic reactions with a 
thick 2,18Pb target; the results from this work are reported in 
Ref. [X], The data on ')9Mo described in this Brief Report were 
obtained from incidental fusion-fission reactions between the 
178Hf projectiles and the 27AI support frame for the 208Pb 
target. Nuclei synthesized in fusion-fission reactions were 
identified as such from the observation of y rays associated 
with the decay of binary products, consistent with the fission 
of the  l78Hf+27Al  fusion-compound nucleus. The beam 

'Corresponding author: G.Jones@Surrey.ac.uk 

delivered by the ATLAS was bunched into short pulses of width 
~0.5 ns, separated by periods of 82.5 ns. This pulsing was 
utilized to study metastable states in the 10 9 < T\/2 < 10 4 

s range; nine out often beam pulses were swept away from the 
target, resulting in a 825 ns period within which delayed /-ray 
decays could be studied. Events where two or more coincident 
y rays were detected within a 2/ts range were written to tape 
for subsequent off-line analysis. A total of 2.1 x 10'' events 
were recorded over the course of a 5-day experiment. 

The nature of the fusion-fission reaction process leads to 
the detection of a plethora of y rays emitted from excited 
states in a broad range of nuclei, resulting in a highly complex 
data set. The /-ray decays from all the reaction products were 
measured using the Gammasphere [9] array, comprised of 101 
Compton-suppressed germanium detectors in this experiment. 
Because of this level of complexity it was necessary to utilize 
multidimensional y-ray coincidence techniques to correlate 
y-ray decays associated with particular nuclides. A variety of 
coincidence cubes corresponding to different y-ra\ time and 
energy conditions were created; Table I provides details of 
cubes created, which are relevant to this report. These were 
analyzed with standard software packages described in Refs. 
[10-12], 

A high-spin isomer in Mo has been observed for the 
first time using these data. Figure 1 provides a level scheme 
of transitions in 99Mo deduced from the current work. The 
isomeric state at E, =3010 keV is observed to decay directly 
into the negative-parity sequence, reported in Ref. [ I ], by the 

emission of a 305 keV transition to the I" = =? member of 
the decoupled rotational band. Figure 2(a) shows the promptly 
fed decays of the negative-parity band in "Mo; the 980 and 
1064 keV transitions are observed from the previously reported 

/T = (y ) and (y ) states, respectively. Figure 2(b) shows 
delayed transitions associated with double gates in l9Mo. 
This spectrum clearly identifies the 482, 693, and 846 keV 

transitions associated with decays from the /" = y   , y   , 

0556-2813/2007/76(4)/047303(4) 047303-1 ©2007 The American Physical Society 
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TABLE 1. Three-dimensional cubes used to create the level 
scheme in Fig. I and spectra in Fig. 2. Prompt and delayed 
y rays (yp and yj. respectively) are defined by the time difference. 
TD;,„, j. between the y-ray, 7", and that of the beam, RF. The time 
difference between y rays. TD,,, is used to define transitions that 
are prompt with respect to each other. 

Conditions Spectrum 
(see Fig. 2) 

Gates ({.illy}) 

X y z 

1" 

2b 

3C 

4" 

YP 

Y<i\ 

YJ\ 

Ydi 

Yp 
Yd\ 

Yd\ 
Yen 

YP 

Yd\ 

Yi< 
Ty„„ 

(a) 
(b) 
(c) 
(d) 

|846}(482, 693) 
(8461(482,693) 
(4821(305,693} 
(138,449}(305) 

'1  - TD,.(= |7", - T2\) < 30 ns; TD,,(= |RF - T\) < 20 ns (at 
EY = 300 keV). 
b2 - TDy(= |r, - T2\) < 30 ns; TD(/I(= |RF - T\) > 20 ns (at 
EY = 300 keV). 
c3 - TD... TD,,,, & TD,,. as defined above. 
J4-TD,,2( = |RF- T\) > 90 ns. 

and :^y states, respectively; there is no evidence for a 
980 keV y ray in delayed coincidence with any transitions in 
"Mo. A previously unreported 305 keV transition is apparent 
in this spectrum; it is interpreted as the direct decay from an 
isomeric state at Ex = 3010 ke V. No transition from the isomer 

to the /* — y state was observed in this experiment. This is 
consistent with intensity measurements for delayed transitions 
below the isomer, which indicate 100% feeding through the 
305 keV decay. 

The spectrum shown in Fig. 2(c) illustrates promptly fed 
Y rays above the Ex =3010 keV state, using double gates on 
delayed transitions (see Table 1). A weak 1739 keV transition is 
observed in this spectrum, which fits energetically with a decay 

from the Ex — 4749 keV, /" = ( —"") state to the isomeric 
level. Table 11 shows Weiskopff estimates of the 1739 keV 
transition for different multipolarities. For this transition to 
compete with the collective-/^, 1064 keV y ray, one would 
expect it to decay between states with |/, — lf\ = AL^2. The 
1739 keV transition is placed tentatively in the level scheme 
provided in Fig. 1. Other y-ray photopeaks at 685, 764, and 
842 keV are identified in this spectrum, associated with prompt 
transitions that possibly populate the isomeric state. Because 
of the complexity of the data set, particularly with y rays 
of energy Ey < 1 MeV, these transitions could not be linked 
confidently to the decay of specific states above the Ex — 
3010 keV isomer in "Mo. 
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(31/2-1 4749 

1064 

(2ia~j_ 

23/2" 

980 

S4 .9 

(1739) 

(27/2-)     %     3010.; 
3041     8(2) ns 

2705.4    4 

19/2"     | i 

693.1 

15/2 

481.8 

f  "    0.76 Ms 
449.0 
4      235.5 112*  

]/2+      *>   ~»   ,J-Jf*b 

FIG. I. Partial level scheme for transitions observed in "Mo. 
Arrow widths provide an indication of the relative strengths of 
different y-ray decay paths. The y-ray energies from states with 
£ < 3685 keV have an error of 0.3 keV; the 980, 1064, and 173') keV 
y rays are accurate to 1 keV. 

Figure 2(d) provides a y-ray time spectrum of the double- 
gated delayed transitions from the isomeric Ex = 3010 keV 
state. Relative to the accelerator RF signal, the half-life of the 
decay is measured as T\/2 — 8(2) ns, using a folded Gaussian 
plus exponential fit. 

The spin-parity assignment for this previously unreported 

state is based on (i) the observed decay to the I" — ^ 

member of the negative-parity collective sequence in wMo; (ii) 
the measured lifetime associated with the 305 keV decaying 
transition; and (iii) the tentatively observed 1739 keV. AL <l 2 
transition that links the Ex = 4748 keV state with the Ex - 
3010 keV isomer. 

Weisskopf single-particle transition rates for a 305 keV 
transition with E\ or Ml multipolarity are B(E\) = (1.4± 
0.4) x 10 b W.u. or B(M1) = (9.6±2.4) x 10 4 W.u., re- 
spectively. Such a retarded M\  transition is unlikely [13]; 

TABLE II. Weisskopf single-particle estimates for y-ray decays in wMo. 

y (keV) Weiskopff estimate (s) 

£1 E2 £3                 Ml Ml               Mi 

305 
1152 
1739 

1.1 x 10  l4 

2.1 x 10  l6 

6.0 x 10  n 

7.9 x 10" 
1.0 x 10 " 
1.3 x 10 l: 

8.5 x 10 -1    7.8 x 10 '• 
7.7 x 10 •1     1.4 x 10  u 

4.3 x 10 s    4.2 x 10 15 

5.5 x 10 7    5.9 x 10 ' 
7.1 x 10  '"   5.4 x 10 5 

9.1 x 10"    3.0 x 10" 
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FIG. 2. (Color online) Spectra of y-ray decays in 'wMo from ihe 
short-pulsing experiment; details of the coincidence gates used to 
produce spectra are provided in Table 1. Panels (a) and (b) show 
transitions associated with "Mo in prompt and delayed projections, 
respectively. The y rays in (c) illustrate candidates for transitions 
decaying from states above the Ex =3010 keV isomer. Panel 
(d) gives the time evolution of the isomcric decay, including a folded 
Gaussian plus exponential (it; the dashed line is the prompt Gaussian 
used in the fit (with FWMM = 12.5( 10) ns), obtained from a fit to a 
prompt •/ ray with Ey ~ 300 keV. Contaminants ("Mo and l7XHf) 
are indicated in each spectrum where applicable. 

however, Endt [1.3] shows that £1 transitions in this region 
can be hindered to this magnitude. Examples of such hindered 
£1 transitions can also be seen in Ret". [14]. An £1, 305 keV 

transition would imply/* = y or ~ for the isomer. Under 
such circumstances, one might expect to observe a 1152 keV 

transition from the isomer to the /* = y state; Weiskopff 
estimates in Table 11 indicate that a 1152 keV, A/2 or £3 
transition is likely to compete with the El, 305 keV decay. 
The fact that no competing EY = 1152 keV decay is observed 

to the/71 = —   (or lower spin) member of the negative-parity 
sequence suggests that the spin of the isomeric state is at least 
/ = 25 

A stretched-£2, 305 keV transition provides /* — y 
spin-parity assignment for the Ex =3010 keV state, cor- 
responding to a Weisskopf single-particle transition rate of 
B(E2) = 0.96(24) W.u. Weiskopff estimates for the 1739 keV 

transition are also consistent with a /T = y assignment for 
the isomer. On the basis of these arguments, we suggest an 
£2 assignment for the 305 keV transition and thus a tentative 

/* = (y   ) spin-parity assignment for the isomeric state. 

An /" :i • isomeric state in the N — 57 isotone \^5Cd 

TABLE   III. Multiparticle  estimates 
for states in "Mo. 

/* Configuration Ex (MeV) 

27 
: vhn ®n(g<>)2 2.805 

2 VK7 ®!T(g9)2 2.356 

21 

2 
vds  ® 7T(^M): 2.257 

from the g-factor measurement in Ref [15]. The analo- 
gous maximally aligned coupling of the (g'>)2 protons with 
vd<_, vgi, and vhn would be expected to form energetically 

favored multiparticle states in '"Mo with  /* = y   , y   , 

and y , respectively. A simple estimate for the excitation 
energies of such states can be made with £, = [f,- + 2Ar], 
assuming no residual interactions. The single-quasiparticle 
energy, £,-, is taken from the low-lying single-quasiparticle 
states in 99Mo; the proton-pair gap. A,, = 2.12 MeV, is 
estimated using an empirical mass formula [16] with binding 
energies taken from Ref. [17]. An empirical comparison of 
the proton-pair gap shows that the estimate is accurate to 
within a few hundred keV; the excitation energy of the aligned 

vdt ®n(gi)2, P state in '"Mo is  £, = 2.4 MeV. 

has a reported configuration of vdt ® 7T{gt)    , as deduced 

Table III shows the energy estimates for the expected /" = 

y , y , and y states associated with the simple (</<), (#;>), 

or (hn) neutron, coupling to the maximally aligned n(g*) 
configuration. The calculated state energy for the maximally 
aligned vhn ® Trig*)2 configuration appears to be within 200 
keV of the observed isomeric-state energy. The experimentally 
suggested spin-parity for the isomer is also consistent with this 
assessment. 

This interpretation assumes a spherical shape; however, 
preliminary potential-energy-surface calculations [IS], which 
follow the prescription of those presented in Ref. [19], indicate 
a shallow oblate-triaxial minimum for the isomeric state. 
Whilst the spherical pairing estimate offers an impressive 
correlation with experimental data, a deformed shape for the 
isomeric state could be a possibility. In the absence of further 
data on the isomeric state and/or the observation of collective 
states associated with its configuration, it is not possible to 
make a firm conclusion in this respect. Nevertheless, this 
low-lying spherical or oblate-triaxial isomer is distinct from 
the prolate-triaxial structure of the vh n band, which undergoes 
a bandcrossing at higher spin [ 1 ] and forms a rotation-aligned 
vhn <g> n{gi)2 sequence. 

In summary, a previously unidentified isomeric state in 
<wMo has been reported here for the first time. The isomer 
was identified from the study of y-ray spectroscopy in a 
pulsed-beam experiment. Using systematic arguments and a 
simple pairing estimate, the state is interpreted as a maximally 
aligned vlin ® 7r(g?)2 configuration. 

This work is supported by the U.S. Department of 
Energy. Office of Nuclear Physics, under Contract DE- 
AC02-06CH11357 (A.N.L.); the U.S. AFOSR under Contract 
F49620-02-1-0187; the AWE (U.K.); and the EPSRC (U.K.). 
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Introduction 

"But you've no idea what a difference it makes, mixing it with other 
things" [I]. 

In this new age of radioactive beams for nuclear physics 
research, it is timely to reflect on the enduring role of 
nuclear isomers, that is, excited, metastable states of nuclei. 
Heroic experiments with tiny quantities of isomer targets 
point the way toward the wide vistas of isomer beams, and 
new possibilities confront our ingenuity at the interface 
between nuclear and atomic physics. It is the relatively long 
half-lives of isomers that lead to their special status. 

The prediction by Soddy in 1917 [2] that a single 
nuclide might have states that are "different in their stabil- 
ity and mode of breaking up" was soon followed by Hahn's 
observations in 1921 of UZ and UX„ now known as 234Pa 
and 2,4mPa. However, isomers only became well recognized 
in 1936, with von Weizsacker's explanation in terms of 
angular momentum: high angular momentum transitions 
arc slow. So successful were isomers at accounting for mul- 
tiple half-lives that, it can be argued, the discovery of ura- 
nium fission in 1938 had been significantly delayed. 
Isomers went on to be cornerstones of the nuclear shell 
model, and even the collective model owes much to iso- 
mers. A classic example is 180mHf, which decays through a 
sequence of states, interpreted by Bohr and Mottelson [3] 
as having energies characteristic of a quantum rotor. The 
energy gap associated with isomers in even-even nuclides 
also tells us much about the pairing interaction. 

The place of isomers in contemporary nuclear structure 
investigations is illustrated in the following paragraphs. 
Other recent reviews include those of Walker and Dracoulis 
[4,5] and Walker and Carroll [6]. 

Extreme Isomers 
Most isomers can be characterized as shell-model states 

involving one or two—but even up to about ten—specific, 
unpaired nucleon orbitals. The isomer-related orbitals typically 

couple to make higher-spin states than other couplings at simi- 
lar energy, so that isomer decay necessitates the emission of 
high-spin and/or low-energy radiation, resulting in their long 
half-lives. In the case of deformed nuclei with an axis of sym- 
metry, a key feature is the orientation of the angular-momen- 
tum vector, with a projection, K, on the symmetry axis that is 
approximately conserved, leading to the occurrence of K iso- 
mers. The close connection with shell-model orbits means that 
an isomer can be considered to be a "simple" state, with the 
bulk of the wavefunction being well defined. The blocking of 
pairing correlations in multi-particle isomers leads to them 
being, in a sense, even simpler than ground states. Neverthe- 
less, the observed radiations from isomers frequently violate 
selection rules, and there is a sensitive dependence on low- 
amplitude wavefunction admixtures [7]. Some of these fea- 
tures are schematically illustrated in Figure 1. The remaining 
principal class of isomers is that of shape isomers, exemplified 
by fission isomers, where it is a shape change rather than an 
angular-momentum change that is responsible for the long 
half-life. Using an energy-spin representation, as shown in 
Figure 2, the different isomer types can be broadly separated 
by their general origins, although there are overlaps, such as K 
traps being also yrast traps if they lie on the yrast line (the 
locus of states with lowest energy at each spin value). 

Figure 1. Although isomers can be considered to have 
simple shell-model configurations, their decay radiations 
are sensitive to many influences. 
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Figure  2. Schematic representation of isomer types in 

energy-spin space. 

In order to appreciate the range of isomers found in 
nature, we will discuss some extreme examples (see Table 1). 
First, however, a comment is needed as to what half-life is 
necessary for an excited nuclear state to be called an "iso- 
mer". This half-life is ill-defined, but is usually taken to be 
long enough to permit an isomer and its decay radiations to 
be separated from the plethora of "prompt" radiations from 
nuclear reactions. For the purposes of the present discus- 
sion, the minimum half-life is taken to be 5 ns. 

The half-life range in Table 1 covers 33 orders-of-magni- 
tude. The observed decay modes, even from this short list, 
include a (270Ds), (3 (94Ag), y (l52Er), p (94Ag) and 2p (94Ag) 
emission. Note the absence of neutron emission. The l52Er iso- 
mer at !3MeV is neutron (and proton) unbound, but such 
decay is inhibited by the centrifugal barrier. We can speculate 
that neutron radioactivity may soon be discovered from as-yet- 
unknown long-lived isomers in neutron-rich nuclides. 

The extremely low energy, -7.6 eV, of the 229Th isomer 
has attracted considerable attention. One possible applica- 
tion is to test the constancy of fundamental constants [14]. 

An isomer can be longer lived than its ground state. For 
example, there is a factor of about sixty between the ~6ms iso- 
mer in 270Ds and its ~100p:s ground state. Indeed, this feature 
may apply more widely to superheavy nuclides [15] and thus 
could provide significant experimental advantages. Con- 
versely, at the predicted superheavy "island of stability," if 
ground-state half-lives are too long (e.g., 1 hour) for the detec- 
tion of time-correlated single-atom decays, it may yet be possi- 
ble to identify decays from short-lived isomers. Perhaps there 
are already cases where superheavy isomers, rather than their 
ground states, have unknowingly been detected. 

From this brief discussion, it is evident that, aside from 
interest in the structure of isomers themselves, they can serve 
as "tools" or "stepping stones" as we reach out to search for 
exotic phenomena, especially as we explore the limits of 

nuclear stability. Another example is 254No [16] where highly 
excited isomers provide information about orbitals that may 
form the ground-state structure of heavier nuclides: and a 
wealth of new information is coming from projectile-fragmen- 
tation reactions, as performed at GANIL, GS1, and NSCL. 
These reactions produce a vast range of nuclides, both proton 
rich and neutron rich, which can be identified by their mass-to- 
charge (A/q) ratio on an ion-by-ion basis, within about 500 ns 
of their formation. The best sensitivity to nuclear structure, 
through measuring the subsequent decay radiations, is for iso- 
mers that decay on a |ts time scale, which minimizes random 
events. Early work of this kind was already sensitive to iso- 
meric-ion rates of less than one per second, and experimental 
techniques are improving rapidly [17]. 

Isomer Targets 
In principle, isomers can be used for the full range of nuclear 

reactions that are open to ground states. However, there is only 
one naturally occurring, effectively "stable" isomer, 180n'Ta, and 
this is nature's rarest stable nuclide. On the positive side for iso- 
mer experiments, the ground state is unstable and (3 decays with 
an 8-hour half-life, but natural tantalum is only 0.01% l80nTa, 
the remainder being 18lTa. Despite the difficulties, enriched tar- 
gets have been made, even in sufficient quantities for photon 
scattering experiments. Because the stellar nucleosynthesis and 
survival of l80mTa present a long-standing puzzle, the laboratory 
photo-destruction of the isomer, through its ground state, gives 
vital information regarding possible stellar synthesis environ- 
ments. Belie etal. [18] identified single-step photo-destruction 
resonances at photon energies down to lOlOkeV. This was sub- 
sequently shown to fit well with level-scheme information, 
enabling the details of the photo-destruction pathway to be iden- 
tified [19], as illustrated in Figure 3. Note that the minimum 
photon energy of lOlOkeV is, in this case, much higher than the 

Table 1. Examples of extreme isomers. 

Nuclide    Half-lire    Spin (tl)    Energy     Attribute Ref. 

12Be -500 ns 0 

'4Ag 300 ms 21 

'"Er 11ns -36 

,80Ta >10l6y 9 

22Th ~5h 3/2 

270Ds ~6ms -10 

2.2 MeV low mass [81 

6MeV proton decay [9] 

13 MeV high spin and energy [ 101 

75keV long half-life [II] 

-7.6 eV low energy [12] 

-1 MeV high mass [13] 
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isomer energy of 75keV. In addition, multi-step photo-destruc- 
tion at lower photon energies has been predicted to be important 
in stellar environments [20]. 

Radioactive isomer targets have also been made. A 
remarkable case is l78m2Hf, a 31-year isomer at an excitation 
energy of 2.45 MeV. This has a unique combination of high 
energy and long half-life, arising from a K= 16, 4-quasiparti- 
cle configuration. Targets with more than 1014 atoms of 
l78m2Hf have been used for several nuclear physics experi- 
ments, such as deuteron scattering [21], but target impurities 
have limited the quality of the data obtained. Attempts at 
photo-destruction of the isomer have been controversial [22], 
but so far only upper limits have been reliably determined 
[23] in the photon energy range 5-IOOkeV. 

are numerous highly excited isomers with Tln>500ns, sur- 
viving long enough for mass separation and/or ion-by-ion 
A/q identification. A selection of such isomers, with energy 
>2 MeV, is illustrated in Figure 4. 

Pioneering experiments at RIK.EN, Japan, have been 
performed with isomer beams, produced using inverse 
heavy-ion, fusion-evaporation reactions in conjunction 
with a recoil filter. Measurements include the Coulomb 
excitation of a 2|is, K = 8 isomer in mHf [26], and second- 
ary fusion reactions with a 1 |is, 1=49/2 isomer in l4:,Sm 
[27]. However, to date, the limitations of low beam inten- 
sity, low beam purity and poor beam optics have placed 

severe restrictions on the quality of the information that can 
be obtained. Now we are entering a new era for radioactive 
beams in general, and for isomer beams in particular. A key 
aspect for isomer beams will be the ability to separate the 
isomeric states from their respective ground states, and sev- 
eral methods are available. 

An outstanding capability has already been demonstrated 
at ISOLDE, CERN. Copper isomers and ground states have 
been separated by laser resonance ionisation. In the case of 
68Cu, a purified beam of the 1 = 6 isomer (T, 2 = 4m. 722 kcV) 
was accelerated to 200MeV and Coulomb excited by '"°Sn 
target nuclei [28]. A notable feature was the detection of a y- 
ray cascade back to the ground state, bypassing the isomer. 
This ISOL method is best for isomer with T, ;> 1 s. 

Also requiring second or longer half-lives is the storage- 
ring technique developed at GSI for fragmentation reaction 
products [29]. The different orbits of electron-cooled beams 

Isomer Beams 
The question naturally arises, in view of the high intensi- 

ties of radioactive beams soon to be available, as to whether 
isomers would make better beams than targets. Compare the 
background of 105 decay/s from 10'4 atoms of 178m2Hf, making 
up some small fraction of a target, with the near-zero back- 
ground that could be obtained from 106 l78m2Hf ion/s in a puri- 
fied beam. It may then be possible, for example, to look for 
Coulomb excitation, through a 0.33 MeV, E2 transition, to the 
1=14 member of the ground-state band [24], and thereby test 
the high degree of K. mixing that has been inferred by Hayes 
etal. [25]. This would be a form of isomer photo-destruction, 
but now with a substantial energy release (2.45 MeV) com- 
pared to the energy of excitation (0.33 MeV). 

However, a different perspective should also be consid- 
ered. Once isomer beams are under discussion, then I78m2Hf 
is not so special from an experimental point of view. There 
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Figure 4. Chart of nuclides, illustrating a selection of 
highly excited isomers (dots) that are long enough lived 
for secondary-reaction measurements. Naturally occurring 
nuclides are shown as faint squares. 
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have been shown to give the capability of isomer separation 
by insertion of a mechanical "scraper." Alternatively, there 
are special cases such as 2l2Po, where the ground state is 
short lived (0.3 (is) compared to the isomer (45 s) so that a 
2l2mPo beam would already be purified by the time it was 
cooled. Finally, for (is isomers it is possible to use delayed- 
coincidence techniques to select isomer-related events, for 
example by requiring Coulomb excitation y rays to be time 
correlated with y rays that come from the isomer decay. The 
many possibilities need careful evaluation. 

Atomic-Nuclear Interface 
The 7 hour, 1 = 21/2 isomer in 93Mo, at 2.43 MeV, pre- 

sents an unusual situation, illustrated in Figure 5. The struc- 
turally related 17/2 state is just 5 keV higher in energy than 
the isomer. It has been estimated that, in a plasma at a tem- 
perature above 5x 106 K, the isomer decay rate would be 
enhanced by a factor of-106, largely due to the predicted 
NEEC (nuclear excitation by electron capture) process 
[30]. NEEC is the inverse of electron conversion, which is 
well known often to dominate over y-ray emission for low- 
energy transitions, but NEEC itself has yet to be observed 
in any nuclide. The 7 hour isomer in 93Mo seems to be a 
candidate for a radioactive beam with which to explore 
such a process. Indeed, the release of 2.43 MeV isomer 
energy initiated by a 5 keV excitation could have wider 
interest. This is just one example of using an isomer to give 
a prominent signal (several high-energy y rays) when 
excited by relatively low-energy photons. There are many 
more possibilities represented in Figure 4. 

Gamma-Ray Laser 
Isomers have been associated with the quest for a y-ray 

laser, a long-standing dream that is perhaps as challenging as 
the search for controlled fusion power. The first concrete 
suggestions for a laser that utilized nuclear excited states as 
upper and lower lasing levels appeared in the literature in 
1963 [31], following an earlier, previously classified Russian 
patent [32]. It is interesting how soon these works came after 
the first demonstration of optical lasing, but perhaps more 
amazing is that the fundamental recognition that stimulated 
emission was possible in nuclei came as early as 1926 [33]. 

A y-ray laser would require a difficult synthesis of natural 
parameters and technical achievements, a challenge that has 
not yet been surmounted. In any laser, the most basic require- 
ment is a population inversion between paired quantum states 
that serve as upper and lower laser levels. Stimulated emission 
of the corresponding electromagnetic decay transition gives 
the laser radiation, with repeated rc-excitation of the upper 
laser level "pumping" the inversion and repeated stimulation 
of the emission increasing the amplification. Such a repetition 
is unlikely for a y-ray laser, due to the difficulty in providing 
efficient reflection of high-energy photons. 

It is in the preparation of a population inversion that iso- 
mers have been proposed to play a major part. The greatest 
impediment to the creation of a y-ray laser has been the 
inherent conflict (the "graser dilemma" [34]) between the 
pumping of a population inversion and the requirement that 
the linewidth for the lasing transition be maintained as close 
to the natural width as possible. Various methods have been 
suggested by which to preserve the natural transition line- 
width, such as using the Mossbauer effect or laser-cooled 
ensembles, but strong irradiation of a laser material to pro- 
vide an inversion could easily destroy the narrow linewidth. 
A nuclear analogue of the standard four-level laser scheme, 
with nuclei beginning in a long-lived isomer instead of the 
ground state, might reduce the pump fluxes (by photons, 
neutrons, or ions) to a level that preserves the linewidth. So 
far, no system of suitable levels with the necessary transition 
probabilities and lifetimes has been found in any nuclide. It is 
worth mentioning that an extension of atomic processes like 
quantum interference might be possible, eliminating the 
competing absorption of laser photons by the lower laser 
level in a process called gain without inversion [35]. 

The field of y-ray lasers thus remains dependent on fur- 
ther innovation. One key step would be the demonstration 
of isomer energy release induced by low-energy (« 
1 MeV) photons [36]. This is where, as discussed earlier, 
radioactive beams may be needed. 
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Outlook 
It is well recognized that radioactive beams are opening up 

the nuclear landscape. In this brief review, we have tried to 
show that isomers give an added dimension to these radioac- 
tive-beam developments, further extending the nuclear physics 
horizons. Moreover, isomer beams will offer unique possibili- 
ties to explore new physics at the atomic-nuclear interface. 
We must expand our mental horizons, not just our physical 
horizons, if we are fully to exploit the opportunities, and there 
is plenty of scope for new ideas. 
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Abstract 

Mctastable nuclear isomers are central to the study of nuclear structure and their energy storage capability has suggested a variety of 
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1. Background 

Metastable isomers, long-lived' nuclear excited states, 
can store large amounts of energy for significant periods. 
The longest halflife for any known isomer is more than 
1016 years [1] (l80mTa) while the largest stored energy2 is 
2.446 MeV (l78m2Hf), corresponding to a specific energy 
of 1.2GJ/g. Many metastable isomers, particularly those 
in A ~ 180 nuclei, are characterized by large values of 
angular momentum. This reflects the presence of nucleon 
orbitals of high intrinsic angular momentum near the cor- 
responding Fermi levels, so that high spins can be obtained 
at relatively low excitation energy. The result is that these 
long-lived isomers are typically yrast3 and the paucity of 

Tel.: -1 330 941 3617; fax: +1 330 941 3121. 
E-mail address: jjcarroll@cc.ysu.edu 

1 Isomers of interest herein are excited states with half-lives longer than 
one day. 

2 Nuclear data herein are taken from [2] unless indicated otherwise. 
3 The lowest-energy state of a given angular momentum is defined to be 

yrast, a standard term from nuclear structure physics. As such, an yrast 
state has only levels of lower angular momentum to which it can decay, 
limiting the number of available decay branches. 

0168-583X/S - see front matter © 2007 Elsevier B.V. All rights reserved. 
doi:K).IOI6/j.nimb.2007.04.128 

levels to which they can decay through low multipolarity 
transitions leads to their metastable nature [3], 

Isomer decays and transitions feeding isomers can pro- 
vide valuable insight into nuclear structure (see, for exam- 
ple [4]). In general, isomers are central to the study of 
nuclei and have been instrumental in many important dis- 
coveries (see the review of [5]). In addition, the energy-stor- 
ing capability of isomers has led to their consideration for 
various potential applications [6]. This has given added 
impetus to studies of electromagnetic transitions involving 
isomers [7]. 

The consideration of applications for isomers begins 
with the question: What could one do with a "clean" 
source of nuclear energy? No doubt this question was first 
posed long before the discovery of nuclear isomerism in 
1921, but nevertheless motivates the search for induced 
energy release from isomers. Such an energy release may 
also be termed induced isomer depletion or triggered 
gamma emission. The answer to this question is beyond 
the present scope, but clearly leads to other questions: Is 
natural decay sufficient? If not, how could a release of 
nuclear energy be caused upon demand? What does "clean" 
mean when considering some particular application? Even 



J.J. Carroll I Sucl. Instr. and Meth. in Phys. Res. B 261 (2007) 960-964 961 

intermediate state 

cascade 

depletion 
transition 

isomer 

ground state 

f-"ig. 1 Schematic depicting a process of induced isomer depletion. An 
isomeric nucleus is first excited to a higher-lying intermediate state. In 
addition to the back-decay to the isomer, the intermediate state must 
possess a decay branch that leads to a cascade that bypasses the isomer. 

without a full definition, it would seem that a "clean" 
energy release would likely exclude fission and fusion reac- 
tions, producing numerous radioactive by-products, and 
leads to a consideration of other forms of energy storage 
in nuclei. 

As early as 1926 [8] the possibility of stimulated emis- 
sion of nuclear transitions was recognized. This was fol- 
lowed much later by more direct proposals for a y-ray 
laser [9]. It was realized that the well-known four-level laser 
scheme might be obtained in nuclei by starting with a pop- 
ulation in an isomeric state. Thus, isomers became a focus 
as the possible basis for controlled, on-demand energy 
release from nuclei via electromagnetic radiation. Analo- 
gous to optical pumping of lasers, there was also a concen- 
tration on inducing isomer depletion with photons. 

The proposed mechanism of energy release, which 
would deplete the population of an isomer, is shown in 
Fig. 1. The process would not enhance isomer decay, but 
would bypass the metastable state's slow decay transitions. 
It might be expected that the necessary transitions could be 
identified simply by going to the existing nuclear databases. 
This is, unfortunately, the exception instead of the rule. 

2. "Storage" isomers 

About 30 isomers are known with half-lives longer than 
one day, as given in [7]. These may be considered as "stor- 
age" isomers. The metastable state of l80Ta is the archetype 
of the spin isomer, where electromagnetic decays are inhib- 
ited by large changes in the magnitude of angular momen- 
tum needed to reach lower-lying levels. The isomer is 
characterized by f = 9 while the ground state possesses 
f = I . An electromagnetic decay from isomer to 
ground-state would therefore be a magnetic 28-pole transi- 
tion, with corresponding small probability. The excitation 
energy of the isomer is 75 keV above the unstable 
ground-state (T\/2 = 8.2 h), which decays by electron cap- 
ture or p~ emission. 

The T\ii = 31 year isomer l78m2Hf is an example of a A 
isomer. The l78Hf nucleus is prolate with axial symmetry, 
as is typical mid-shell. Thus, the relative orientation of 
the angular momentum vector is quantized by A, its projec- 

tion along the symmetry axis. Natural decay of Hf 
occurs through electromagnetic transitions beyond the 
dipole, but which also require larger changes in the orien- 
tation of angular momentum. Intrinsic (single-particle) 
excitations in deformed nuclei form rotational bands as 
in diatomic molecules. The 178m2Hf isomer is an intrinsic 
level with J* = A* = 16 and its dominant decay branch 
is a 12.7 keV transition to the f = 13" level in the rota- 
tional band built upon a f = A* = 8~ intrinsic state. The 
decay multipolarity is L = 3, but the E3 transition is A-for- 
bidden since AA = 8, giving an excess v = AA — L = 5 ori- 
entation change. Due to mixing mechanisms, the transition 
is not truly forbidden, but is instead hindered by a factor of 
/ = (66)5. The reduced hindrance,/ varies among nuclei 
and even for different transitions in the same nucleus, but 
is typically on the order of 100 for A ~ 180. Large changes 
in A provide the dominant cause of metastability for iso- 
mers like l78m2Hf, thus the term A isomer. 

In all cases, metastable isomers serve as reservoirs of 
energy and may prove to be useful as batteries of high 
intrinsic energy density. With the exception of naturally- 
occurring isomers like 180mTa or those arising in the decay 
of terrestrial ores, isomers must be produced artificially and 
thus are not true energy sources. 

3. Experimental search for induced isomer depletion 

Due to its exceptional halflife, l80mTa is present in all 
naturally-occurring tantalum and thus is available for 
study. The 180Ta ground-state is unstable and exists only 
in equilibrium with the long-lived isomer, so this material 
is a fully-inverted medium in the parlance of laser physics. 
The first concrete demonstration of induced depletion was 
obtained in 1987 [10] using 6 MeV bremsstrahlung. 

The convenient halflife of l80gTa makes activation 
experiments possible, in which spectroscopy is performed 
out-of-beam. It was found [10] that after irradiation, the 
sample exhibited radiation signatures from the daughters 
of 180gTa and that this radiation decayed with a halflife 
of 8.2 h. In 1990, the variable-energy S-DALINAC elec- 
tron accelerator was utilized to investigate the energy and 
cross-section required for this process. Within the experi- 
mental limits, it was demonstrated [11] that the depletion 
was induced strongly by photons near 2.8 MeV, with an 
integrated cross-sections on the order of 100 eV b. Later 
experiments [12] increased the sensitivity of the measure- 
ment, confirming the previous result and adding seven 
other energies at which the depletion occurred. Although 
a surprising result, the cross-sections were in agreement 
with nuclear systematics [13]. 

Induced depletion of l80mTa has been conclusively dem- 
onstrated and confirmed by independent experiments (for 
example [14]). The conclusion for applications of this iso- 
mer is straightforward: the lowest energy needed to induce 
the depletion is about 1 MeV while the energy stored in the 
isomer is 75 keV. Even considering the additional energy 
released by   80gTa decay, the process cannot provide an 
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intermediate state 
Proposed,80"' Ta 
depletion path 

1.085 

K = 5 
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depletion 
transition 

   75 

ground state 
K = 1 

Fig. 2. Partial level scheme for l8"Ta, adapted from [14.15], showing the 
proposed identification of a known excited state with the lowest-energy 
intermediate state for isomer depletion [11]. Energies are in keV. 

energy source. The results nevertheless proved the general 
scheme of Fig. 1 and suggested looking at higher-energy 
isomers. From the perspective of nuclear structure, the 
results are more difficult to understand. 

At the time of the 1987 and 1990 experiments, level data 
for 180Ta were not sufficiently detailed to provide signifi- 
cant a priori guidance as to what states might participate 
in isomer depletion. The situation is not much different 
today, despite tremendous advances in nuclear spectros- 
copy. The most complete examination of l80Ta to-date is 
that of [15] and Fig. 2 shows a partial level scheme adapted 
from that work and [16]. Also shown is the lowest-energy 
intermediate state for isomer depletion [12] at 1085 keV. 
The proposed identification of a known level with this 
intermediate state may comprise a real connection between 
nuclear structure and isomer depletion. Even so, experi- 
ments have thus far failed to detect the back decay that 
must occur from intermediate state to isomer. The transi- 
tion probability appears to correspond to a quite low K 
hindrance [16] despite v = 3, suggesting significant mixing 
of the K quantum number for the intermediate state. 

The 31-year isomer 178m2Hf stores far more energy than 
l80mTa. Not naturally-occurring, samples containing 
i /8m2j_||- trace tnejr lineage to two productions, by fusion 
evaporation [17] and proton spallation [18]. The former 
material is of far greater purity (about 5% isomer-to- 
ground-state ratio), but in lesser quantity. First experi- 
ments to search for induced isomer depletion were 
performed at CSNSM, Orsay, France, in 1996 and 1997. 
Results have not been released to-date from either test.4 

Beginning in 1998, experiments were conducted to test 
depletion of Hf by real photons with energies less than 
100 keV. Many papers in the literature claim positive evi- 
dence of an induced energy release initiated by real photons 
near 10 keV. As surveyed in [20], all such claims originated 
from one group while independent studies by other groups 

4 The experimental scheme was proposed in [19] and supported on-site 
at Orsay in 1996 and 1997 by co-authors Carroll. Collins and Karamian. 
Recorded data were retained by the Orsay group. 
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2' 
0* 
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Fig. 3. Partial level scheme for 17sHf. adapted from [4], showing the 
proposed identification of intermediate states for depletion of the 31-year 
isomer. Energies are in keV. 

found no evidence of this effect. Further reports in support 
of this effect (again, by the same group) and detecting no 
effect (independent groups) since [20] may be found in 
[21-24]. Additional tests were performed in 2003 and 
2004 at the SPring-8 synchrotron, site of many of the 
claimed positive results and have found no evidence of an 
induced depopulation of l78m2Hf by photons at the 
reported energy.5 The question has been raised as to why 
independent groups have failed to observe the claimed 
effect. The inverse question is equally valid: why does one 
group continue to see the claimed effect? The interested 
reader is encouraged to examine the literature and form 
an independent assessment. 

Available nuclear structure information for Hf does 
not indicate a level within about 17 keV above the 31-year 
isomer, but this does not completely preclude the existence 
of such a state. Highly A"-forbidden transitions would be 
expected to be small branches and therefore difficult to 
identify in spectroscopic experiments even with the most 
advanced gamma arrays. Only recently have experiments 
been conducted [4,25] that identify potential intermediate 
states and depopulation paths for l78m2Hf, as shown in 
Fig. 3. Coulomb excitation (i.e. virtual photons) was used 
to study the population of excited states in 178Hf from a 
ground-state target and determined that some levels in 
the ground-state band had small y-ray branches directly 

Results being prepared for submission in 2007 to PRL. 



J.J. Carroll I Nucl. Inslr. and Mali, in Phys. Rex B 261 (2007) 960-964 963 

to the 31-year isomer. The reduced transition probabilities 
were near 1 W u, implying strong mixing of high-K compo- 
nents into low-A" levels in the ground-state band above 
J = \2. These transitions would permit depletion of 
l78m2Hf if an isomeric target was irradiated. The results 
are a triumph of modern nuclear structure research as 
related to a search for induced energy release from isomers. 
Nevertheless, no depletion experiment has been performed 
so far to test these transitions. The potential depletion tran- 
sition of lowest-energy requires 332 keV. 

Similar situations may be found for other metastable 
isomers of interest, such as ,77mLu (£* = 970 keV, Ty2 = 
160 days) and 242mAm (£* = 49keV, r1/2 = 141 years). 
The most detailed structure information for l77Lu was 
obtained in 2004 [26] and three transitions were observed 
that feed the isomer directly from higher levels. For possi- 
ble intermediate states, these higher levels unfortunately 
have no known decay branches that bypass the isomer. 
As in many cases, nuclear structure information provides 
only limited guidance to the design of experiments on 
induced depletion of this isomer. 

The long-lived 242"'Am isomer is interesting for a num- 
ber of reasons. The isotope is odd-odd, so its level structure 
should be very rich, yet the available nuclear data is rather 
sparse. Decay of the 16-h ground-state would initiate a ser- 
ies of energy-releasing transmutations. And an excited state 
is known to exist just 4.3 keV above the isomer, reachable 
by a thus-far unobserved E2 transition. The corresponding 
transition probability should be very small due to K hin- 
drance, but there may be a close match in energy between 
this 4.3 keV nuclear transition and an atomic transition 
[27]. The well-known NEET process might concentrate a 
broad atomic excitation into the narrow nuclear transition. 
Recently, an experiment was performed to study the 
nuclear structure of 242Am using Argonne National Labo- 
ratory's ATLAS accelerator and Gammasphere, coupled to 
the CHICO charged-particle detector. Preliminary analysis 
[28] suggests some possible depletion paths, resulting from 
the observation of numerous new levels and transitions. 

4. New approaches 

Research into nuclear structure is only beginning to pro- 
vide real guidance to the search for induced isomer deple- 
tion. This is largely due to the use of advanced detector 
arrays with greater sensitivity to weak transitions. In the 
future, more direct tests of isomer depletion will likely take 
place, but must rely on the ability to obtain either isomeric 
targets or isomeric beams of sufficient purity. Pure isomeric 
targets are extremely difficult to obtain, so the next major 
step will probably rely on the production of isomeric 
beams. One recent proposal [29] describes an experimental 
scheme utilizing a l78Hf beam enriched in the 31-year iso- 
mer to perform Coulomb excitation. And the most exciting 
possibilities lie with pure isomer beams produced by ISOL 
or other methods, as reviewed in [30]. A major advance was 
made recently at REX-ISOLDE, where 68mCu was sepa- 

rated by selective photoionization. Coulomb excitation of 
the resulting isomer beam demonstrated an induced deple- 
tion [31]. 

5. Summary 

The techniques of modern nuclear structure studies are 
very advanced, yet are only now reaching the level of sen- 
sitivity necessary to support investigations of induced 
energy release from isomers. Only in a few instances is it 
possible to predict a priori what levels might serve as inter- 
mediate states for isomer depletion. The next generation of 
experiments, using isomer beams, will allow more direct 
tests of these processes and the underlying physical 
mechanisms. 
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An experiment has been performed to detect the a emission mode in l7SHf"2 isomer decay and a partial half-life 
of(2.5±0.5) x 10 y was measured. It was concluded that a decay is strongly retarded by the centrifugal barrier 
arising due to the high spin of this isomeric state. Additional analysis shows, however, that the AT-hindrance in 
this a decay is relatively weak, despite the strong manifestation of spin-hindrance. 

DOI: IO-1103/PhysRevC.75.057301 PACS number(s): 23.60.+e, 21.10.Tg, 27.70.+q 

Electromagnetic decay of the noted 31-year-lived isomer 
l71fIIf": has been studied extensively (see Ref. [1] and 
references therein). The level structure of this isotope was also 
examined using spectroscopic techniques in many reaction 
studies, such as those of Refs. [2,3]. Until now, however, 
a decay of this isomer has not been observed. 

A scheme of the process according to the tabulated data of 
Refs. [4,5] is given in Fig. I. A maximum energy release in 
the a decay corresponds to the transition from the isomeric 
level to the ground state in the daughter l74Yb nucleus. 
The value of Qu — 4.53 MeV allows a decay with a 
half-life on the order of days, much shorter than that due to 
electromagnetic decay. However, the isomer-to-ground state 
a decay spans a 16-unit change in angular momentum and 
should be strongly suppressed by the centrifugal barrier. 
Additional staicture hindrance may arise due to the ATquantum 
number as AK — 16 for this transition. The total Qu for 
decay of the ground and first isomeric (ml) states of l78Hf 
are relatively low and should correspond to very long a decay 
half-lives according to the known systematics. 

For mid-Z elements, alpha decay is typically observed for 
short-lived neutron-deficient isotopes. Considering elements 
ranging from Nd to Pb and isotopes thereof bounded by the 
magic numbers N > 82 and Z ^ 82, a decay energies Ea 

to specific daughter states are known. In many cases the 
corresponding partial a decay half-lives have been measured 
[5], The hafnium isotopes lie in the center of this range 
of nuclides, having well-deformed axially symmetric prolate 
shapes, and it can be expected that they should obey the 
semi-empirical systematics. 

A Geiger-Nuttall plot [6] is shown in Fig. 2 for even-Z 
nuclei, evidencing a nearly linear dependence of log(7"/2) on 
the square root of Q(J. There is a small curvature to the plots, 
but this occurs over many orders-of-magnitude. The systematic 
behavior is valuable for estimating the unmeasured half-life of 
a nuclide for which Qa is known. This is the initial basis for a 
prediction of the a decay half-life of l78Hf"2. Geiger-Nuttall 
systematics, however, reflect well-allowed decays and do not 
account for staicture or angular momentum hindrances. In 
a decay of l78Hf"2, the high-spin of the initial state should 
strongly influence T",2 . 

Hindrance factors in a decay of odd-mass nuclei were 
discussed in Ref. [7], being given by the ratio of the measured 

7"i/2 to an expected magnitude based on known values for 
a transitions without spin change, typically in neighboring 
even-even nuclei. This approach combines hindrances arising 
due to different physical reasons. However, in principle, 
one may distinguish "macroscopic" and "spectroscopic" hin- 
drances. The first hindrance arises in the case of particle emis- 
sion with non-zero orbital momentum due to the centrifugal 
barrier. The second one reflects a structure hindrance due to 
the re-arrangement of single-particle orbits and of the nuclear 
spin orientation. 

For electromagnetic decay, structure hindrances are typ- 
ically isolated in reference to the standard decay rate the- 
oretically predicted for transitions of known energy and 
multipolarity. In deformed nuclei such "K hindrances" were 
determined successfully for many transitions and the reduced 
hindrance factors were systematized. The latter parameter 
describes, in definition, the retardation factor reduced to one 
unit of the (AA" — k) value, where k is a multipolarity of the 
transition. 

Here we extend this scheme to a decay. The a decay 
of l78Hf": seems ideal for this development, having strong 
changes of both spin and K in a transitions to the yrast band of 
l74Yb. Such transitions are selected as they possess the highest 
Qa values (see Figs. I and 2). We first use the empirical 
systematics of Fig. 2 to estimate a decay half-lives without 
hindrances, next construct a systematic description for the spin 
hindrance from the centrifugal barrier, and then compare the 
"predicted" half-life with the measured one to determine the 
/^hindrance. 

A centrifugal barrier arises for any a transition with spin 
change. For isolation of a corresponding retardation factor, 
consider experimental data on a decay when the K quantum 
number makes no effect. Recall that K is defined as the 
projection of the angular momentum vector / on the symmetry 
axis. It does not exist in near-magic spherical nuclei or in nuclei 
with nonaxial shapes. For evaluation of the spin-hindrance, we 
assume that K does not exist and the a decay rate for transitions 
between initial /, and final lt states may be expressed 
as 

Na,\n2 

m|) 
(1) 

0556-2813/2007/75(5)/057301(4) 057301-1 ©2007 The American Physical Society 
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FIG. I. a decay scheme for l78Hf nuclei in the ground and 
isomeric states. The Qa values were deduced from the nuclear mass 
tables [4] and the level energies and angular momenta from Ref. [5]. 
The presently measured absolute intensity is given for a decay of the 
ml level to be 1.2 x 10 ''. 

where Q'J is the transition energy, m is the projection of 7/ 

along the direction of /,• , Nal is the number of decaying nuclei 
and T"n(Q'J ) corresponds to a value from Fig. 2 that depends 

only on Q'J and assumes zero spin change. The F(|/, —m\) = 
F(t) is defined as the spin-hindrance factor and depends only 
on the difference in spins between initial and final states. If 
/, = 0, the sum in Eq. (1) may be replaced by the spin volume 
factor (21 f + 1) divided by F(Ij). 

Data exists in the literature on the relative intensities for 
branches of a decay for ground states of even-even nuclei that 
reach levels in the ground-state band of the daughter nuclide. 
The initial and final states are characterized by A" — 0 so it 

fc-    10 

1.4      1.6      1.8     2.0      2.2     2.4     2.6 

(Qj"2 [MeV"2] 

FIG. 2. Geiger-Nuttallsystematicsofa decay half-lives for nuclei 
in the range of Z = 60-82. 

was possible to isolate the spin-hindrance factor at A/ — 11. 
Data [5] for 230Th and 238Pu were analyzed using Eq. (1) and 
the corresponding Geiger-Nuttall curves. With this procedure, 
values of the spin hindrance function F(t) were characterized 
up to I - 8. 

For a decay of l78Hf"2, the spin difference could be as 
high as A/ = 16, so the F(£) values extracted from Th and Pu 
are insufficient. To extend F(C) to higher spin differences, data 
were used for a decay of the high-spin isomers:' '"'Po (25/2f), 
2i2mPo (18+) and 2i4m2Rn (81 (  These nuclej demonstrate 

pure manifestation of spin hindrance in a decay. They are 
near-magic nuclei so their a decays proceed without structure 
retardation. 

For each of these nuclei, a ratio was taken between the 
isomer's half-life for a decay giving a specific A/ and the 
ground state's a decay halflife for a specific A/. This ratio 
of half-lives was then related to the difference between the 
spin changes caused by the isomer and ground-state a decays 
to determine F(t). The difference between spin changes was 
not so large for 2llPo: even though a branch of the isomer's 
a decay provides as much as A/ = 12, the ground state a 
decay causes A/ = 4. However, for 212Po and 2l4Rn the spin 
difference is equal to the spin released in the isomer decay. In 
this manner, Eq. (I) was used to obtain F(t) up to i' = 18 and 
confirming the I ^ 8 values. 

Figure 3 shows the extracted F(l) function. The magnitude 
of this hindrance is very high for t up to 16, of importance 
for the estimation of a decay of the /" = 16{ l7sHf": isomer. 
By analogy with electromagnetic decay, one can introduce 
a reduced hindrance factor / for a decay according to 
F((.) — f, also given in Fig. 3; despite the scatter the trend 
suggests a choice of / = 6.8 for high £ numbers. Thus, the 
necessary components are now available to obtain a reliable 

FIG. 3. Spin hindrance F{t) versus angular momentum taken by 
the emitted a particle (bottom panel) and the reduced hindrance / 
(top panel). Three points marked as -l2'"Po correspond to different 
branches of its a decay. 

057301-2 



BRIF.F REPORTS 

the 
17-4 

TABLE I. Estimated partial half-lives for or decay of 
^-tf"'  t^ninnr In lf»vr«l*: in th/» cTronn/t-vl.nlp hnrtn1 r\f i l7SHF"~ isomer to levels in the ground-state band of 

Yb. The calculations are discussed in the text. 

Transition /, —• I f Ea [MeV] T'ii M 
I6+ -> 0* 4.43 8.6 x 1010 

16* ->2* 4.35 3.0 x 10" 
16+^4 + 4.18 3.4 x 10* 
16+ -» 6+ 3.91 1.2 x 108 

16' — 8* 3.56 2.8 x 10* 
16' — 10 3.12 2.7 x 109 

Id' — 12H 2.61 7.2 x 1010 

16+ -> 14* 2.03 5.5 x 1013 

estimate of the a decay half-life of 178HP2 based on empirical 
information. 

The partial a decay half-lives, T"'J, are given in Table 1 

for the transitions from the /" = 16+ l78Ilf isomeric state to 
levels in the ground-state band of l74Yb with l*f = 0+-14*. 
The values in the table were obtained using Eq. (1) where 
the dominant contribution in the summation corresponds 
to the minimum A/. This occurs because F(t) is a very 
steep function. The shortest half-life is expected for decay 
that reaches the 6* level of the daughter, giving the optimum 

product of T°,l(Qa) and F(t). Using the partial half-lives, 
the total a decay half-life is estimated to be T",-, — 6.4 x 

107 y. The a decay represents a low-intensity branch compared 
to electromagnetic decay of the isomer, thus requiring a 
sensitive measurement. 

A source of l78uf"2 containing about 3.5 x 1013 atoms 
with isomeric nuclei was prepared about ten years ago [8] 
at the Flerov Laboratory of Nuclear Reactions, JINR. The 
hafnium fraction was chemically isolated from the enriched 
l7('Yb target after exposing it to a 36-MeV 4He-ion beam. The 
hafnium fraction containing 17xHf"'2 activity was deposited 
onto a Be foil and formed a hafnium oxide layer; no hafnium 
carrier was used in the chemical preparation. The thickness of 
the layer was small, definitely allowing small energy losses for 
transmission of a particles. The only hafnium in the material 
was that produced by nuclear reactions within the high-purity 
and highly-enriched l7ftYb target. The purity of the hafnium 
material was guaranteed by several methods [8], including 
neutron activation analysis. 

A first measurement was performed using a Si surface 
barrier (SSB) detector with active area of 14-mm diameter. 
The l7snf"2 source was placed in vacuum at 10 mm from 
the SSB detector. The absolute efficiency of the detector was 
calibrated using a na,U sample and the energy resolution was 
found to be better than 50 keV. The l78Hfm2 source was kept 
for two weeks in the chamber, pumped twice per week by a 
dry system. A spectrum of a particles was collected and a 
background spectrum was also measured during a two-week 
period under identical conditions, but without a source. 

Single events were observed in both spectra. An a energy 
range from 2.0-4.5 MeV was selected so as to cover all 
branches listed in the table. The total number of events within 
the selected range was obtained for the "effect" spectrum (with 
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source) and the "background" spectrum (without source). 
Subtracting the "background" number from the "effect" value 
gave Na = (—17 ± 25) as the number of a decays from 
the 178Hf" source during the two-week period. Correcting 
to the detector efficiency, one obtains an upper limit for 
a emission from the source at ^ I alpha per 3 hours. This 
gives 77% > 6.6 x I09 y for I7sHf"2 and a /(-hindrance factor 
>100. 

No statistically-significant emission, above background, 
was detected within the entire range of energies from 2 
to 9 MeV. The background level must be attributed to 
contamination of the vacuum chamber, etc.. which were 
composed of regular technical materials like stainless steel. 
It was decided to employ a more sensitive detection method 
rather than to attempt an improvement of sensitivity with SSBs 
by increasing the acquisition time, installing multiple detectors 
or preparing a more purified vacuum chamber. 

Low-background charged-particle detection has been 
known for decades using solid-state track detectors. This 
approach is well-developed and has been calibrated by many 
groups, including at JINR (see Refs. [9,10]). In the present 
experiment for a detection, CR-39 foils were used as produced 
by "Track Analysis Systems Ltd, UK." These detector-quality 
foils were produced from very pure materials and contain 
no a active contaminants. Thus, in measurements with these 
foils the only source of background could be by penetration 
of radon. The track detector foil is provided with a clean 
polyethylene film cover to exclude radon. The film is removed 
prior to use. During experiments, the foils must remain isolated 
from the surrounding air. Thus, the l7KHf": source was pressed 
between two clean CR-39 foils and carefully wrapped by 
plastic. The sandwich was then sealed for months within a 
plastic box since plastic materials contain less contamination 
from U and Th than metal packing. 

Tracks due to a particles appeared in the exposed detector 
foil after etching the foil to develop those tracks. The 
tracks were counted by visual registration using an optical 
microscope. The foil facing the source had an a detection 
integral efficiency of about 80% from In, according to 
previous calibrations. The rear-positioned foil was useful to 
determine the background. 

After seven-months exposure to the source, the surfaces of 
the exposed CR-39 detector foils showed moderate damage. A 
rough spot was present on the foil past etching, seen directly 
by the naked eye in the region where the active material was 
placed. This diffuse damage was interpreted as being caused 
by a high flux of low-energy electrons emitted from the source. 
Tracks of a particles were nevertheless discerned and counted, 
but it was decided to reduce the electron-induced damage to 
the foil surface. 

Additional series were carried out in which detector foils 
were exposed to the hafnium source for shorter periods of I 
and 3.5 months. The etching time was slightly shortened as 
well to minimize the development of the diffuse damage spot. 
Under these conditions the degree of damage on the surface 
of the detector foil due to electrons was significantly reduced. 
Tracks of a particles were observed clearly and in accordance 
with their standard configuration. The total number of tracks 
within the area in contact with the active spot of the source 
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was integrated and was consistent with the number found in 
the first experiment with CR-39 when normalized for time. 
The region in the facing foils away from the source, without 
exposure to a particles, was also examined to determine the 
level of background. 

Complementary background measurements were per- 
formed with similar CR-39 foils kept in the same environment 
and placed in contact with various non-a active foils including 
a Be foil similar to that which served as substrate for the 
hafnium source. The background was also measured without 
any material in contact with a detector. In all cases, the 
background track densities were statistically identical and also 
identical to the value obtained from the detector foil used with 
the hafnium sample (facing the sample), but away from the 
active spot. 

The background track number was measured with good 
statistical accuracy to be 160 events and was then used to 
define the excess of counts due to the presence of the l78Hf"2 

activity. The three exposure runs covered a total duration of 
about one year and the results were integrated to deduce 307 
excess counts due to a activity of the source, giving 2. la/day 
after time and efficiency correction. During the measurement 
period, the number of 17xHf" 
that 

nuclei was about 2.8 x 10   , so 

T"/2 = (2.5 ± 0.5) x IO'V (2) 

This significantly improves the estimate of Ref. [11] of 
Tfo >"6 x 108 y for l78Hf"2. The present measurement 
error exceeds a 10% statistical error since systematical errors 

could not be excluded, for instance, due to the uncertainty in 
the efficiency of detection. Spectral information on ]1H\\f"2 a 

decay is based only on the theoretical values given in the table 
as the experiments did not allow groups to be distinguished in 
the a spectrum. 

The measured 7"",., is larger than the estimated value by 
a factor of 390. One can interpret this as a manifestation of 
K hindrance in a decay. A K hindrance of only 4 x I02 is 
quite low for a decay of l78Hf"2. For example, one of the 
dominant decay branches seen in the table reaches the 6' 
level in l74Yb via a transition with degree of K forbiddenness 
v = (AK — A/) = 6. In comparison, the corresponding spin 
hindrance F(H. — 6) ~ 105 is seen in Fig. 3. This suggests 
that in reality K hindrance is weakly manifested in a decay of 
178Hf"2 and the K quantum number plays a relatively small 
role. 

A theoretical analysis of a decay half-lives is given in Refs. 
[12,13]. For the ground state of l78Hf, Tfc ~ 5 x 1023 y was 

found [12]. The measured value for the l78l|f2 isomer is much 
shorter, T"r = 2.5 x 1010 y. This is the sustained manifestation 
of the gain in Qa value due to the 2.446-MeV excitation energy 
of the isomer as shown in Fig. 1. The retardation of a decay 
by angular momentum creates a factor of many orders-of- 
magnitude and, after accounting for this effect, a relatively 
weak K hindrance was deduced from the experimental T"n 

value. 
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The quasistable odd-odd-mass nucleus l76Lu is of special interest in nuclear structure physics and. above all, 
in nuclear astrophysics. Systematic photon scattering experiments have been performed at the bremsstrahlung 
facility of the 4.3-MV Stuttgart Dynamitron accelerator with bremsstrahlung end-point energies of 2.3 and 
3.1 MeV to determine the low-energy dipole strength distribution in the s-only isotope 176Lu. The main goal was 
to pin down possible intermediate states (IS) for the photoactivation of the short-lived 123-kcV isomer. which 
is the key process determining the effective lifetime of l76Lu in a stellar photon bath and hence for the use of 
this isotope as a stellar chronometer. Using an enriched sample, 29 transitions ascribed to 176Lu were detected 
below 2.9-MeV excitation energy. The corresponding excitation strengths were determined. For the previously 
proposed lowest IS at 839 keV, an upper limit for the excitation strength corresponding to a lifetime of T> 

1.5 ps can be given. Aslrophysical consequences, also in view of new Stuttgart photoactivation experiments, arc 
discussed. The fragmentation of the dipole strength is compared to those in neighboring even-even and odd-even 
nuclei. 

DOI: 10.1 l03/PhysRevC.75.034301 PACS number(s): 25.20.Dc, 21.10.Re, 23.20.Lv. 27.60.+J 

1. MOTIVATION AND INTRODUCTION 

The isotope l7(,Lu is one of the only nine known stable or 
quasistable naturally occurring odd-odd mass nuclei. It has 
a ground-state spin of J{" — 1 (K = 7) and decays by ft 
decay with a long half-life of about 4 x 10'° yr [1,2] to l76IIf; 
see Fig. 1. In addition, a low-lying J" = 1 , K = 0 isomer 
occurs in l76Lu at an excitation energy of 123 keV with a 
half-life of only 3.635 h, which decays also by ft transitions 
to Hf. Such large spin differences of low-lying levels are a 
common characteristics in heavy odd-odd nuclei and originate 
from aligned and antialigned couplings of the unpaired protons 
and neutrons in high-spin Nilsson orbits. In the case of l76Lu 
these are the jr7/2< [404] and vl/2  [514] orbits [3], 

Due to the long half-life of about 40 Gyr and the fact 
that the isotope is shielded against an /-process synthesis, 
l76Lu was suggested as an appropriate s-process chronometer 
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[5—7]. Flowever, answering the question to what extent '7<>Lu 
can serve as a cosmic clock or represents more a stellar 
thermometer is complicated due to its nuclear structure and 
depends critically on a possible photoexcitation of the 1" 
isomer, and its subsequent short-lived 3.635 h ft decay, within 
the photon bath of a stellar s-process scenario [7-12]; see 
Fig. 2. Therefore, the electromagnetic coupling between the 
ground state and the low-lying isomeric level via low-lying 
intermediate states (IS) is of fundamental importance for 
the nucleosynthesis of l76Lu and for tests of stellar models 
[7,13-15]. 

IS can be determined from the kinks in the yield curves 
observed in photoactivation experiments using bremsstrahlung 
photon beams (see, e.g., Ref. [16]). However, in such 
experiments the energy determinations are limited to an 
accuracy of about ±30 keV [16]. Moreover, in photon scat- 
tering experiments (nuclear resonance fluorescence (NRF)) 
the excitation energies of such IS can be measured with 
accuracies of better than I keV. Therefore, as a first part 
of joint efforts to investigate the photo-induced population 
of the 123-keV isomer in l76Lu (photon scattering and 
photoactivation experiments), systematic NRF studies on 
176Lu were performed at the Stuttgart facility to measure 
the strength distributions of low-lying dipole modes and of 
possible IS. In addition, the combination of photoactivation 
and photon scattering experiments provides new information 
on the branching ratio rjso/ro, for the population of the isomer 
via the IS, and the IS decay back to the ground state, even 
without knowledge of the spin 7IS and the total width T of 
the IS. 

0556-2813/2007/75(3)/034301(6) 034301-1 ©2007 The American Physical Society 



s. WAI: 

HI 

FER et nl. 

r i 

7 

i2- 3.64 h 

; - 3.68xlO'"yr 

123 keV 

0.00146% 248 keV 

OkeV 

0 0.34 %     8" 

176 
70    " 

176 
71Lu 

ET= 1159 keV 

998 keV 

\i 
99.66 %    6* 597 keV 

61 % 

-r 290 kc\ 

2- 8N ke\ 

39 %            ,     0* o u.v 

> 

FIG. I. (Color online) Decay scheme of l76Lu. Theisomeric state 
as well as the ground state both decay by fi~ decay primarily to 
"*Hf[2,4]. 

A further goal of the present investigations was to study 
for the first time the fragmentation of the low-lying dipole 
strength in an odd-odd nucleus with a high ground-state spin as 
compared to those in its neighboring even-even and even-odd 
nuclei. 

The present NRF measurements were complemented by 
photoactivation experiments of highest sensitivity to study 
directly the population of the low-lying I - isomer at 123 keV. 
The obtained results will be presented and discussed in a 
forthcoming article [17]. 

II. EXPERIMENTAL TECHNIQUES 

A. The nuclear resonance fluorescence method 

Photon scattering of bound states, nuclear resonance 
fluorescence, represents the most sensitive technique to 
study low-lying dipole excitations. The formalism describing 
photon scattering is summarized in previous reviews (e.g., 
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FIG. 2. This level scheme shows a possible coupling between the 
ground state of' 7"Lu and the isomer at 123 keV via the IS at 838.6 keV 
with a spin of 5" and quantum number K = 4~ (see Ref. [9]). 
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Refs. [18-20]). In experiments using continuous bremsst- 
rahlung as a photon beam the total cross section integrated 
over one resonance and the full solid angle is measured: 

's.f 
he r«r 0' / 

(I) 

Here To, r f, and V are the decay widths of the photo-excited 
state with spin ./ to the ground state, to a final lower-lying 
state, and its total width, respectively. The statistical factor 
g — (27 + l)/(27o + 1) is called spin factor. The product 
g • To, which can be directly extracted from the measured 
scattering intensities, is proportional to the reduced excitation 
probabilities B(E\)\ or fl(Ml)f: 

fl(nnt= *fl(niu: 
EyJ 

(*r0).    (2) 
9 

Whereas in the favorable cases of even-even nuclei model- 
independent spin and parity assignments to the photo-excited 
states are possible from angular distribution and polarization 
measurements, the angular distributions of the scattered 
photons for odd-mass and odd-odd target nuclei are rather 
isotropic. Therefore, in general no unambiguous spin assign- 
ments to the photo-excited states are possible. In addition, 
the vanishing anisotropy in the angular distributions leads 
to rather weak polarizations of the scattered photons. This 
implies that no parity assignments are possible by polarization 
measurements as in the case of even-even nuclei. For the 
comparison with the dipole strengths in even-even nuclei the 
quantity 

To *-r red 

Y 

(3) 

is introduced, which is proportional to the reduced dipole 
excitation probability [see Eq. (2)]. These quantities can 
be extracted even without knowledge of the spins of the 
photo-excited states. 

Decay branching ratios /fcxp, defined by 

"cxpt — 
B(UL- .1 -> .!,) 

B(UI.; J -> J(t) r„ 
i: yJo (4) 

may contain valuable information on the spin J and. in the 
case of deformed nuclei, on the K quantum number of the 
photoexcited state. 

If all decay branches of the photo-excited states can be 
measured and hence the total decay widths F are determined, 
lifetimes r can be extracted via the uncertainty relation: 

s 
r = -• (5) 

It should be emphasized that these lifetime determinations 
are complementary to direct lifetime measurements because 
the shorter the lifetimes the larger the widths and hence the 
easier the measurements in NRF. 

B. Experimental details and setup at the Stuttgart Dynamitron 

The present NRF experiments on 176Lu were performed 
at the well-established Stuttgart bremsstrahlung facility [ 19]. 
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Measurements using bremsstrahlung end point energies of 2.3 
and 3.1 MeV were carried out to achieve an optimal sensitivity, 
in particular in the low-energy range of astrophysical interest. 
The DC electron currents used in the present experiments had 
to be limited to about 250 /J.A, due to the thermal capacity of 
the radiator target of about 1 kW. The measuring times were 
171 and 125 h for the runs at 2.3 and 3.1 MeV end point 
energies, respectively. 

Because l7f'Lu has a natural abundance of only 2.6% [21], 
the use of very expensive enriched target material was imper- 
ative. Due to the kind loan by Forschungszentrum Karlsruhe, 
a target consisting of 2.001 g of LU1O3 enriched to 72.5% in 
l7hLu was available for the present experiments. The residual 
impurity of 27.5% consisted of l75Lu. Because this isotope has 
been studied in previous NRF experiments at Stuttgart [22], an 
unambiguous distinction of excitations in 17hLu and l75Lu was 
possible. The targets were attached to aluminum sheets. The 
isotope 27A1, with some very well-known excitations, serves 
generally in bremsstrahlung-induced NRF experiments as a 
photon flux monitor [23]. 

The scattered photons were detected by three high- 
resolution HPGe y-ray spectrometers installed at angles of 
about 90 , 127', and 150° with respect to the incoming 
bremsstrahlung beam. Each of the detectors had an efficiency 
of about 100% relative to a standard 7.6 x 7.6 cm Nal(Tl) 
detector. The energy resolutions were typically about 2 keV 
at a photon energy of 1.3 MeV and about 3 keV at 3 MeV. 
The detector at 127 was additionally surrounded by a bismuth 
germanate (BGO) anti-Compton shield to improve its response 
function. With this arrangement the peak-to-background ratio 
could be improved by a factor of about 2. This gain in 
sensitivity is of particular importance at photon energies near 
the end point energy. A part of a spectrum from 2.5 to 3.2 MeV 
is shown in Fig. 3. Both spectra were measured with the 
detector at 127". The end point energy of 3.1 MeV can be 
clearly seen. 
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FIG. 3. (Color online) ()'. y') spectrum with an end point energy 
of 3.1 MeV. Note the improvement in the peak-to-background ratio 
by a factor of 2-3 due to the active BGO anti-Compton shielding. 
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FIG. 4. (Color online) (y. y) spectrum with an end point energy 
of 2.3 MeV. The peak at 2212 keV stems from :7Al, used for photon 
flux calibration. For further explanations, see text. 

III. RESULTS 

Due to the limited experimental sensitivity and the large 
number of possible transitions, it was impossible to deduce 
information about spins or mixing parameters &. Therefore, an 
isotropic angular distribution of W(fi) = l for the calculation 
of the integrated cross section /s-,o and the other values listed 
in Table I was assumed. 

A. Measurement with 2.3 MeV end point energy 

The data presented here result from a measurement per- 
formed with an end point energy of 2.3 MeV, 171 h measuring 
time, and an average electron beam current at the target of 
200 /.IA. A small part of the spectrum in the energy range 
from 2.0-2.5 MeV is shown in Fig. 4. Transitions in l7('Lu 
are marked with green arrows. The other peaks are due to 
background (marked by asterisks) or are transitions from 
the l75Lu impurity in the sample (marked by a black bar). 
The latter transitions are known from earlier experiments at 
Stuttgart [22]. The peak at 2212 keV stems from21 Al and was 
used for photon flux calibration. 

In this measurement, 14 transitions have been identified— 
although the lowest in energy may eventually prove to be 
from l75Lu, because the previous NRF measurements on l75Lu 
[22] started only at 1545 keV. However, neither of these two 
transitions are listed in the compilation of Ref. [24]. 

The lowest-lying IS at 838.6 keV [9] could not be detected 
with the current experimental sensitivity. However, an upper 
limit for the integrated cross section /$o of ' -5 eV b can 
be given from the analysis of the detection limits. Using 
the uncertainty principle, this corresponds to a minimum 
lifetime r of about 1.5 ps, which, considering the experimental 
uncertainty, is consistent with a GRID measurement performed 
by Doll et al. [10] obtaining ^39 > 10 ps. For more 
experimental details of this IS, see Table II. 
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TABLE I. Combined results of the measurements at end point energies of 2.3 and 3.1 MeV. 
Quoted are excitation energies Ex, integrated cross sections ls.o- the product of spin factor t; 
and ground-stale transition width P0, branching ratios Rc%p,,, the product of spin factor g and 
the reduced ground-state transition width E0.rej, and the excitation probabilities H(M\) \ and 
8(£1)f. 

Ex Ay... 8 • E0    KCxp., S  ' To.red fl(Ml)f B(£l)t 
(keV) (eVb) (meV) (meV/MeV3) (/4) (10 Vfnr) 

1332 2.58(70) 1.19(24) 0.50(10) 0.043(9) 0.48(10) 

1497 1.38(41) 0.80(19) 0.24(6) 0.021(5) 0.23(5) 

1671" 1.86(43) 1.35(23) 0.29(5) 0.025(4) 0.28(5) 

1739 2.00(55) 1.57(32) 0.30(6) 0.026(5) 0.29(6) 

1760' 4.25(145) 3.42(89) 0.63(16) 0.054(14) 0.60(16) 

1902J 0.62(33) 0.58(25) 0.08(4) 0.007(3) 0.08(4) 

2030 0.75(39) 0.80(35) 0.10(4) 0.008(4) 0.09(4) 

2036b 3.37(53) 3.63(40) 0.43(5) 0.037(4) 0.41(5) 

2056" 3.07(51) 3.39(40) 0.39(5) 0.034(4) 0.37(4) 

2067" 2.16(42) 2.41(35) 0.27(4) 0.024(3) 0.26(4) 

20861' 7.12(97) 8.49(80)  0.18(10) 0.93(9) 0.081(8) 0.89(8) 

21781' 2.63(48) 3.28(44) 0.32(4) 0.027(4) 0.30(4) 

2190" 1.83(38) 2.29(35) 0.22(3) 0.019(3) 0.21(3) 

2243'' 4.14(69) 5.46(65) 0.48(6) 0.042(5) 0.46(6) 

22491' 7.47(113) 16.59(148) 0.51(9) 

1.32(56) 

1.46(13) 0.126(11) 1.39(12) 

2266 1.11(43) 1.48(45) 0.13(4) 0.011(3) 0.12(4) 

2315 1.33(64) 1.85(74) 0.15(6) 0.013(5) 0.14(6) 

2359 0.94(40) 1.36(47) 0.10(4) 0.009(3) 0.10(3) 
2559 0.83(53) 1.42(78) 0.08(5) 0.007(4) 0.08(4) 

2566 1.28(94) 2.19(140) 0.13(8) 0.011(7) 0.12(8) 

2602 1.79(62) 3.15(83) 0.18(5) 0.015(4) 0.17(5) 

262 X 1.02(41) 1.83(58) 0.10(3) 0.009(3) 0.10(3) 

2775 5.21(130) 10.44(188) 0.49(9) 0.042(8) 0.47(8) 

2790 3.87(129) 7.83(199) 0.36(9) 0.031(8) 0.34(9) 

2803 2.48(71) 5.08(108) 0.23(5) 0.02(4) 0.22(5) 

2807 8.70(161) 17.85(235) 0.81(11) 0.07(9) 0.77(10) 

2848 1.58(46) 3.33(73) 0.14(3) 0.012(3) 0.14(3) 

2852 2.42(61) 5.12(93) 0.22(4) 0.019(3) 0.21(4) 

2860 1.18(57) 2.50(99) 0.11(4) 0.009(4) 0.10(4) 

''This peak, also possibly being an inelastic transition, is treated as a ground-state transition here. 
hError-weighted average of the measurements at 2.3 and 3.1 MeV. 

B. Measurement with 3.1 MeV end point energy 

A second experiment was performed at a higher energy 
(EQ = 3.1 MeV) for 125 h and with an average electron beam 
current at the target of 210 /*A. A spectrum in the energy 
range from 2.0 to 2.5 MeV is shown in Fig. 5. Because the 
end point energy is higher compared to that in Fig. 4, the 
number of high energetic y rays is larger, but the low-energy 
nonresonant background is increased as well. The combined 

TABLE II. Experimental limits for the properties of 
the IS at 839 keV: integrated cross section, decay widths, 
lifetime, and transition strength. 

Ex ls.o        r„ r„ral i        B(£2)f 
(keV)    (eVb)   (meV)   (meV/MeV5)     ps       (e2fm4) 

839 <0.37 <0.9 >l.5 <820 

numerical results of the measurements at end point energies 
of 2.3 and 3.1 MeV are presented in Table 1. 

IV. DISCUSSION 

In case of the measurement with a 2.3 MeV end point 
energy, 6 possible inelastic transitions were found, whereas 
before in the run with a 3.1 MeV end point energy. 28 
candidates for inelastic transitions, transitions of photo-excited 
states to lower-lying states, were found based on the Ritz 
combination principle and on the knowledge of the low- 
energy level scheme. To reduce the large number of possible 
correlations, the Alaga rules [25] were taken into account. For 
strongly deformed nuclei, the ratio of the reduced transition 
probabilities of a transition with multipole order L from a state 
i within one rotational band (with K,) to the states /. /'. ... 
of other rotational bands depends only on geometrical factors 
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FIG. 5. (Color online) (y, y') spectrum with an end point energy 
of 3.1 MeV. The higher end point energy leads to an increase in the 
nonresonant background at low energies. 

possiblity that there is an inelastic transition was eliminated. 
The adopted criterion seems to be reasonable, because states 
exhibiting such a high decay branching ratio hardly can be 
populated by a dipole excitation from the ground state due 
to their low ground-state decay widths. Hence, in case of 
the 2.3 MeV measurement, two levels at 2086 and 2249 keV 
were determined, each with one possible inelastic transition 
(to the J" =6" level at 184 keV) whereas the 3.1 MeV 
measurement exhibited a further decay branch of the upper 
level at 2249 keV to a state at 1760 keV, unknown so far. 

A comparison of the strength distribution of l75Lu and l76Lu 
is shown in Fig. 6. The detected total transition strength in 
l76Lu is lower than expected, due to a stronger fragmentation 
in this nucleus, so that probably a larger part of the strength 
lay below the sensitivity limit of the present experiment. 

Especially when comparing 17hLu with the isobars |7<1Yb 
and l76Hf, the stronger fragmentation can be easily seen in 
Fig. 7: in the energy range between 1 and 3 MeV, the total 

and can be expressed by means of the ratio of Clebsch-Gordan 
coefficients: 

R ihco BjL.Jj -+ Jt) 

B(L, J, -*• Jr) 

(Ji,L,Ki,Kf - Ki\Jj,L,Jf, Kf) 
(Jj, L, Kj, KQ -Ki\Ji,L,Jo,Kf) 

(6) 

Whenever the experimental data were sufficient to calculate 
R'f00, the experimental value R^p was compared with the 

theoretical one.  If the ratio  /?'".xp was larger than 5, the 1400  1600  1800  2000  2200  2400  26O0  2800  3000 
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FIG. 6. Strength distributions in l75Lu [22] and 176Lu. 
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dipole strengths, assuming M1 character for the excitations in 
l7<,Lu and l7,,Yb, are 0.852(154) fi2N for l7hLu, compared to 
2.32(60) n2

N for 176Yb and 1.347(112) /x;v for l76Hf. Because 
the Yb and I If isobars are even-even nuclei, they show fewer 
transitions, however, with a stronger total transition strength. 
In case of Yb, it is possible that weaker transitions could 
not be detected due to the limited sensitivity of that older 
measurement. 

For the lowest proposed IS at 839 keV, an upper limit ofls.o < 
1.5 eV b, corresponding to a minimum lifetime of r > 1.5 ps, 
can be given. This is consistent with the GRID measurement 
by Doll etal. [10]. 

The combined results of these NRF measurements and 
photoactivation experiments will be presented and discussed 
in a forthcoming article [17]. 

V. CONCLUSIONS 

Two photon scattering experiments on the odd-odd nucleus 
l76Lu have been performed, using end point energies of 2.3 
and 3.1 MeV, respectively. In total 29 transitions, ascribed to 
this nucleus, have been found in the energy range from 1.3 to 
2.9 MeV, and their transition strengths have been determined. 

ACKNOWLEDGMENTS 

This work was partially supported by the Deutsche 
Forschungsgemeinschaft (DFG) under contracts Kn 154/31, 
Br 799/11, Jo 391/3-1, and SFB 634. J.C. acknowledges 
support from the U.S. Air Force Office of Scientific Research 
under contract FA9550-05-1-0486. N.P. thanks the Department 
of Energy for his support under grant DE-FGO2-04ER4I334. 

[ I ] G. F. Grinyer, J. C. Waddington. C. E. Svensson. R. A. E. Austin, 
G. C. Ball. G. Hackman, J. M. O'Meara, C. Osbome, F. Sarazin. 
H. C. Scragga, and H. D. H. Stover, Phys. Rev. C 67, 014302 
(2003). [16] 

[2] Y. Nir-El and G. Haquin. Phys. Rev. C 68, 067301 (2003). 
[3]  M. S. Basunia, Nucl. Data Sheets 107, 791 (2006). 
[4] R. B. Firestone, Table of Isotopes, 8th edition (John Wiley and 

Sons, Inc. New York. 1996). 
[5] J. Audouze, W. A. Fowler, and D. N. Schramm, Nature Phys.        [17] 

Sei. 238. 8(1972). [18] 
[6] M. Arnould, Astron. Astrophys. 22. 31 1 (1973). 
[7] F. Kappeler, H. Beer, and K. Wisshak. Rep. Prog. Phys. 52, 945        [19] 

(1989). 
[8] N. Klay, F. Kappeler, H. Beer, G. Schatz, H. Bomer, F. Hoyler,        [20] 

S. J. Robinson, K. Schreckenbach, B. Krusche, U. Mayerhofer, 
G. Hlawatsch, H. Lindner, T. von Egidy, W. Andrcjtscheff, and        [21] 
P. Petkov. Phys. Rev. C 44, 2801 (1991). [22] 

[9] N. Klay, F. Kappeler, H. Beer, and G. Schatz, Phys. Rev. C 44. 
2839(1991) 

[ 10] C. Doll. H. G. Bomer. S. Jaag, F. Kappeler, and W. Andrejtscheff. 
Phys. Rev. C 59, 492 (1999). [23] 

[11] K. T. Lesko. E. B. Norman. R.-M. Larimer, B. Sur, and C. B. 
Beausang, Phys. Rev. C 44, 2850 (1991). 

[12] J. Vanhorenbeeck. J. M. Lagrange. M. Pautrat, J. S. Dionisio,        [24] 
and Ch. Vieu, Phys. Rev. C 62, 015801 (2000). 

[13] F. Kappeler, Prog. Part. Nucl. Phys. 43, 419 (1999). [25] 
[14] D. Belie, C. Arlandini, J. Besscrer, J. de Boer, J. J. Carroll, 

J. Enders, T. Hartmann. F. Kappeler, H. Kaiser, U. Kneissl,        [26] 
M. Loewe, H. J. Maier. H. Maser, P. Mohr, P. von Neumann- 
Coscl, A. Nord. H. H. Pitz, A. Richter, M. Schumann, S. Volz, 
and A. Zilges, Phys. Rev. Lett. 83, 5242 (1999). [27] 

[15] D. Belie, C. Arlandini. J. Besserer, J. de Boer, J. J. Carroll, 
J. Enders, T. Hartmann, F. Kappeler, H. Kaiser, U. Kneissl. 
E. Kolbe. K. Langanke. M. Loewe. H. J. Maier. H. Maser. 

P. Mohr, P. von Neumann-Cosel, A. Nord. H. H. Pitz, A. Richter. 
M. Schumann, F.-K. Thielemann. S. Volz. and A. Zilges. Phys. 
Rev. C 65. 035801 (2002). 
D. Belie, J. Besserer, C. Arlandini, .1. de Boer. J. J. Carroll, 
J. Enders, T. Hartmann. F. Kappeler. H. Kaiser, U. Kneissl. 
M. Loewe, H. Maser, P. Mohr, P. von Neumann-Cosel, A. Nord, 
H. H. Pitz, A. Richter, M. Schumann, S. Volz, and A. Zilges. 
Nucl. Instrum. Methods A 463. 26 (2001). 
F. Stedile et a!., publication in preparation (2007). 
U. E. P. Berg and U. Kneissl, Annu. Rev. Nucl. Part Sci. 37. 33 
(1987). 
U. Kneissl, H. H. Pitz, and A. Zilges, Prog. Part. Nucl. Phys. 37. 
349(1996). 
Ulrich Kneissl, Norbert Pietralla, and Andreas Zilges. .1. Phys. 
G: Nucl. Part. Phys. 32. R217 (2006). 
J. R. de Laeter and N. Bukilic, Phys. Rev. C 73, 045806 (2006). 
R.-D. Herzberg, C. Fransen, R. Fischer. O. Beck. D. Belie, 
J. Besserer, P. von Brentano, Th. Eckert, U. Kneissl, B. Krischok, 
J.  Margraf.  H.  Maser,  A.  Nord, N.  Pietralla,  H.   H.  Pitz, 
A. Wolpert, and A. Zilges. Phys. Rev. C 56, 2484 (1997). 
N. Pietralla, I. Bauske, O. Beck, P. von Brentano, W. Geiger, 
R.-D. Herzberg, U. Kneissl, J. Margraf, H. Maser, H. H. Pitz, 
and A. Zilges, Phys. Rev. C 51. 1021 (1995). 
A. O. Macchiavelli and E. Browne, Nucl. Data Sheets 69. 403 
(1998). 
G. Alaga, K. Alder, A. Bohr, and B. R. Mottelson, K. Dan. 
Vidensk. Selsk. Mat. Fys. Medd. 29(9). I (1955). 
A. Zilges, P. von Brentano, R. D. Heil. U. Kneissl, 
S. Lindenstruth, H. H. Pitz, U. Seemann, R. Stock, and 
C. Wesselborg, Nucl. Phys. A507, 399 (1990). 
M. Scheck, D. Belie, P. von Brentano. J. J. Carroll, C. Fransen, 
A. Gade, H. von Garrel, U. Kneissl. C. Kohstall. A. Linnemann, 
N. Pietralla, H. H. Pitz, F. Stedile. R. Toman, and V. Werner, 
Phys. Rev. C 67, 064313 (2003). 

034301-6 



ISSN I054-660X, Laser Physics, 2007, Vol. 17, No. 2. pp. 80-86. 
© MAIK "Nauka/Interperiodica" (Russia), 2007. 
Original Text O Astro, Lid. 2007. 

MODERN TRENDS 
IN LASER PHYSICS 

Prospects for Coherently Driven Nuclear Radiation 
by Coulomb Excitation 

S. A. Karamian" * and J. J. Carroll* 
" Joint Institute for Nuclear Research, Dubna, Moscow oblast, 141980 Russia 

h Youngstown State University, Youngstown, Ohio, 44555 United States 
* e-mail: karamian@nrmail.jinr.ru 

Received September 2, 2006 

Abstract—Possible experiments are discussed in which Coulomb excitation of nuclear isomers would be fol- 
lowed by sequential energy release. The possibility of coherent Coulomb excitation of nuclei ensconced in a 
crystal by channeled relativistic heavy projectiles is considered. The phase shift between neighbor-nuclei exci- 
tations may be identical to the photon phase shift for emission in the forward direction. Thus, the elementary 
string of atoms may radiate coherently with emission of characteristic nuclear y rays, and the intensity of the 
radiation would be increased due to the summation of amplitudes. Mossbauer conditions should be important 
for this new type of collective radiation, which could be promising in the context of the y-lasing problem. 
PACS numbers: 25.70.De, 42.55.Vc 
DOl: 10.1134/S1054660X07020053 

1. INTRODUCTION 

The creation of an externally driven y-ray source 
using triggered decay of nuclear isomers has been pro- 
posed and discussed in the special volume of [1]. The 
idea was suggested even earlier [2] for nuclear Cou- 
lomb excitation applied to the pumping of a nuclear 
ensemble in future schemes for a y-ray laser. Experi- 
mentally, triggering of the l78m2Hf isomer in inelastic 
scattering reactions was tested in 1996-1997 by the 
"Hafnium Collaboration" using an in-beam multidetec- 
tor system and an a-particle beam of the Orsay Tandem 
accelerator. Due to the restricted thickness and purity of 
the isomeric target, conclusive results were not 
obtained or published, but partial analysis indicated 
that an excitation energy of about 300 keV is needed for 
successful triggering of this isomer. Many subsequent 
efforts were spent to find triggering of 178m2Hf with low- 
energy X-rays or synchrotron photons at Ey < 100 keV, 
but definite evidence reproducible by different groups 
was not obtained. A review of these experimental 
attempts is given in [3] for the 178m2Hf isomer, most 
attractive for applications due to its long half-life, 31 y, 
and the high density of stored energy, 1.3 GJ/g. Nuclear 
spectroscopy with the Coulomb excitation technique 
has proven over many years to be very valuable for 
measurements of strengths of nuclear transitions, and it 
can be applied to search for and to quantitatively study 
triggering transitions in l78Hf. In the present work, such 
an experiment is proposed and described in some detail, 
including the general scheme, background conditions, 
expected count rate, and the absolute sensitivity. 

Coulomb excitation may also be valuable in another 
mode of application, i.e.. for coherent nuclear excita- 
tion by relativistic heavy projectiles.  It should be 

stressed immediately that such a process can provide 
coherence both in excitation and radiation of the nuclei 
ensconced in a crystal lattice. An elementary string of 
atoms in the lattice may radiate coherently at a fre- 
quency corresponding to the characteristic nuclear y 
line. Mossbauer conditions will clearly play an impor- 
tant role for this collective radiation. In the literature, 
many kinds of coherent radiation generated by charged 
particles in crystals were described, e.g., parametric 
radiation and channeling radiation. In addition, the idea 
of a y-lasing scheme has been described using short 
bursts of a crystallized ion beam in a cooler ring [4], 
The multiple resonance excitation of each projectile 
nucleus by regular collisions in a crystal was consid- 
ered in detail in [5]. In the present work, the idea of 
coherent radiation emitted by the lattice nuclei due to 
Coulomb excitation by channeled relativistic heavy 
ions is discussed. 

2. SEARCH FOR TRIGGERING LEVELS 
ABOVE THE 178m2Hf ISOMER 

In the experiment described in [6], the population of 
levels in bands built on isomers was successfully 
observed via Coulomb excitation reactions acting on 
the stable 178Hf isotope in its ground state. Surprisingly, 
the cross-section for this population was moderately 
high; this was attributed to strong K mixing of different 
structure configurations at high angular momentum, 
i.e., between the band built on the K = 16 isomer and the 
ground-state K = 0 band. Interband transitions were 
eventually deduced from the results of [61, and they are 
displayed in Fig. 1, where the partial level scheme of 
178Hf is shown. 
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This observation suggests a special experiment by 
which to observe triggering of the 178m2Hf isomer into 
the levels of the ground-state band via Coulomb excita- 
tion, essentially as an inverse of the reaction observed 
in [6]. The magnitude of the cross-section for the pop- 
ulation of 178Hf isomers [6] likewise promises signifi- 
cant probabilities for the reversed process of triggering. 
A successful new experiment will quantify parameters 
such as the energies, multipolarities, and reduced 
matrix elements for energy-releasing trigger transi- 
tions. These parameters are needed to assess the feasi- 
bility of inducing a release of isomeric energy under an 
intense photon flux, as suggested for some applications 
[7]. 

At this time, technical challenges restrict the avail- 
ability of samples containing 178",2Hf in an amount suf- 
ficient for preparation of a target suitable for standard 
in-beam y-spectroscopic experiments. Therefore, it is 
necessary to consider the possibility of performing an 
experiment with 178m2Hf nuclei as projectiles. Radioac- 
tive ion-beam facilities operate routinely at many labo- 
ratories, and the long-lived 178m2Hf nuclide should not 
be extraordinarily difficult for beam production. 

The most critical issues which define the cost of an 
experiment and the quality of the measurements are the 
consumption rate for and total available amount of 
I78m2j_jf Taking into account the production parameters 
achieved for 178m2Hf in the best reactions, one deduces 
that 1015 isomeric atoms can be accumulated by moder- 
ate-cost irradiations (for details, see [2]). Thus, about 
1013 ions of 178m2Hf may be delivered to the target in a 
Coulomb excitation experiment because of a typical 
1% efficiency of accelerators. The isomer production is 
typically characterized by a relatively poor isomer-to- 
ground state ratio, lower than 5% in the best case. 
Therefore, the accelerated beam will contain mostly 
stable 178Hf nuclei in the ground state with a little 
admixture of 178m2Hf. A total beam current of about 
1 particle nA is considered, as it would not destroy a 
target foil. 

It is important to understand why the consumption 
of isomeric material in the form of a beam is preferable 
to the use of a small isomeric target. In-beam experi- 
ments provide the possibility of Coulomb excitation of 
each accelerated nucleus as they impinge upon a thick 
target made of some material which can be obtained in 
sufficient quantity. A 178m2Hf isomeric target would be 
restricted to about 1 ug/cm2 thickness, and this will pro- 
vide an interaction probability that is a factor of 10~3- 
10"4 lower than in typical Coulomb excitation experi- 
ments. The gain factor for the isomer beam experiment 
is reduced by the efficiency of acceleration for the 
available material, about 10"2, but an order-of-magni- 
tude overall gain of interaction probability remains 
over an experiment with such a thin isomeric target. An 
additional advantage arises because the 178m2Hf target 
creates a high-intensity background in y detectors due 
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Fig. 1. Partial energy-level scheme for the     Hf nucleus. 

to the spontaneous decay, while, in the mode of an in- 
beam excitation experiment, the radioactive nuclei are 
collected downstream, beyond the target and out of the 
detection area. In the end, much better background con- 
ditions and much higher sensitivity of trigger detection 
may be provided in the latter version. Contaminant 
activities can be removed without special efforts, 
because the accelerator serves as a high-resolution 
mass analyzer. 

The schematic of the experiment is as follows. A tar- 
get made of low-background material like 208Pb is irra- 
diated by a 178m2Hf ion beam at an energy much lower 
than the Coulomb barrier of interaction. The projectile- 
target y spectrum due to Coulomb excitation should be 
recorded in coincidence with the scattered ions. Use of 
a multidetector y array is needed to obtain y-y and 
higher coincidences. The spectrum collected witli the 
5% "isomeric" beam must be compared with that 
obtained from a pure ground-state 178Hf beam and the 
difference spectrum obtained. This difference spectrum 
may contain cascades corresponding to the population 
of high-spin levels both within the band built on the iso- 
mer and within the ground-state band (gsb). In the latter 
case, the population of high-spin members of the gsb 
may take place due to single-step Coulomb excitation 
from the isomer if K mixing is indeed significant, as 
discussed in  [6]. Observation of the corresponding 
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y cascades would then serve as a signal of isomer trig- 
gering. 

As is the usual case in any experiment, the back- 
ground intensity plays a significant role. One may ana- 
lyze some restrictions on the scheme that accrue from 
the presence of different backgrounds: 

(1) The beam energy should be relatively low, about 
4 MeV/nucleon, in order to prevent population of J> 14 
members of the gsb due to excitations of J = 0 ground 
states present in the beam. The probability for such 
multiple Coulomb excitations is drastically reduced at 
this low beam energy [6], and triggering can therefore 
be clearly isolated. 

(2) The need to obtain coincidences between y sig- 
nals and the scattered projectile does not allow the use 
of a thick target that stops the beam. Detection of the 
scattered projectile defines the direction of the emitter 
motion, but the absolute speed varies due to energy 
losses in the target. The target thickness should be opti- 
mized for successful Doppler correction; for a Pb tar- 
get, a value of 4 mg/cm2 is found to be satisfactory. 

(3) Doppler correction is absolutely necessary. Oth- 
erwise, it would be difficult to observe narrow y lines 
when those gammas are emitted in flight. 

For the count rate estimation, single-step E2 Cou- 
lomb excitations from the 16+ isomeric level to the 14+, 
16\ and 18+ levels of the gsb are calculated. The 
respective transition energies are known to be 331, 990, 
and 1675 keV. Weisskopf strength was assumed for 
these transitions due to the observation in [6] of strong 
K mixing in the gsb at spins J > 10. Following this, 
fl„.(£2)T = 0.0297 e2b2 is taken as the Weisskopf value 
for all transitions. With a mean projectile energy of 
740 MeV, one finds values of the Coulomb excitation 
parameter of i, = 0.489 for 331 keV, %* 1.46 for 
990 keV, and £ = 2.47 for 1675 keV transitions. 

Assuming the cm. solid angle for detection of scat- 
tered ions to be 5 sr and using the parameters described 
above, an excitation rate of about 245 events/s is found 
for the 331 keV transition, about 3.2 events/s for the 
990 keV, and about 1.5 x 10'2 events/s for 1.675 keV 
transition. These values correspond to an isomeric ion- 
beam intensity of 3 x 108 s1; high statistics of the 
events can be collected using a total of 1013 ions con- 
taining isomeric nuclei. The gamma background due to 
Coulomb excitation starting from the 0+ ground state 
would not be significant and, in addition, can be 
removed by subtracting a spectrum taken under the 
same conditions but with a pure 178Hf ground-state 
beam. Thus, the triggering events can be reliably 
selected and the corresponding cross-section deduced. 

Direct observation of such transitions and character- 
ization of their cross-sections is essential for basic sci- 
entific knowledge and to assess the feasibility of appli- 
cations. 

3. COHERENT COULOMB EXCITATION 
IN CRYSTALS 

Relativistic heavy-ion beams are available today at 
some accelerator facilities, and additional possibilities 
will appear in the future. The status of such facilities 
will eventually change from exotic to more regular as 
tools for experimental physics. The enormous cost of 
these scientific instruments does not restrict progress in 
experimental methods. Recall, for instance, neutrino 
telescopes or free-electron lasers at teraelectronvolts 
accelerators. Thus, without apology, a new application 
is proposed here for heavy-ion beams at energies 
>1 GeV/nucleon for the generation of coherent nuclear 
y radiation. 

A channeled particle may produce a regular conse- 
quent excitation of nuclei ensconced in one elementary 
string in a crystal. At relativistic energies, the phase 
shift in excitation of neighbor nuclei is almost the same 
as the phase shift of the de-excitation photons emitted 
in the forward direction. Accordingly, the coherent 
excitation and radiation of a whole string of atoms with 
emission of a characteristic nuclear y line may occur. 
Such a possibility exists, in principle, but it's amplitude 
depends on many concrete parameters and conditions. 
Below, some of these are characterized. 

As is well known, channeling requires that *F < *Pcr, 
where *F is the angle of a particle's trajectory relative to 
the plane or axis of crystal. The critical angle of axial 
channeling xVa is normally estimated by the Lindhard 
equation. In the relativistic case, this has the form 

\|/cr = 2.4 x 10 Z,Z> 
Wd' 

(1) 

where y¥a is expressed in radians, the total energy W in 
gigaelectronvolts, and the interatomic distance d in 
angstrems. The planar channeling wavelength in the 
harmonic approximation can be estimated with the 
expression 

X = 
nd 

V, 
(2) 

where the interplane spacing dp is expressed in ang- 
strems. One can combine Eqs. (1) and (2) when the 
axial channeling trajectory has zero orbital momentum 
and its plane is perpendicular to the crystal plane. At the 
trajectory maximum, the projectile moves most closely 
to the atomic plane and rows. For individual atomic col- 
lisions, the impact parameter varies slowly in this part 
of the trajectory. Numerical estimates indicate that a 
length of the trajectory of about A/10 near the trajectory 
maximum can provide consequent collisions for coher- 
ent excitation of nuclei. At a larger longitudinal coordi- 
nate, a transversal deviation appears and increases the 
impact parameter of collisions. 

The experiment's main idea is illustrated in Fig. 2: a 
channeled projectile passes near some individual 
atomic string and excites the nuclei in a series of subse- 
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quent collisions. A flat trajectory is typical for channel- 
ing at high energies, and many collisions will be char- 
acterized by a similar impact parameter b. Finally, the 
whole string accumulates an excitation at the nuclear 
frequency mode and may radiate coherently with an 
intensity proportional to (aN)2, where AMs the number 
of excited nuclei and a is the excitation amplitude for an 
individual nucleus. A natural condition for coherence 
would be phase matching between excitation and radi- 
ation processes, and this can be satisfied for the for- 
ward-angle photon emission along the string which was 
excited by the relativistic projectile. To provide an 
acceptable yield of radiation, the individual amplitude 
a must not be very small even though coherent 
enhancement takes place. 

The impact parameter of atomic collisions in chan- 
neling conditions is normally restricted by the inequal- 
ity of b > u, where it = 5 x 10"10 cm corresponds to the 
mean amplitude of thermal vibrations of atoms in the 
crystal. The probability of nuclear Coulomb excitation 
is drastically reduced for distant collisions. But there 
exists an exception: in the case of E\ excitation, the 
cross-section becomes very large at small angles of 
scattering, i.e., with an increase in b. In Fig. 3, the Cou- 
lomb excitation functions for dfldQ. and / shown as 
given by the quasi-classical calculations of [8]. The 
basic parameters used in Coulomb excitation theory 
and the cross-section expression for £1 excitation are 

n, 
ZxZ2e 

%-l\, 
A£\ 
IE' 

a = 2.5 x 10 2ZU\ £(£i)/£1(n,^). 

(3) 

(4) 

where the projectile is characterized by atomic number 
Zb velocity v, and kinetic energy in the cm. system E. 
The recalculated excitation energy of a level is A£" = 
A£(l + Al/A2), and Z2 and A2 define the target nucleus. 
The cross-section o is expressed in barn, E in mega- 
electronvolts, and the reduced probability of nuclear 
transition B(E\) in e2 barn. One can see in Fig. 3 that the 
differential function calculated with ^ = 0 diverges at 
angles i5 —• 0. Divergence also appears for total cross- 
section values at c; —• 0. 

An infinite cross-section is unphysical, and the solu- 
tion must lie in the used approximations implicit in the 
calculation of Eq. (4) [8]. It is important to note that the 
quasi-classical condition r| > 1 is satisfied well in the 
case of very heavy ions even at high energies. Essen- 
tially relativistic collisions with y > 1 require some 
modification of the theory, but it was already shown 
that, in the typically used Born approximation, such a 
modification does not reduce the cross-sections from 
that calculated within the standard theory [8]. Thus, it 
can be expected that the £1 cross-section will remain 
quite large even if more accurate approximations for 
relativistic ions are used. 

Emission 

A 
• Channeled ion 

H.I. 

Fig. 2. Schematic picture of the coherent nuclear excitation 
and radiation in a crystal by a channeled heavy ion. 

For the present purposes, it is only important that the 
cross-sections for small-angle scattering are high and, 
consequently, that the total c is high as well. Large 
cross-sections were experimentally confirmed in 
Darmstadt [9] for the E\ giant dipole resonance when 
excited in collisions of heavy nuclei at a moderate rela- 
tivistic factor y = 1.45 and with \ = 0.05. In the current 
problem, the parameters are even more favorable: £, 
must really be almost zero, and higher y values are 
defined by the other conditions. Thus, the cross-sec- 
tions should be orders of magnitude higher as com- 
pared to the value of 5 barns observed in [9]. 

Coherence of neighbor nuclei in the crystal string 
depends on the phase shift between the radiation they 
emit. The starting point of the excitation is defined by 
the time mark due to arrival of the channeled ion, and 
the radiation phase shift is defined by the time of flight 
of photons from one nucleus to another for forward- 
angle emission. The following equation can be derived: 

Acp = 5.068 xl02£yo^-^, (5) 

where the phase shift Acp is expressed in radians, the 
interatomic distance d in angstrems, the photon energy 
Ey in megaelectronvolts, and (3 = vie. A relatively small 
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Fig. 3. Differential (a) and integral (b) Coulomb-excitation functions taken from [8]. In (a) the £1 excitation angular distribution is 
normalized to unity at # = 180°. 

phase shift of about 5 mrad may be reached for photon 
energies Ey < 30 keV at a P value very close to unity. 
However, the phase shift is periodic at Acp = 0, 2n, 4n, 
etc. In this case, a variety of options appear, provided 
that the following condition is satisfied: 

2n(n- 1) 5.068 xlO2Eyd^-^, (6) 

where n is the harmonic order. Different values of (3 and 
Ey can satisfy Eq. (6) with n > 2. 

An essentially relativistic energy of the projectile 
would, nevertheless, be a necessary condition, as would 
some limitation of the emitted photon energy. These 
restrictions arise due to many additional requirements, 
not only due to the phase condition. The nuclei in the 
atomic string should be excited sequentially, and a flat 
trajectory for high-energy channeling is appropriate to 
achieve this effect. Far-impact excitation with a reason- 
able probability takes place only at ^ —• 0, i.e., again 
at a high energy of the projectile. For correlated Moss- 

bauer emission, the crystal phonon spectrum should not 
be perturbed, and the known restriction of Ey< 100 keV 
naturally arises. In quantum theory, channeling is con- 
sidered as a Mossbauer-type process, because for dis- 
tant collisions the crystal-lattice vibrations (phonons) 
remain without perturbation. 

In addition, radiation damage of crystals is strongly 
reduced when channeled particles have high energies, 
allowing crystal targets to withstand irradiation for 
longer times. Ionization energy losses of heavy projec- 
tiles decrease in inverse proportion to their energy. At 
the same time, radiative energy losses are insignificant, 
unlike the case for a high-energy electron beam. Never- 
theless, the possibility of correlated coherent y emis- 
sion under Mossbauer conditions in a crystal might be 
questioned in the case of the discussed scheme of exci- 
tation by channeled projectiles. Fortunately, a similar 
type of emission has already been experimentally 
observed [10] from 57Fe nuclei in a crystal exposed to 
synchrotron radiation at the resonance energy. 
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It is necessary to select a candidate nucleus that is 
appropriate for the coherent Coulomb excitation 
scheme. The best one appears to be the stable 161Dy iso- 
tope, contained in na,Dy with an abundance of 19%. Its 
level scheme is shown in Fig. 4. The first excited (5/2") 
and third excited (3/2") levels are connected with the 
5/2+ ground state by £T transitions that are character- 
ized by moderate B{E\) strengths. The transitions are 
partially converted, but the photon-emission branch 
remains competitive, being near 30%. The transitions 
have energies of Ey = 25.65 keV and 74.57 keV that are 
potentially useful for the discussed scheme. 

An A/1 multipolarity can be found in many nuclei, 
but the Coulomb excitation M cross-section is much 
lower than that for El transitions, although it also 
grows drastically at £ —• 0. The 161Dy nuclide may be 
unique suited to this scheme among stable isotopes, 
with £T multipolarity of the useful transitions, with the 
exception of 18lTa. But the latter nuclide has transitions 
characterized by much lower B(E\) values. Dyspro- 
sium can exist in the form of single crystals, either in 
hexagonal symmetry as a metal crystal or in cubic as 
Dy203 oxide. 

It is useful to numerically evaluate examples for 
coherent excitation of the 25.65 keV level in l61Dy via 
the basic harmonic (n = 1) and the 74.57 level via the 
second harmonic (n = 2). For better definition, it is 
assumed here that the Dy crystal is exposed to relativ- 
ists 208Pb ions. Some magnitude of phase shift on the 
order of Acp = 5 mrad should be acceptable for each 
atom, because the total phase shift after consequent 
excitation of 100 nuclei along the string reaches a value 
of only 0.5 rad, or ±14°. 

Inserting into Eq. (5) the values Acp = 0.005, Ey = 
0.02565 MeV, and typical crystallographic d= 4 A, one 
deduces (1 - P) = 10~4, i.e., y~ 71 and a kinetic energy 
of Ek = 66 GeV/nucleon. In this essentially relativistic 
case, the collision parameter remains relatively high, 
r| = 5.0, and the Coulomb excitation parameter is close 
to zero at t, = 2.5 x 10"8. As discussed above, the cross- 
section of El Coulomb excitation should be very high 
for such values of these parameters. The coherent radi- 
ation of 100 nuclei should be significantly enhanced in 
addition. 

The channeling wavelength and photon absorption 
for a crystal of finite thickness must also be evaluated. 
The half-absorption length for 25 keV photons in Dy 
material is about 20 urn, and a crystal of comparable 
thickness should be applicable. Using Eqs. (1) and (2), 
one deduces a channeling wavelength of X = 6.5 urn. 
This means that three full oscillations will occur in the 
crystal. Consequently, six trajectory maxima can serve 
as sources of coherent radiation. The total yield of radi- 
ation is thus enhanced due to many factors, although 
absolute estimates are still difficult. Counter-productive 
interference corresponds to a radiation phase-shift 

'Dy(19%) 

3.1 ns 16% 17% 
3/2 

FA 
£2 
Ml 

III 

29 ns 30% 
j/2 

i:\ 

t-1^+ i r t 

0.07457 

0.04382 

Fig. 4. Partial energy-level scheme of the Dy nucleus 
showing the ground state and three lowest excited levels. 
Energies are in megaelectronvolts and spin, parity, half-life, 
multipolarity and y-emission branches are given. 

range of n < Acp < 2n, but this will appear only at dis- 
tances of about thousands of atomic layers. 

The Mossbauer correlations probably do not survive 
over such distances anyway. Even in the case of perfect 
correlations, one point should be discussed. Although 
radiation absorption does not significantly restrict the 
described scheme, there arises the question of whether 
the radiation is transmitted through the crystal layer, or 
whether the nuclear mode excitation is bound to the 
string of atoms and is emitted from matter only at the 
surface of the crystal and the photon is emitted to the 
outside. In the latter variant, the absorption does not 
suppress the radiation at all, and only the positive and 
negative phases along the string are important. This 
may restrict the target thickness even more than the 
absorption conditions. 

The (1 - (3) value for the excitation of the third level 
in 161Dy at 74.57 keV with the second harmonic (/; = 2) 
has been estimated using Eq. (6). A resonance kinetic- 
energy of Ek = 2.42 GeV/nucleon and the correspond- 
ing relativistic parameter y = 3.58 were deduced. The 
channeling wavelength in this case decreases to 1.4 p.m. 
or about 3.5 x 103 atomic layers. The condition of con- 
sequent multiple excitation of nuclei in the string still 
holds, and many trajectory maxima take place on the 
projectile's path through the crystal. Negative phases 
do not arise in this case, because the phase shift 
becomes a multiple of 2K. The crystal can be as thick as 
about 100 u,m because of the significantly lower 
absorption coefficient for 75 keV photons as compared 
to 25 keV. 

Mossbauer conditions are relatively good for 75 keV 
photons in a heavy Dy crystal if kept at liquid nitrogen 
temperature. The disadvantage of the scheme with exci- 
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tation of the third level in 16lDy at second harmonics 
arises due to the increased radiation damage of the crys- 
tal at lower projectile energy: 2.42 GeV/nucleon instead 
of 66 GeV/nucleon as needed for the first level. The 
energy transferred to the lattice and to electron excita- 
tions is also increased, which may disturb the Moss- 
bauer emission of radiation. However, this problem can 
be solved only after experimental studies. The yield of 
radiation would also be unknown until measured exper- 
imentally. 

A kinetic energy of heavy ions near 1 GeV/nucleon 
is available at GSI, Darmstadt; such an experiment can 
be arranged within reasonable expenses. The 74.57 keV 
transition should be resonantly excited at the fourth 
harmonic by a projectile with a kinetic energy of about 
1.110 MeV/nucleon. It would be interesting to test 
experimentally whether or not Mossbauer conditions in 
a crystal survive at such energies. The concrete details 
of properties for Dy crystals are significant, but in the 
present work only a general scheme is discussed for a 
new type of experiments on coherent Coulomb excita- 
tion of nuclei in a crystal lattice by relativistic heavy 
projectiles. A technical proposal can be developed later. 

CONCLUSIONS 

New possible applications of nuclear Coulomb exci- 
tation are discussed. In the first scheme, a radioactive 
ion-beam facility should be used for acceleration of 
ions containing isomeric 178m2Hf to study triggering lev- 
els in this nuclide that may cause a release of the isomer 
energy. The second scheme may be potentially promis- 
ing to achieve lasing of nuclear radiation. We have con- 

sidered coherent excitation and radiation of nuclei 
ensconced in a crystal lattice and exposed to a relativis- 
tic heavy-ion beam. The equations for resonance har- 
monics are formulated, and other peculiarities impor- 
tant for realization of such a process are discussed. 
Among them are the special cross-section behavior of 
the El Coulomb excitation, properties of radiation 
absorption, channeling trajectory parameters, and 
Mossbauer conditions for coherent emission. A realis- 
tic test experiment is formulated, linked to the existing 
possibilities at GSI, Darmstadt, for production of rela- 
tivistic heavy-ion beams. 
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Isomers in near-spherical Z = 51, antimony isotopes are reported here for the first time using fusion-fission 
reactions between 27A1 and a pulsed l78Hf beam of energy, 1150 MeV. y rays were observed from the decay of 
isomeric states with half-lives, Ti/2 = 200(30) and 52(3)/xs, and angular momenta / = (y) and /" = y+, in 
l21,    Sb, respectively. These states are proposed to correspond to v(h n )2 configurations, coupled to an odd d-. 

or 57 proton. Nanosecond isomers were also identified at /* = y [T\/i = 8.5(5) ns] in l2lSb and /" = (y ) 

\T\/2 = 37(4) ns] in l23Sb. Information on spins and parities of states in these nuclei was obtained using a 
combination of angular correlation and intensity-balance measurements. The configurations of states in these 
nuclei are discussed using a combination of spin/energy systematics and shell-model calculations for neighboring 
tin isotones and antimony isotopes. 

DOI: 10.1 103 /PhysRevC.77.03431 I PACS number(s): 23.20.Lv, 23.20.En, 25.70.Jj, 27.60.4-j 

I. INTRODUCTION 

Nuclei near closed shells represent an excellent opportunity 
to probe important facets of nuclear structure. Nuclides close 
to the Z = 50 shell closure are particularly good for such 
investigations, due to the experimental accessibility of many 
Z = 50, tin nuclei across the N = 50-82 shell. Of recent 
interest in this region is the energy evolution of spherical 
proton orbitals with increasing neutron excess, particularly 
ndi,ngi, and nhu [1,2]. These effects are best explored 

in antimony nuclei, with one proton outside a Z = 50 core. 
One of the first indications of this orbital evolution came 
from the observation of a change in the ground-state quantum 

number for antimony nuclei, from /" = | in l2lSb to | in 
l23Sb [3]. The energy difference between the first excited | 

and i states changes by nearly 1.5 MeV in odd-A antimony 
nuclei from 117 ^ A < 133, interpreted as a decrease in energy 
of the ngi orbital relative to nds state [1]. This change 
in energy difference has been interpreted as a signature for 
the presence of a strong tensor force [4] or a decreasing 
spin-orbit interaction for the ds,gi, and hn levels with 
increasing neutron excess [1,2]. These are both consistent with 
an empirical reduction in relative energy between the gi and 
/in proton orbitals, which changes by ~2 MeV over odd-A 
antimony nuclei with 117 ^ A ^ 133 [1,2]. 

Nuclei near closed-shell boundaries are also a good place 
to simultaneously study both collective and multiparticle 

*gareth.jones2@barcap.com 

excitations. Strongly coupled rotational structures, built on 
nhu intruder and 7r(g;)~' excitations, are observed in odd-A 

antimony nuclei with 113^ A ^ 121 [5-8]. As the neutron 
number increases and the closed A' = 82 shell is approached, 
however, the excitation energy of these deformed states 
increases, and the rotational bands are no longer yrast; the 
n \ [404] state becomes nonyrast in l23Sb (N = 72), increasing 
in energy to Ex = 1337 keV [9,10]. This simplifies the picture 
dramatically, because all states can be interpreted as spherical 
single or multiparticle excitations. In particular, many states 
can be described in terms of those observed in tin nuclei, 
coupled to an extra proton [I 1,12]. Nevertheless, the many 
valance particles make it difficult to perform detailed shell- 
model calculations, and comprehensive experimental data 
provide a benchmark against which to test the development 
of appropriate theoretical descriptions. 

This article describes the identification of states in l2U23Sb 
from the decay of previously unreported isomeric states. 

II. EXPERIMENTAL PROCEDURE 

The experiment was performed at Argonne National Labo- 
ratory using the Argonne Tandem Linear Accelerator System 
(ATLAS), which delivered a l78Hf beam onto a 208Pb target at 
a laboratory energy of 1150 MeV, to study long-lived isomeric 
states in hafnium-like nuclei (presented in Ref. [13]). This 
article reports results obtained from incidental fusion-fission 
reactions between the 178Hf projectiles and a 27A1 frame 
supporting the 208Pb target. Fission of the 205At compound 
nucleus populated nuclei with large yields, from 14Se to 54XC 
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FIG. 1. Level scheme for transitions in 
1:1 Sb, observed in the long-pulsing experi- 
ment from the decay of a 7"|;2 = 200(30)/is 
isomer. Widths of arrows indicate the inten- 
sity of particular j/-ray decays. 

The resulting y-ray decays from all reaction products were 
measured using the Gammasphere array [14], comprising 101 
Compton-suppressed germanium detectors in this experiment. 
The beam was bunched into short pulses of width ~0.5 ns, 
separated by periods of 82.5 ns. This pulsing was utilized 
to deliver short and long pulsed-beam conditions, enabling 
the study of metastable states in the 10"9 —• 10"4 s range. 
In the short-pulsing experiment, 1 of 10 beam pulses was 
incident on the target, resulting in a 825-ns inspection period 
within which delayed y-ray decays could be studied. Events 
where two or more coincident y rays were detected within 
a 2-ixs. range were written to tape for subsequent off-line 
analysis. In the long-pulsing measurement, a 25-//S beam-on 
period preceded a 75-^ts beam-off period during which the 
data acquisition system was triggered by single y-ray events 
and time stamped using an external 10-MHz oscillator clock. 
Great care was taken to calibrate the HPGe detectors for y-ray 
energy measurements, using a number of y-ray sources. 

III. DATA ANALYSIS 

The nature of the fusion-fission reaction process leads to 
the detection of a large number of y rays emitted from excited 
states in a broad range of nuclei, resulting in a highly complex 
data set. Due to this level of complexity, it was necessary 
to utilize multidimensional y-ray coincidence techniques to 
correlate decays associated with particular nuclides. A number 
of coincidence cubes corresponding to different y-ray time and 
energy coincidence conditions were created for both the short- 
pulsing and long-pulsing experiments. These were analyzed 
with software packages described in Refs. [15-17]. 

A combination of the high statistics obtained in this exper- 
iment and the high granularity of the Gammasphere detector 
array allow for a y-y angular correlation analysis to be per- 
formed on pairs of coincident transitions from the decay of iso- 
meric states. Each of the detectors in the Gammasphere array 

is associated with angles (&, 0) with respect to the orientation 
of the beam axis. Pairs of y-ray coincidence events (Eyi, Er) 
were placed into symmetric matrices according to the angle be- 
tween the detectors, iS, expressed by cos <$ = cos (02 — </>i) x 
sin 0\ sin tii + cos 0\ cos 6>i [18]. The detector pairs were 
grouped into 11 bins with average angular differences of 
5 = 22°,40=,54°,66°,76-, 90°, 104°, 114°, 126 . 140 , and 
158°, each with 350 < N < 700 combinations. The groups 
were chosen to evenly spread the number of detector com- 
binations over a range of cos~(<5) values. The intensity of a 
given transition pair was measured for each of the groupings 
using the symmetric matrices, and normalized with the 
relative efficiency of the detector pairs. Angular-correlation 
coefficients (A^) were obtained from a fit to the intensities of 
the y-y(<5) coincidence events to the function: 

W(S) = 1 + A22/MCOS 8) + A44^4(cos<5). (1) 

where P2 and P4 are Legendre polynomials. Values of Au were 
compared with those calculated, using the procedure described 
inRef. [19]. 

IV. RESULTS 

A. mSb 

Transitions from the decay of a previously unobserved 
microsecond isomer were identified in the long-pulsing ex- 
periment, y rays from the decay of states in i:lSb were 
identified in projections of double coincidence gates placed 
on y rays from Ref. [II]. The updated level scheme from 
the analysis of this experiment is illustrated in Fig. 1; three 
states at energy, Ex = 2057.1, 2150.3, and 2551.2 keV are 
reported for the first time. Table I provides a summary of all 
121 Sb transitions observed in the measurement; asterisks (*) 
indicate transitions observed for the first time. The relative 
y-ray intensities were established from spectra under different 
double-gating conditions. 

034311-2 
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TABLE I. Transitions observed in l2lSb from the Tl/2 = 200(30) /xs isomer in the long-pulsing experiment. Relative 
intensity measurements are provided for y-ray decays in the rotational [I,,(/?)] and single-particle structures [Ij,(5)] on the left 
and right side of Fig. 1, respectively. The normalized ratio of the rotational to single-particle structure intensities is 0.7(1). 
Transitions observed for the first time are marked with asterisks (*). 

EY (keV) E, (keV) E, (keV) •/" V Iy(K) US) 

41.1(5)' 
77.9(3)* 
85.3(3)* 
117.4(3)* 
144.3(5)* 
170.3(3)- 
282.2(3) 
286.8(3) 
287.8(4) 
292.3(3) 
323.1(3) 
327.8(3) 
348.0(3) 
359.0(3) 
375.0(3) 
391.2(3) 
400.9(4)* 
(409.3(6))* 
(479.4(4))* 
492.4(4)* 
675.8(3) 
682.0(3) 
702.9(3) 
707.1(3) 
715.2(3) 
909.8(3) 
912.7(4)* 
917.8(4)* 
947.0(4) 
998.3(4) 
1021.6(5)* 
1102.2(5) 
1107.5(3) 
1144.6(3) 

2721.1 2679.8 21/2+ 

2434.3 2356.7 19/2 

2142.0 2057.1 15/2" 

2551.2 2434.3 (21/2",19/2 

2142.0 1997.7 15/2" 

2721.1 2551.2 21/2+ 

1426.8 1144.6 11/2~ 

2721.1 2434.3 21/2+ 

1426.8 1139.4 11/2" 

2434.3 2142.0 19/2" 
2679.8 2356.7 19/2+ 

1649.8 1321.9 13/2+ 
1997.7 1649.8 15/2+ 

2356.7 1997.7 17/2+ 

1321.9 947.0 11/2 + 

1426.8 1035.5 11/2" 
(2551.2) (2150.3) (21/2",19/2 

2551.2 2142.0 (21/2",19/2 

1426.8 947.0 11/2" 

2142.0 1649.8 15/2" 

1997.7 1321.9 15/2+ 
2679.8 1997.7 19/2+ 

1649.8 947.0 13/2+ 
2356.7 1649.8 17/2+ 

2142.0 1426.8 15/2" 
947.0 37.2 9/2+ 

2057.1 1144.6 13/2+ 

2057.1 1139.4 13/2+ 
947.0 0.0 9/2+ 

1035.5 37.2 9/2+ 

2057.1 1035.5 13/2+ 

1139.4 37.2 (11/2+) 
1144.6 37.2 9/2+ 
1144.6 0.0 9/2+ 

19/2+ 
17/2+ 
13/2+ 
19/2" 
15/2+ 

(21/2",19/2" 
9/2+ 
19/2" 

(11/2+) 
15/2" 
17/2+ 
11/2+ 
13/2+ 
15/2+ 
9/2+ 
9/2+ 
(17/2) 
15/2" 
9/2+ 
13/2+ 
11/2+ 
15/2+ 
9/2+ 
13/2 + 
11/2" 
7/2+ 
9/2+ 

(11/2+) 
5/2+ 
7/2+ 
9/2+ 
7/2+ 
7/2+ 
5/2+ 

5.0(9) - 
9.4(10) - 
- 18(2) 

- 2.5(3) 

-.1 <1 
- 4.0(5) 

- 23(3) 

3.3(14) 100 
- 6.9(9) 

3.9(5) 98(9) 
53(5) - 
70(7) - 
84(9) - 
58(6) - 
98(10) - 
- 43(5) 

- 5.8(7) 

- 1.7(4) 

- <l 
3.0(4) 1.4(4) 

23(3) - 
20(2) - 
20(2) - 
21(2) - 
- 72(7) 
100 - 
- 3.7(5) 

- 9.3(10) 
1.7(14) - 
- 51(5) 

- 5.2(7) 

- 15.9(17) 

- 10.8(12) 

- 15.3(17) 

Two distinctly different structures are present in the level 
scheme of Fig. 1, linked by low-intensity transitions. The 
structure on the left side is the rotational band built on the 
TZ ?[404] orbital [8], also observed in lighter odd-A antimony 
isotopes with 113 ^ A ^ 119 [5—8], The spins and parities of 
these states are assigned accordingly. The order of states on 
the right side of Fig. 1 is indicative of noncollective, single, 
and multiparticle excitations. 

Figure 2(a) provides the time projection from several y-y 
gates on transitions following the decay of the microsecond 
isomer. The half-life was measured to be T\/2 — 200(30) /xs. 
Spectra illustrating y rays observed in the rotational and 
single-particle decay structures are provided in Figs. 2(b)-2(e). 

The observation of the 41-keV transition [illustrated in 
Fig. 2(b)], which approaches the low-energy detection limit 
of Gammasphere, is a valuable link between the rotational 
band and the 2721.1-keV state. This 41-keV transition has 
a measured y-ray intensity  13(8) times smaller than the 

323-keV transition in the projection of a sum of double gates 
between the 359-keV and 348-, 328-, 375-, and 910-keV 
transitions. The difference between these y-ray intensities 
indicates a conversion coefficient of arto, = 12(8) for the 
41-keV transition, which is consistent with Ml multipolarity. 

This evidence suggests a spin and parity of I" = " for the 
Ex =2721.1 keV state. Intensity-balance measurements of 
this kind were used to infer other transition multipolarities, as 
summarized in Table 11. 

y-y angular correlation measurements were performed 
for pairs of transitions to gain an independent spin-parity/ 
assessment of the Ex = 2721.1 keV state. Figure 3 presents 
angular correlation measurements for a selection of transition 
pairs in mSb, also summarized in Table III. Data are fitted 
using Eq. (1). These measurements are based on the £2, 
1145-keV transition [20] as a primary gate; they are also 
consistent with the M\ + E2, 998-keV y-ray mixing ratio 
published in Ref. [20]. The spins and parities of the states 
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TABLE II. Experimental internal conversion coefficient measurements. «,„,, compared with calculated values for transitions. y\ • of energy 

Nucleus Eyl Gate Eyl,    Eyi    .   .   . «toi (exp.) a „, (the.) [22] Assignment 
(keV) (keV) 

£1 M\ £2 Ml £3 
(£n) 

'-'Sb 41 |359)(348,328.375,910) 
(910,375,328,348) 
(910,375,328,348) 

323(AfI) 
323(M1),682(£2) 
323(M1),682(£2) 

12(8) 
15(3) 
15(3) 

2 8 43 IMS 2140 Ml ( + £2) 
M1+E2 

78 (359}(287) 348(A/1) 0.2(4) 0.4 1.3 4.2 17.1 62.5 El 
85 (292}(1022) 998(A/1) 0.1(3) 0.3 1.0 3.0 11.8 40.3 El 

117 (170}(998,715,391) 292(£2) 0.47(17) 0.12 0.41 0.95 3.60 8.48 M\ 
170 (117}(998,715.391} 292(£2) 0.08(12) 0.04 0.14 0.26 0.94 1.54 £1 or Ml 
287 (998}(391) 292(E2) 0.02(5) 0.01 0.04 0.04 0.16 0.17 El, Ml, or £2 

l:3Sb 128 (1089}(956) 
(10891(442} 
(956}(442) 

442(E2) 
956(£2) 
I089(£2) 

0.85(15) 
0.75(14) 
0.69(13) 

0.10 0.32 0.71 2.59 5.57 £2 
£2 

on the right side of Fig. 1 are assigned on the basis of 
y-y angular correlations and intensity-balance measurements. 
The angular correlation measurements provide additional 

evidence for the /" = y spin parity of the Ex = 2721.1 keV 
state. 

It is unlikely that the £, = 2721.1 keV level is the origin 
of the long, Tip = 200 /us half-life. The Weisskopf single- 
particle transition rates for the 287- and 41-keV y-ray decays, 
from an isomeric state with 7i/2 = 200/xs, areB(£l) = 3.5 x 
10" and B(M\) = 6.8 x 108 W.u., respectively. These are 
inconsistent with transition rates observed systematically [21 ] 
by at least four orders of magnitude. It follows that to 
account for the isomeric half-life another level must exist 
that decays to the Ex — 2721.1 keV state via an unobserved, 
low-energy, highly converted transition, expressed by A in 
Fig. 1. By considering typical Weisskopf transition rates [21], 
the efficiency of Gammasphere, and the magnitude of the 
internal conversion process, the energy and multipolarity of A 
can be restricted to £A(£2) < 60 keV or EA(M2) < 80 keV. 
Based on these limitations, the £, = 2721.1 + A keV state is 
tentatively assigned spin / = (y). 

A number of previously unobserved y rays, shown in 
Fig. 2(c), reveal the existence of a state at Ex — 2057.1 keV. 
The 85-keV transition is in coincidence with 1022-, 918-, and 
913-keV y rays, which decay to the Ex = 1035.5, 1139.4, 
and 1144.6 keV states, respectively. Intensity-balance mea- 
surements, summarized in Table II, indicate £1 multipolarity 
for the 85-keV y ray; the Ex = 2057 keV level is assigned a 
spin parity of l" = ^   . 

A state with energy Ex = 2551.2 keV is inferred from 
the observation of 117- and 170-keV y rays [see spectra in 
Figs. 2(d) and 2(e)]. The tentative 409-keV transition to the 
Ex = 2142.0 keV level, illustrated in Fig. 2(e), suggests the 
ordering of the 117- and 170-keV y rays. Using intensity- 
balance arguments, summarized in Table II, the 117- and 
170-keV y rays are provided with Ml and M\ or £1 
multipolarity, respectively. This information indicates a spin 

parity of/" = (y~) or (y1-) for the Ex = 2551.2 keV state. 
A 401-keV y ray nas Deen observed in coincidence with 

the 170-keV transition and in anticoincidence with the 117-, 
292-, and 287-keV lines. The spectrum in Fig. 2(e) shows 
coincidences among the 401-keV and 170-, 391-. 715-, and 

TABLE III. Angular correlations for pairs of transitions y\ and y; with mixing ratios <5| and rS2- respectively. A^2 and /t44 coefficients 
are calculated using the prescription of Ref. [19]. These calculated values are compared with experimental ones obtained from data fitted to 
Eq. (I). 

Nucleus Initial state YT. (keV) If -»• ]} h Ki (keV) Assignment (y\) An AM «i 

mSb 11/2" 1145 9/2+ ->• 5/2 + 0 282 11/2- —*• 9/2+ -0.08(5) -0.01(7) 0 01+0" 

15/2- 391 11/2- -* 9/2+ 0 715 15/2" -+ 11/2" -0.12(3) 0.02(4) -0 l7+0" "• ' '    II (IK 

19/2" 715 15/2- -> 11/2 0 292 19/2" -• 15/2- 0.097(19) 0.05(3) 0 0"> +" m 

21/2 + 1145 9/2+ -> 5/2+ 0 287 21/2+ -»• 19/2- -0.11(5) -0.04(7) 0.03(14) 
715 15/2- -• 11/2" 0 -0.048(19) 0.01(3) -0.04(6) 
292 19/2- -* 15/2 0 -0.099(13) 0.03(2) 0.05(4) 

,2,Sb 15/2 + 1089 11/2+ -^ 7/2+ 0 956 15/2+ -» 11/2+ 0.15(4) 0.00(6) -o.io!S» 
19/2 + 1089 11/2+ -* 7/2+ 0 442 19/2+ -» 15/2+ 0.13(4) -0.07(6) -o.o8_+S:!J 
23/2+ 1089 11/2+ -v 7/2+ 0 12S 23/2+ ->• 19/2+ 0.14(5) -0.00(6) -0.06lJi» 
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FIG. 2. (Color online) Panel (a) gives the time evolution of the 
iTi/2 = 200(30) jus isomer in ':iSb, measured using summed double 
coincidence gates on all transitions. Panels (b)-(e) provide double- 
gated spectra; gates are given in parenthesis ().v}{y}) for each, except 
panel (b). which is a sum of double gates on all transitions in the 
rotational sequence of Fig. 1. Panel (0 illustrates the y-ray time 
difference between the 287- and 292-keV transitions; the half-life 
is measured to be 7"i/2 = 8.5(5) ns using a folded Gaussian plus 
exponential fit. The dashed line is the prompt Gaussian used in the 
fit [FWHM = 30(3) ns]. Contaminants from 204Pb are indicated by 
asterisks (*). See text for further details. 

998-keV transitions. The coincidence between the 401- and 

715-keV y rays implies that the 401-keV transition should 
be placed between the £, = 2551.2 and 2142.0 keV levels. 

However, the energy of the y ray does not match the difference 
between the states; a discrepancy of 8.3 keV remains. This 
provides evidence for another state at an energy of either 
£, — 2542.9 or 2150.3 keV. Because it is less likely that an 
8.3-keV transition of any multipolarity would compete with the 
117-or 409-keV transitions (from the Ex = 2542.9 keV state), 

a tentative state of energy, Ex = 2150.3 keV is, therefore, 
assigned to l2'Sb. 

In addition to the microsecond isomer, the £, — 

2434.3 keV, /" — y    state was observed to be isomeric. 

Figure 2(f) provides the time difference between 287- and 

292-keV y rays. A folded Gaussian plus exponential fit 

of these data indicates a half-life of 7\p_ = 8.5(5) ns. The 

transition strengths for the 78-keV (£1) and 292-keV (£2) 
transitions are B(E\) = (4.1 ± 0.9) x 10 b and B(E2) = 

0.78(10) W.u., respectively. These are comparable with the 
transition strengths of the E1 and Ely rays decaying from 

the /*• = &~, Ex = 2553.6 keV state in ll9Sb (fi(£l) = 

7.3 x 10"7"and B(E2) = 0.026 W.u., respectively [23]). 

B. 12,Sb 

The decay of two isomers has been observed for the 

first time, y rays from the decay of states in l:3Sb were 

identified in projections of double coincidence gates placed 

on y rays first reported in Ref. [II]. Figure 4 illustrates the 
partial level scheme of 123Sb from the present experiments; 

Table IV provides a summary of all transitions observed. 

1.  I = (27/2)7J isomer 

The double-gated coincidence spectrum in the top panel 

of Fig. 5(a) shows the 1089-, 956-, 442-, and 128-keV 
transitions observed from the decay of a microsecond isomer. 

Figure 5(b) provides a time spectrum of transitions from the 
isomeric decay in the long-pulsing experiment; the half-life is 

measured to be T\/2 — 52(3) /zs. 
Intensity-balance measurements (summarized in Table II) 

were performed for the 128-keV transition, providing strong 

evidence for £2 multipolarity. y-y angular correlation mea- 

surements between the 1089-keV and 956-, 442-, and 128-keV 

transitions are presented in Fig. 6 and summarized in 
Table III. The correlation between the 1089- and 128-keV 

transitions indicated either pure quadrupole (probably £2) or 
mixed dipole/quadrupole (probably M l/£2) character for the 
1089-keV y ray, which is consistent with the evaluation in 
Ref. [24], Angular correlations summarized in Table III 
indicate pure quadrupole or mixed dipole/quadrupole charac- 
ter for the 442- and 956-keV transitions. In addition to angular 

correlation measurements, the nonobservation of transitions 
linking the £,=2044.4, 2486.3, and 2614.1 keV states 

to the (negative-parity) states on the left side of Fig. 4, 
indicated differences in angular momenta of A/ > 2. On the 

basis of these arguments, the £., = 1088.6, 2044.4, 2486.3, 
and 2614.1 keV states are assigned spins and parities of 

/» = il + , £+  J|+, and 21\ respectively. 

The 7*i/2 = 52(3) fis half-life appears to derive from the 
£., =2614.1 keV level, decaying via the 128-keV transi- 
tion. This corresponds to a single-particle transition rate 

of B(E2) = 5.3(1) x 10~3 W.u. This is approximately 5 

times smaller than that of the /" = y    state in l:lSb and 

10 times smaller than the /"* = ^ state in mSb [12]. 
In regard to the discrepancy in transition strength, it is 

noted that the T\/2 — 52 /its half-life may derive from a 
state higher in energy than the £, = 2614.0 keV level, 

decaying via an unobserved, low-energy, highly converted 
transition. 
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TABLE IV. A summary of y-ray energies, EY in 123Sb between states with spin and parity, 
Jf and 77, and energy, E, and Es. y-ray intensities for transitions on the right and left side 
of Fig. 4 are given by /K(R) and /,,(L) from the long-pulsing and short-pulsing experiments, 
respectively. 

Er (keV) £, (keV) Ef (keV) 1" J7 'x(R) ML) 

127.8(3) 2614.1 2486.3 23/2+ 19/2+ 60(5) - 

160.3(5) 160.1 0.0 5/2+ 7/2+ - 25(3) 

201.0(4) 2239.1 2038.2 (19/2) (15/2") - 104(18) 

381.7(4) 2038.2 1656.5 (15/2") Cl 1/2) - 114(15) 

396.0(5) 1656.5 1260.7 (11/2 ) 9/2+ - 29(3) 

441.9(3) 2486.3 2044.3 19/2+ 15/2+ 109(11) - 
567.7(4) 1656.5 1088.6 (11/2 ) 11/2+ - 14(3) 

626.1(4) 1656.5 1030.3 (11/2 ) 9/2+ - 94(7) 

955.8(3) 2044.3 1088.6 15/2+ 11/2+ 112(9) - 
1030.3(4) 1030.3 0.0 9/2 + 7/2+ - 100(8) 

1088.6(3) 1088.6 0.0 11/2+ 7/2+ 100 - 
1100.9(5) 1260.7 160.1 9/2 + 5/2+ - 18(4) 

1260.9(7) 1260.7 0.0 9/2+ 7/2+ - 7(2) 

2. I* = (19/2") and (IS/2~) isomers 

Transitions from the decay of the Ex = 
2239.1 keV isomeric state (initially reported in Ref. [11] 
with 7*1/2 = 110(10) ns) were observed in the short-pulsing 
experiment. The double-gated coincidence spectra in Figs. 5(c) 
and 5(d) show y-ray decays from this isomer, which are 
summarized in Table IV. Figure 5(c) illustrates a time 
spectrum, double gated on delayed transitions from the 
isomeric Ex = 2239.1 keV level; relative to the accelerator 
RF signal, the half-life of the decay is measured as 
T\/2 = 190(30) ns. With regard to the large discrepancy 
between the value observed in this work and that presented in 
Ref. [II], timing calibration was extensively checked with the 
accurate measurement of other, previously observed, isomeric 
states. 

The Ex — 2038.1 keV state was also observed to be iso- 
meric; Fig. 5(f) provides a time difference spectrum between 
the 201-keV transition, and those from the decay of states 
below the isomer. The half-life of the state was measured to 
be 7"i/2 — 37(4) ns using a folded Gaussian plus exponential 
fit. 

Due to insufficient statistics, it was not possible to assign 
spins and parities to the states populated from the decay of the 
7*1/2 = 190 ns isomer, using angular correlations. Tentative 
spins and parities are, therefore, adopted from the systematic 
arguments proposed in Ref. [11]. 

Transition strengths for the 201- and 382-keV y rays are 
B(E2) = 0.22(2) and 0.048(2) W.u., respectively, which are 
consistent with those of other £2 transitions observed locally 
[12,25]. 
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FIG. 3. (Color online) Representative angu- 
lar correlation measurements for transitions in 
121 Sb. Information on the y-y coincidences 
(£,, Ey) involved is provided in each case by 
UHy). 
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(19/2-) 

23/2H 
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/OSS.tf 

1030.3   10£8-6 

FIG. 4. Level scheme for transitions in l23Sb observed in this 
experiment from the decay of Tl/2 = 190(30) ns and 52(3) us isomers. 

V. DISCUSSION 

When the levels schemes for l2u23Sb are compared 
(Figs. I and 4, respectively), one observes a number of 
differences in the distribution and decay of nuclear states. 
This is due to a combination of the change in quantum number 
for the respective ground states between l2lSb and 123Sb 
and the fact that the rotational band built on the JT

9
[404] 

intruder state (observed in "3~'2lSb [5-8]) becomes nonyrast 
in odd-A antimony nuclei with 123 ^ A ^ 131. Despite these 
differences, the multiparticle level structure of these nuclei is 
well described by considering neutron states in neighboring 
tin nuclei coupled to the extra proton [11,12]. 

Figure 7 illustrates a systematic correlation between the 
yrast states in 12U23Sb and their tin isotones, l20l22Sn. The 
/* = 10+ state, present in even-tin nuclei from 116 ^ A ^ 130, 
is interpreted as a pure v(hu)2 excitation [12,25]. Similarly, 

the 1" —-j levels in "7ll9Sb are associated with a d<_ 

proton maximally aligned to the /" = 10+ states in the 

neighboring isotones "ftll8Sn [12]. The I" = (f+ ) spin 
parity of the isomeric state in 121 Sb is systematically consistent 
with the spin of the isomeric states in "7"9Sb. As such, 
the configuration of the isomer is adopted tentatively as 
ndi ® v(h u )2. However, it is noted that because the energy 

between the ct% and #? proton orbitals is so small (~50 keV 
[1]), there is likely to be a significant jig^ admixture in the 
wave function of these states. 

It is important to note a limitation with this assessment, 
based on energy/spin systematics in nearby Sn isotones, 
because there are large discrepancies between the transition 
rates in these nuclei: the 197-keV transition in l20Sn (from 
the /* = 7~ state) is approximately 200 times faster than 
the analog £2 transition in l2lSb (from the /" = y state), 
whereas the 163-keV transition in l22Sn (from the /" = 7" 
state) is approximately  15 times faster than the 201-keV 
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FIG. 5. (Color online) The spectrum in panel (a) illustrates 
y rays from the decay of a microsecond isomer in l2,Sb. The time 
evolution of its decay is given in spectrum (b). From double gates on 
all transitions from its decay, the half-life is measured to be 7"t/2 = 
52(3) fj.s. Double-gated spectra in panels (c) and (d) show y rays 
from the decay of an isomer identified in the short-pulsing experiment. 
The time evolution of its decay is provided in panel (e); the half-life 
is measured to be T^ = 190(30) ns using a folded Gaussian plus 
exponential fit. Spectrum (f) illustrates the y-ray time difference 
between the 201-keV transition and those from the decay of states 
below the isomeric Ex = 2038.2 keV state; the half-life is measured 
to be 7"i/2 = 37(4) ns using a folded Gaussian plus exponential lit. 
The dashed line is the prompt Gaussian used in the lit |FWHM = 
30(3) ns].  Gates  for each  spectrum  are provided  in  parenthesis 
(MM). 

transition [from the /" = (y ~) state] in l23Sb. On the basis of 
the current data we are unable to identify the physical origin 
of such differences; the discrepancies may reflect significant 
differences in wave function between these states. Given the 
paucity of an exact theoretical description for these states, such 
as that provided by shell-model calculations with a physical 
model space, such assignments should be made with caution. 
Nevertheless, the correlation between the energies/spins of 
states in neighboring Sn and Sb nuclei is striking, for which, 
in the absence of such theoretical examination, it may seem 
sensible to draw these comparisons. 

Shell-model    calculations   have   been    performed   for 
127.129,131 gb   and   126.128.130 Sn   usjng   me   mode,   spac£   and 

Hamiltonian described in Ref. [26], with the shell-model codes 
OXBASH [27] and ANTOINE [28]. It was not possible to perform 
calculations for lighter antimony nuclides without severely 
truncating the model space. Experimental level energies are 
well reproduced by shell-model calculations, in most cases 
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FIG. 6. (Color online) Representative angular correlation measurements for transitions in mSb. Information on the y-y coincidences 
(Ex, Ey) involved is provided in each case by {.v}{v}. 

to within 200 keV. Figure X provides a comparison between 
empirical and calculated energies for the first-excited /" = 

y   , y   , and y    states. A noteworthy feature of this plot 

is the indication of a /" = =^    level in l27Sb that has not 
been observed experimentally, due probably to the paucity of 

spectroscopic data for this neutron-rich nucleus. The I" = y 
isomer in l23Sb is interpreted as the isotopic analog of the 
states in l27l29l3lSb. The orbital occupation numbers for each 

of these calculated states is provided in Table V; a leading 

ngT. <g> v(hn)~- configuration is associated with the /" = y 
states. 

The configurations of the 5" and 7" levels in even-A tin 
nuclei involve a neutron in the intruder h n orbital, coupled 

to an even-parity orbital from the N — 4 harmonic oscillator 
shell, with leading neutron configurations of v(/in/: ®di/2) 

and v(h\\/7®s\/2), respectively [29]. The I" = -r    and 

TABLE V. Wave function occupation numbers taken from shell-model calculations 
discussed in the text. 

Nucleus 

l" 

Occupat ion numbers 

vdi vg\ 5 
I'.Y 1 

j 
l'/l  M Tg\ nth 

2 

l30Sn 10+ 8.00 6.00 4.00 2.00 10.00 
7" 7.99 5.99 3.02 2.00 11.00 
5" 7.99 5.98 3.42 1.60 11.00 

131 Sb 2!   ' 
2 

8.00 6.00 4.00 2.00 10.00 0.98 0.01 
19- 
: 7.98 5.98 3.05 2.00 11.00 0.99 0.01 

IS 
2 

7.99 5.99 3.19 1.84 11.00 0.99 0.00 

l:8Sn 10+ 7.87 5.83 3.05 1.74 9.51 
T 7.87 5.83 2.79 1.76 9.76 
5" 7.87 5.80 2.85 1.50 9.99 

,:"Sb 23 ' 
: 7.87 5.82 2.86 1.67 9.78 0.98 0.01 
19 
: 7.85 5.80 2.68 1.64 10.04 0.98 0.01 
15 
: 7.85 5.77 2.59 1.36 10.43 0.98 0.01 

l:"Sn 10+ 7.72 5.66 2.59 1.53 8.50 
T 7.71 5.66 2.40 1.48 8.75 
5~ 7.71 5.63 2.39 1.32 8.96 

'-7Sb 23 ' 
J 7.69 5.62 2.47 1.43 8.80 0.98 0.01 
19 
2 7.68 5.63 2.22 1.39 9.08 0.98 0.01 
Ji 7.69 5.61 2.29 1.18 9.23 0.97 0.01 
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0- 
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FIG. 7. Comparison of states in l2U23Sb with those in isotonic tin neighbors, l:ol22Sn. Levels connected with dashed lines arc interpreted 
as states with the same leading neutron configurations. 

•^ states in odd antimony nuclei with 113< A< 131 are 
associated with these configurations, coupled to a ds or gi 

proton [11,12]. Orbital occupation numbers from sheli-model 
calculations (provided in Table V) are consistent with the 

configuration assignments for these states. 
The top panel of Fig. c) shows the energy of the /" = 5" 

and 7 states in even-A tin nuclei with increasing neutron 

excess, in comparison to the /*' = y and y in odd-A 
antimony nuclei. One can see that the excitation energy of 
these states steadily decreases with the addition of neutrons. 

There also appears to be a bifurcation of the antimony and tin 

state energies, with the antimony states becoming more bound 

with increasing neutron excess, relative to the corresponding 

tin states. The bottom panel of Fig. 9 plots the difference 
in energy between negative-parity states in antimony and tin 

2.75 

—   2.5 
> 
S 2.25 

8   1.75 

I    2-5 
| 2.25 

2 
1.75 

1.5 

J- 

1       '       1       ' 
-    M 

" u 

i 

\- 

m 

i 

-23/2' 
i      •      i 

• 

i ,      i i      i 

121 1" 125 127 

A 

129 131 

FIG. 8. (Color online) Energy of states from shell-model calcula- 
tions (dashed lines) compared with those observed empirically from 
this work and Refs. [12,30,31]. 

with the same neutron configuration. A noteworthy feature of 
this picture is the asymptotic behavior of both plots, which 

3000 

68 72 76 SO 
Neutron Number 

FIG. 9. (Color online) The top panel illustrates the evolution of 
negative-parity states in antimony and tin nuclei with N = 66-80 
taken from Refs. [12,30,31]. Open square symbols (red) represent 
/" = 7~ states in tin nuclei, whereas filled squares (red) show ^ 
states in antimony. Open circle symbols (black) represent /" = 7~ 
states in tin nuclei, whereas filled circles (black) show " states in 
antimony. The bottom panel provides the energy difference between 
these states; the square symbols (red) show the energy difference 
between the /" = 7" (Sn) and ^   (Sb) states, whereas circles (black) 

illustrate the difference between the I" = 5' (Sn) and ^    (Sb) 
levels. 
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approach a limit of ~250 keV (excluding the N — 80 data 

point for the -^   /5" energy difference). 
The difference in energy between the tin and antimony 

negative-parity states must derive from the addition of the 
additional proton, i.e., from the neutron-proton residual 

interaction. According to Fig. 9, the /'T = y and •!£ states 
in odd-antimony nuclei are lowered by up to £ ~ 250 keV. The 

occupation numbers for the wave functions of the /" = y 

and f" levels in l27129 13lSb, from Table V, illustrate the 
dominance of the ngi orbital. The monopole energy shift of 
the ngi level has been interpreted as a signature of a strong 

tensor force between the AM neutron and gj proton orbitals 
with increasing neutron excess in the vhn subshell [4]. The 

systematic (~250 keV) energy difference between states in 
tin and antimony, illustrated in the bottom panel of Fig. 9, 
is interpreted here as the manifestation of this residual 
interaction between the gi proton and h n neutron. In Fig. 9 
the energy difference is reduced to almost zero as neutron 
number approaches N = 68, the inversion point of the gi and 
t/s protons. At this point, the d± proton would be expected 
to have a significant contribution to the wave function of the 

/" = y and • states. The energy difference here thus 
illustrates a reduction in the residual interaction between the 
vhn and nd? particles indicated in Ref [4]. 

nuclei. The states observed in these nuclei are interpreted 
as multiparticle states formed from the coupling of a <h or 
gi proton with Win, vsi, and vd> excitations, observed in 
neighboring tin nuclei. 

The energies of negative-parity states have been compared 
in tin and antimony nuclei. The difference in these energies 
has been interpreted as the manifestation of the proton-neutron 
residual interaction, recently associated with a strong tensor 
force. 

Shell-model calculations have been performed for 
i26,i28,i30Sn and 127.129.i3tsb The calculated excitation ener- 

gies of states in these nuclei compare favorably with those 
observed empirically and predict the existence of a low- 

lying /* = y state in l27Sb. Using systematic arguments, 

a /" = y    state is also expected in l25Sb, as the isotopic 

analog of /" = ^ states in odd-A antimony nuclei from 
123$ As: 131. 

Shell-model calculations provide an accurate description 
for excited states around the "doubly magic" |,2Sn core. 
However, as the number of valence particles/holes increases, 
the resources required to perform such calculations increases 
exponentially. The spectroscopic results obtained in this work 
have contributed to the data available for Z = 51 nuclei 
between stability and the closed-shell at N — 82 and provide 
an empirical benchmark for which to test the development of 
these theoretical descriptions. 

VI. SUMMARY 

In conclusion, high-spin states have been identified in 
the stable nuclei, l21,,23Sb following fusion-fission reactions 
between l78Hf and 27A1. Multidimensional /-ray coincidence 
techniques have been used to identify a number of previously 
unreported states, including four isomers. Angular correla- 
tion measurements have been used with intensity-balance 
techniques to identify spins and parities of states in these 
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