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Superdeformed (SD) nuclei are some of the best quantum rotors known. Their characteristic 
long sequences of equally spaced transition energies provide a unique opportunity to search for 
unexpected effects on an energy scale rarely achieved elsewhere in nuclear physics. In this context 
the recent observation of a regular staggering pattern of the transition energies in the yrast SD 
band in 14'Gd [l], where states differing by four units of angular momentum show a similar energy 
shift of about 60 eV relative to a (smooth) rotational sequence, is particularly intriguing. Evidence 
for similar effects has been reported in '%Hg [2], 14'Gd [3], Ig2Tl [4] and in some Ce nuclei [5]. These 
observations have triggered an intense theoretical effort to understand this phenomenon [6, 7,8, 9, 
10, 111. Some discussions connect this effect with the presence of a C4 symmetry of the nuclear 
Hamiltonian [S, 7, 81. Other studies [9, 10, 111 argue that the measured energy differences could be 
related to band-crossings. Since the observed energy shifts are only of the order of lOOeV or less it 
is essential to confirm the reported effects by new measurements with higher statistics utilizing the 
currently available detector arrays, like Gammasphere [12] and Eurogam I1 [13]. In this contribution 
we report results from a new experiment on the known SD bands in Ig4Hg[14, 151 investigating 
the previously reported[2] staggering in those bands. The very high statistics obtained in this 
experiment has made possible the determination of the relative transition energies for these bands 
with a precision of 60eV or better for most transitions. No extended regular AI = 2 staggering 
was found in the three SD bands of lg4Hg and the new results do not confirm those previously 
reported in Ref. 121. However, deviations of the y-ray energies from a smooth reference have been 
established for the two excited SD bands in lg4Hg. 

Superdeformed states in lg4Hg were populated in the reaction '50Nd(48Ca,4n) using a 201 MeV 
48Ca beam provided by the 88-inch Cyclotron of the Lawrence Berkeley National Laboratory, The 
emitted y rays were detected by the Gammasphere array which at the time of the experiment 
consisted of 70 Compton-suppressed Ge detectors. A stack of two 500,ug/cm2 thick Nd targets was 
used with both sides of each target foil covered with a thin layer of gold (450pg/cm2 facing the 
beam and 220pg/cm2 on the other side). A total of 1.4 x lo9  coincidence events with fold 2 4 were 
recorded on magnetic tape. A gain of 0.125 keV per ADC channel was chosen in order to achieve 
a high resolution. 

The effects we were looking for are only of the order of lOOeV and consequently the analysis 
plays an important role. Therefore we give hereafter a brief description of the analysis performed 
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Figure 1: Triple gated and background subtracted coin- 
cidence with spectra for the three superdeformed bands. 
The transitions marked with filled circles were not used 
as gates. Strong yrast transitions in Ig4Hg [17] are labeled 
with their energy and the symbol “y”. 

to extract the transition energies of 
the SD bands in lQ4Hg. An off-line 
correction of drifts in the ADC gains 
was performed for each individual de- 
tector and they were gain-matched 
by using y rays from a lS2Eu cal- 
ibration source. Gated coincidence 
spectra were created for each of the 
three known SD bands in lWHg us- 
ing in each case several sets of gating 
transitions, all leading to very clean 
spectra of the SD bands. Using the 
sorting method described in Ref. 1161 
was used to create triple-gated spec- 
tra as well as spectra with at least 
four gates satisfied, which, hereafter, 
we will call quadruple-gated spectra. 
Figure 1 shows triple-gated spectra for 
the three SD bands in lg4Hg. This 
procedure avoids the overweighting of 
single channels (so-called spikes) in 
the spectra due to the unfolding of 
high-fold events. To avoid such spikes 
is crucial for the correct determination 
of the transition energies, specifically 
in the quadruple-gated spectra. Dif- 
ferent backgrounds were subtracted 
from the triple-gated spectra in or- 
der to test for systematic effects aris- 
ing from these subtractions. For the 
present analysis no background was 
subtracted from the quadruple-gated 
spectra. 

T h i  Doppler-shift for SD transitions above 7OOkeV was found to vary from the average recoil 
velocity (v/c=0.0200 ( 5 ) )  for the lower energy transitions due to the fact that these decays occur 
in the target foils and their thin gold backing while the recoiling nuclei are still slowing down. The 
correction method proposed by Cederwall et al. [18] was used to take these effects into account 
and this improved the peak resolution for those high-energy transitions by 10-15%. The transition 
energies ET were determined by using a conventional fitting routine from the triple- and quadruple- 
gated spectra corresponding to different gating conditions. 

Table 1 summarizes the transition energies and relative intensities derived in the present ex- 
periment for the three SD bands in ‘=Hg. The uncertainties given’in Table 1 are dominated by 
the uncertainties arrising from possible or observed contaminats but also take into account the 
uncertainties arising from different background subtractions and gating conditions as well as the 
possible statistical fluctuations. The improvement in the overall precision of the present measure- 
ment compared with that in Ref. [2] is more than a factor of two. 

For each band the deviation of the y-ray energies from a smooth reference AE, was determined 



Table 1: Transition energies E-, and relative intensities I for all transitions of the three superde- 
formed bands in IMHg as determined in this work. The intensities are corrected for detector 
efficiency and internal conversion. 

lg4Hi 
E7 ( k W  

253.93 (4) 
295.99 (3) 
337.18 (3) 

416.60 (3) 
454.76 (3) 
491.86 (5) 
527.88 (3) 
562.92 (3) 
596.87 (5) 
629.93 (3) 
662.07 (4) 
693.40 (4) 
723.91 (6) 
753.92 (6) 
783.67 (8) 
813.12 (3) 
842.55 (6) 
872.41 (13) 
903.10 (18) 

377.39 (3) 

lg4H1 
E7 ( k W  
200.79 (6) 
242.25 (6) 
283.14 (6) 
323.45 (6) 
363.12 (6) 
402.05 (6) 
440.31 (6) 
477.68 (6) 
514.23 (6) 
549.93 (6) 
584.82 (6) 
618.96 (6) 
652.03 (6) 
684.57 (7) 
716.20 (6) 
746.89 (19) 
777.73 (6) 
807.76 (8) 
837.48 (7) 
867.08 (24) 

1 
1 (%) 
36 (5) 
75 (5) 
100 (5) 
97 (5) 
100 (5) 
100 (5) 
102 (5) 
101 (5) 
100 (5) 
102 (5) 
99 (5 )  
89 ( 5 )  
86 (5) 
84 (5) 
71 (5) 
54 (5) 
44 (5) 
35 (5) 
18 (5) 
8 (5) 

Ig4He 
E7 

262.27 (6) 
302.68 (6) 
342.50 (6) 
381.68 (6) 
420.08 (6) 
457.79 (6) 
494.77 (6) 
531.01 (7) 
566.26 (6) 
600.92 (6) 
634.60 (1 1) 
667.84 (7) 
700.11 (6) 
731.70 (17) 
762.77 (6) 
793.51 (6) 
823.65 (13) 
853.85 (12) 
883.60 (22) 

by calculating the fourth derivative1 of the y-ray energies E,(l) at a given spin I by: 

This expression was previously used in Ref.[2] and is identical to the expression for A4E,(l) in 
Ref, [ll]. We chose to use the expression above in order to  be able to follow higher order changes in 
the moments of inertia of the SD bands. The effects discussed below are certainly also visible in all 
lower derivatives. Figure2 shows the resulting values of AE, for the entire frequency range of the 
three SD bands in lg4Hg from the present experiment on the left side and the results from Ref. [a] 
on the right side. The uncertainties for AE, given in Fig.2 are calculated using the standard 
error propagation method. We are aware that the given uncertainties of the individual AE,-values 
do not account for the correlations induced in the staggering pattern by the change of individual 
E,-values. The effect of these correlations will be discussed later in this paper. 

To evaluate the statistical significance of the staggering pattern an analysis was performed in 
terms of the confidence level defined in Ref.121. In this method the distribution of AE, values 
around their average is compared to the distribution obtained when the sign of every other data 
point is changed. The separation of these distributions in terms of their standard deviation (by 

'The expression given is in fact the finite difference approximation to the forth derivative d4 E7/d14 of the transition 
energies. 
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Figure 2: Fourth derivative AE7 (see eq. 1) of E, for 
the three superdeformed bands in lg4Hg versus rotational 
frequency hw from present work (left) and Ref. [2](right). 
The insets show staggering patterns expected from a band 
crossing scenario (see text for details). 

definition the standard deviations of 
both distributions are equal), gives 
a measure of the significance of the 
observed effect (including amplitude 
and regularity). Assuming a regular 
staggering over the whole frequency 
range, we have determined the cor&- 
dence levels for the three SD bands in 
194Hg. The confidence level for band 
1 is 0.7u, which cannot be c d e d  sta- 
tistically significant and reflects that  
all AE,-values are within their un- 
certainties consistent with AE, = 0. 
For band 2, a confidence level of 1.40 
was found for a regular staggering over 
the whole range. We also investigated 
the significance of those short regu- 
lar oscillations which differ from the 
smooth reference outside their uncer- 
tainties. In band 2 the two frequency 
ranges fiw = 0.29 - 0.35MeV and 
hw 2 0.35MeV exhibit larger confi- 
dence levels of 2 . 5 ~  if analyzed indi- 
vidually. But the opposite phases of 
the oscillations in these regions lead to 
a small overall confidence level. How- 
ever, each of these frequency ranges 
exhibits a significant deviation from a 
smooth reference. Band 3 exhibits the 
most regular pattern, which is repre- 
sented by a 3.1 0 confidence level. 

However, this large confidence level is mainly due to the oscillations observed in the frequency 
range fiw = 0.25 - 0.325MeV. The region below exhibits only very small confidence levels of 
about 0.5u, while a value of 1.30 is obtained for frequencies fiw > 0.325MeV. This leads to the 
conclusion that there is no clear evidence for a regular oscillation extending outside the frequency 
range fiw = 0.25 - 0.325MeV. 

An additional statistical analysis was performed in order to investigate the fact that changes 
of individual E,-values will have a correlated influence on the AE,-plot, since each y-ray energy 
is used in the calculation of five AE,-values (see eq. 1). In this analysis we have determined the 
probability that the observed staggering plots can be produced by a smooth rotational sequence of 
y-ray energies that obey the experimental uncertainties. We find that there is a 47.8% probability 
that the staggering plot of band 1 is produced by a smooth rotational sequence. For bands 2 and 
3 this probability is 10.8% and 0.4%, respectively. One may therefore conclude that the statistical 
analyses support the presence of significant deviations from a smooth reference in bands 2 and 3. 
Though not necessarily over the whole band, as discussed above. 



The following conclusions can be drawn about the individual bands. 
(a) Within the quoted uncertainties, band 1 shows no significant deviation from a smooth behavior 
over the entire frequency range. 
(ii) A deviation from a smooth behavior of the y-ray energies is obvious in band 2 for rotational 
frequencies above 0.3 MeV. However, this deviation does not correspond to a regular oscillation 
pattern, since a phase inversion is observed at tiw = 0.35MeV. 
(iii) A short regular staggering pattern of the order of k50 eV is visible in band 3 in the frequency 
range fiw = 0.25 - 0.325MeV. Whether the observed pattern continues or not at higher and/or 
lower frequencies remains an open question due to  the magnitude of the uncertainties involved. 

We now want to discuss the present data in relation to some suggested interpretations. The 
results from Ref. [2] have been interpreted as evidence for a possible C4 symmetry in the Hamilto- 
nian [6, 7, 81. This interpretation was origindy based on the observation of an extended regular 
AI = 2 staggering in the yrast SD band of 149Gd [l]. We have no clear evidence for such extended 
staggering in the SD bands of lg4Hg. However, it is not clear that C4 symmetry must always gen- 
erate extended regular staggering[19]. So, in fact, we are unable to use our new results to discuss 
the possible presence of a C4 symmetry in lg4Hg. Many more systematic studies must be done in 
order to establish the presence or absence of C4 symmetry. 

Alternatively, we may compare the observed deviations with the patterns expected from a band- 
aossing, as discussed in refs. [9, 10, 111. The insets in Figure2 show the deviations from a smooth 
reference that one would expect for the crossing of two bands. Two extreme cases were chosen 
where the crossing occurs either near levels in the bands (a) or at the midpoint between levels 
(b). The interaction between the bands is assumed to be so weak that the configuration mixing is 
extremely small and, as a result, no measurable cross talk between the bands occurs. Situation (a) 
can be approximated by the shift of only one level in the band and (b) by the shift of two levels. 
It is obvious that the staggering patterns in the insets are very similar to parts of the staggering 
plots for band 2 and 3. However, no single pattern can account for the experimentally observed 
deviations from the smooth reference. In addition, no evidence was found for additional SD bands 
which could be involved in a band crossing. Therefore there is no experimental evidence for bands 
whose possible crossings could account for the observed deviations in bands 2 and 3. 

In summary, we have performed a high statistics experiment to test for the previously re- 
ported [2] evidence for a AI = 2 staggering in the three SD bands in lg4Hg. The transition energies 
have been determined in this work with a precision of at least 60eV for most transitions. With an 
improvement in the precision by a factor of two with respect to Ref. [2] we cannot confirm evidence 
for an extended regular AI = 2 staggering in any of the three SD bands of Ig4Hg. However, we 
observe deviations from a smooth reference in the SD bands 2 and 3 which differ from those previ- 
ously reported. We are unable to discuss the possible presence of a C4 symmetry, since no extended 
staggering was observed, which was the basis of earlier discussions of this symmetry and no specific 
predictions are available for bands in lg4Hg. The oscillation patterns of the ?-ray energies that can 
be induced by a simple band-crossing or level-shift have been briefly discussed. While the similar- 
ities of these patterns with parts of the observed effects are significant, at least two such crossings 
or level-shifts would be required in each band to explain the data. Even though such level-shifts 
seem to provide a simple and straightforward explanation of the observed effects, it is apparent 
that other experimental signatures, such as a crossing band, are needed to fully understand the 
results of the present work. No such band has been found in the present data set. Thus the data 
does not settle the question of the origin of the observed effects. 

This work is supported in part by the Department of Energy, Nuclear Physics Division, under 
contract no. DE-XC03-76SF00098 and W-31-109-ENG-38. 
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