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Introduction 

With the advent of y-ray arrays containing many Ge detectors detailed studies of the spec- 
troscopy of neutron-rich nuclei have been made ;:ossible '-') through the observation of 
'discrete, prompt y rays emitted following fission. Spontaneous fission has proved to be 
particularly productive and has enabled a wide range of isotopes far from stability to be 
observed. These prompt y-ray investigations have complemented the experiments studying 
neutron-rich nuclei through the p decay of fission products. A large body of data is now 
available in the 2=40-44 and 52-58 region of neutron-rich nuclides (corresponding to the 
peak yields of fragments) and a coherent picture of the variation of nuclear properties with 
Z and N is emerging in these parts of the chart of the nuclides. 

In $his report results from a study of the nuclei produced in the spontaneous fission of 
248Cm will be presented. The present paper will concentrate on recent results on neutron- 
rich Sr, Zr and Mo nuclei with N=58-64. These isotopes are of particular interest because 
of the way their shapes change as a function of both proton and neutron number. The 
basic characteristics of these shape changes have been established for some time by p decay 
studies of low-spin states. The new data on prompt y rays extend our knowledge of the 
behaviour of these nuclei quite considerably. The great sensitivity of Ge arrays has lead to the 
observation 4 7 5 )  of Don-yrast bands, providing more detailed information on nuclear structure; 
the large number of detectors and the geometry of the CLOVER detectors incorporated 
into EUROGAM I1 have allowed the measurement of angular correlations 6, and linear 
polarisations, putting spin aiid parity assignments on to  a firm footing; a further advance 
in the study of fission fragment spectroscopy is the determination 7*8) of the lifetimes of 
yrast states by a new Doppler attenuation technique. These lifetime measurements give new 
information on the way nuclear shapes change as a function of rotational frequency. 

Experimental Details 

The data discussed in this report were obtained using the EUROGAM I1 array in Strasbourg. 
The array consisted of 52 large Ge detectors in anti-Compton shields, including 24 four- 
crystal CLOVER detectors. In addition four LEPS detectors were incorporated into the 
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array, in order to  observe X rays and low energy y rays with high resolution. The 248Cm 
spontaneous fission source comprised 5 mg of curium oxide mixed uniformly with KCl. The 
powder was then compressed into a pellet 0.5 mm thick and 5 mm in diameter. The KC1 
was used in order to  reduce absorption of low energy photons, and to give a characteristic 
slowing down time for fission fragments of 1-2 ps. This slowing down time enabled Doppler 
attenuation effects to  be observed and measured for y rays emitted from intermediate spin 
states. The geometry of the CLOVER detectors allowed them to be used as Compton 
polarimeters. 

In total about 2.5 billion coincidence events were recorded of fold equal to or greater than 
three. In order t o  analyse the data various high dispersion (up to 3000 channels on each axis) 
3-dimensional histograms were created, which could be gated interactively in any direction. 
The primary tool used to create level schemes was a yyy cube containing 2 ~ 1 0 ' ~  triple- 
y events. This was assisted by the use of a triples cube in which events from the LEPS 
detectors formed one of the axes. Having determined partial decay schemes it is important 
to establish, where possible, the spins and parities of the states involved. To this end special 
cubes were constructed to enable triple gamma correlations in the form of DCO ratios to  
be measured. Also double correlations were used, where, in addition to conventional double 

.correlations, a third, uncorrelated y ray was included to  allow for isotope selection. Finally, 
the particular properties of the CLOVER detectors were used to extract linear polarisations 
from direction-polarisation correlations. Details of the analysis techniques used to extract 
spins and parities are given in ref. '). 

As mentioned above, the source was constructed in such a way as to allow the determination 
of nuclear lifetimes. In the fission process yrast states are fed either by fast, statistical y 
rays from the entry point populated after the emission of neutrons, or by the yrast state 
above. This means that y-ray lines from yrast states with lifetimes of around 1 ps will 
exhibit Doppler broadening. In the circumstances of the present experiment, states which are 
members of a rotational band with spins in the range J=8 to 12 have lifetimes which can be 
measured. Because the fission fragments are emitted with equal probability in all directions, 
the y-ray lineshapes are symmetrical. These lineshapes are fitted using a development 7, of 
the standard DSAM method. An example is shown in Fig 1. This spectrum was obtained 
usihg quadruples data, using the 2-0 and 4-2 transitions to select the nucleus, and by then 
gating above the levels of interest. 

The Axially Symmetric Rotors: Sr and Zr Isotopes 

A well-established feature of neutron-rich nuclei in the A=100 region is the sudden onset 
of deformation in strontium and zirconium isotopes at the neutron number N=60. While 
the low-lying states of "Sr and 98Zr with N=58 show features of spherical nuclei, the iso- 
topes having only two more neutrons are strongly-deformed, axially-symmetric rotors with 
deformations of 0.35 5 ,& 5 0.40, as determined from the lifetimes of low-lying states. The 
extension of the ground-state bands in Sr and Zr isotopes by Hotchkis et al. ') provided 
further evidence for the "good" rotational character of these neutron-rich nuclei. We have 
now measured 8,  the lifetimes of higher-lying members of the ground-state bands of 98Sr and 
1009102~104Zr, in order to investigate the stability of the deformation with rotation. The 
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Figure 1: Example of y ray lineshapes. The spectrum is of yrast transitions in l12Ru, 8 neutrons 
from the heaviest stable isotope. The solid line shows the fit to the data using a quadrupole moment 
of 2.9 eb. 

measured lifetimes have been transformed into quadrupole moments within a rotational 
model description. The present results, which correspond to a fit to the lineshapes of y rays 
from the decay of the J=8,10 and 12 members of the ground-state bands, are given in the 
final column of the table below. The column Raman 9, shows the values of the quadrupole 
moment derived from the lifetimes of 2’ states; that labelled Moller lo) shows theoretical 
predictions of ground-state moments. The units are eb. 

Nucleus Raman Moller Present 

98 Sr 3.12(18) 3.14 3.17(20) 
loo Zr 3.01(19) 3.36 3.19(10) 
lo2Zr 4.01(40) 3.51 3.52(17) 
1042, 3.68 3.72(16) 

It can be seen that the new data strongly suggest that the shape of these well-deformed 
nuclei does not change with angular momentum, at  least up to spin 12h. This is consistent 
with theoretical expectations from calculations of Total Routhian Surfaces (TRS) 8) .  

The sharp transition in the ground-state shape from N=58 to 60 is now recognised as being 
due to the crossing in energy of the “spherical” configuration that lies lower in the isotopes 
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Figure 2: Partial level scheme of 97Sr. 

ne5r the stability line and the “deformed” configuration that becomes the ground state 
at N=60. One should therefore expect that in the transition region both configurations 
will coexist. It is clearly of interest to see whether it is possible to follow the behaviour 
of the two separate configurations as a function of neutron number. We have used our 
present data to  search for and identify rotational structures in the N=58 nuclei ’%r, 98Zr 
and the N=59 nuclei 97Sr, 99Zr, and to measure the lifetimes within these bands in order 
to determine their deformation. One example of a level scheme determined in the present 
work is shown in Fig 2, where that for 97Sr is shown. It can be seen that rotational-like 
bands appear at around 700 - 800 keV in excitation. The quadrupole moments of the bands 
based upon the 4’ level at 686.9 keV and the $- level at 771.1 keV have been extracted 
from measurements of the lifetimes of the high-lying members of these two bands. The 
moments have been determined to be 3.05(15) eb and 2.80(15) eb for the positive and negative 
bands respectively. Similar measurements have been made on the other N=58,59 isotopes 
of interest. By combining our measurements with previously published data 11-14) we arrive 
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Figure 3: The deformation parameters in Sr and Zr isotopes (see text). 

at the deformation parameters for the “spherical’, and “deformed” configurations shown in 
Fig 3. The filled circles correspond to ,& values derived from present lifetime measurements 
for deformed states; open circles represent ,B2 values for the coexisting “spherical” structures 

and question marks indicate unknown values of p2. Fig 3 shows clearly the evolution 
of the deformation of the two coexisting configurations. Further analysis is required to 
investigate the possible mixing between the two structures in the transition region. 

The y Soft Isotopes of M o  

We have observed 4, in losMo perhaps the best example of a harmonic two-phonon 7- 
vibrational band. The band-head level lies 500 keV below the pairing gap, avoiding problems 
with two quasi-particle bands; and the observed branching ratios are in excellent agreement 
with model predictions. The existence of such a configuration is consistent with TRS calcu- 
lations 8,  which show a minimum in the potential energy surface of Mo isotopes that is soft 
in the y degree of freedom. These same TRS calculations predict that, as the nuclei rotate, 
the yrast states take on a triaxial shape, due to  the alignment of h u  neutrons. 

2 

The role of the y degree of freedom in the Mo isotopes is of interest, because the Ru isotopes 
exhibit 15) characteristics of rigid triaxiality. Thus the transition from axial symmetry in 
the Sr and Zr isotopes to rigid triaxiality in Ru, via the y soft Mo isotopes needs further 
investigation. One consequence of the predicted shape change with rotation in the yrast 
states of the Mo isotopes would be a change in the quadrupole moment as one moves up the 
band. This should be in sharp contrast to the constancy of the quadrupole moment in the 
ground-state bands of Sr and Zr nuclei discussed above. 



We have measured ') the lifetimes of the J=8 to 12 yrast states in 102-108M~ and extracted 
quadrupole moments within a rotational model prescription to compare them to the moments 
determined for the J=2 states. The results are summarised below: 

Nucleus Raman Moller Present 

lo2Mo 3.26(19) 3.29 2.44(17) 
lMMo 3.29(13) 3.54 2.84(14) 
losMo 3.62(10) 3.70 2.85(13) 
losMo 3.68(42) 3.46 2.79(20) 

It can be seen from these results, in contrast to  the previous table, that a consistent reduc- 
tion of 20% in the quadrupole moments of the intermediate spin states in the Mo isotopes 
is observed. This reduction is entirely in agreement with the theoretical predictions and 
indicates that there is a change in shape towards a positive non-zero value of y as the nuclei 
rotate. 

'Summary 

A brief summary has been presented of some of our results from the study of prompt y 
rays from the spontaneous fission of 24sCm. The report has attempted to illustrate the 
advances that are being made in our understanding of the nuclear structure of neutron-rich 
isotopes, using the power of modern y-ray arrays. The most significant advance has been 
in the measurement of lifetimes, since, to achieve this, high statistics triple and quadruple 
coincidence data are required. It will be interesting to see what further advances can be 
made with the next generation of arrays. 
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