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Neutron resonance spectra appear simply and regularly in the light of superfine
structure (SFS). It is found that the relative shifts (i.e. the relative distances) between
the SFSs for groups of nuclei have definite values and are closely interrelated to the
symmetry properties of the compound systems if we treat neutron zero energy as a
common reference point. An origin of the SFSs and its possible application to an
evaluation of nuclear data are discussed.

Can we disentangle complex spectra of neutron resonance levels and discover
any systematic laws in the distributions of level positions from one nucleus to
another? An enterprise to answer this question will encounter a difficult situation
which mainly originates from the predominance of chaotic motion in a compound
nucleus[l]. Our long-term search for regularities in the level distributions, however,
revealed the existence of characteristic level distances for intermediate and heavy
nuclei[2]. This level structure has been named by I. M. Frank[3] as superfine structure
(SFS) in the sense that it relates to many different nuclei with eV-scale interactions.
The simplest type of characteristic level distances is an unit level distance with
which level positions are determined in a way closely interrelated among different
nuclei[4]. To detect the SFSs and study its mutual relationship, we need a new
concept and a special technique of analysis, which are described in the following.

Detection of the SFSs and relative shifts
First, as a reference, we use the levels of the 123Sb, 168Er, 177Hf and 179Hf nuclei

where the SFSs are typically observed[4]. For these nuclei, most of the observed
level energies can be expressed by Ei = n e+ r\, where n takes integers, e is an unit
level distance and r\ a shift to the lattice points ne starting from neutron zero energy.
Table 1 shows the parameters for these nuclei. The upper energy ranges were limited
by the experimental energy resolutions of the data[5].

Second, we treat the neutron zero energy as a common reference point, which
is equal to a point of neutron separation energy. It is stressed that this reference
point acts for correlated levels.

Third, we determine a relative shift AT| (i.e. relative distance) between the
SFSs of a sampled and a reference nucleus. For this purpose we use a (20+l)-point
correlation function A2o[2,4]; its values at e, 2e, 3E,... represent the dominance of the
unit level distance E. The variance of A20 can be approximated by the average value
of A20: var A20 ~ <A20>. This approximation holds good especially for the GOE[4]. A
normalized function of A20 is denoted by a20> which is equal to the probability of
finding a level from each level separated at the distances of mx (m = 1, 2,..., 20)
within the window width AE. The relative shift Ar[ between the SFSs of the two
nuclei can be obtained in the following way. Adding a constant to all the observed
level energies {E\} of a sampled nucleus, we superpose these shifted levels on the

- 3 0 2 -



JAKRI-Conf 96-008

Table 1 Unit level distances and shifts for reference nuclef

Target Unit level distance e Shift T|
Nucleus (eV) (eV)

Energy range
(eV)

179Hf
177Hf**
123Sb
168Er

3.06
4.37
5.44

17.6

-0.5
0.8
0.0

-3.2

<300
<300

<1050
<5000

* The resolution was AE = 0.6 eV for the179Hf and 177Hflevels, AE = 2 and 6 eV, respectively,
for the 1 2 3Sb and 1 6 8 Er levels.

** J = 3 levels

unshifted levels of a reference nucleus whose level energies are {Ej}. Then the level
energies of the superposed ensemble are {Ej + a} + {Ej}. If we calculate the correlation
function A20 for the superposed ensemble as a function of relative shift, it will have
the largest value at a relative shift Ar| between the SFSs of the two nuclei. Fig. 1
shows such an example for a case of the 4.37-eV unit level distance where the 17 'Hf
nucleus in Table 1 was taken as a reference and the 238u nucleus as a sample. It is
seen that the 23^U nucleus has a dominant component of the 4.37-eV level structure
at a relative shift of-0.8 eV in reference to the ^ H f levels. If the level structure of
the 238u nucleus has no relevance to that of the 177Hf reference nucleus, the peak
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Fig. 1 The 4.37-eV level structure of the238!! Fig. 2 Plots of a for the superposed levels of
nucleus in reference to the J = 3 levels the 177Hfand 238U nuclei below 300 eV.
of the 177Hf nucleus below 300 eV. The The resolution was 0.6 eV. The J = 3
resolution was AE = 0.6 eV. Here the levels of the 177Hf nucleus was taken
^SU levels include all the observed s- as a reference and the s- and p-wave
and p-wave ones. ^SU levels were added to the reference

levels with the relative shifts of-0.8 eV
(a) and 0 eV (b).

height of A20 at any relative shift would be within the level expected for uncorrelated
levels. Fig. 2 shows plots of a20 for the superposed ensembles with the relative
shifts of-0.8 and 0 eV. It is seen that a20 has large periodic peaks at x = e (4.37 eV),
2e and3e with the relative shift of-0.8 eV while these peaks disappear with the
relative shift of zero. The probability to have periodic peaks larger than the actually
observed ones with a particular relative shift can be easily estimated by means of a
simulation of random levels[4j. The probability is very small (<0.0001) for the case
of the 238U nucleus in Fig. 2. In the following, characteristic features of the relative
shifts revealed in reference to the nuclei listed in Table 1 are described.
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A. The 4.37-eV level structures
Fig. 3 shows the 4.37-eV level structures of the 232Th, 234U and 236U nuclei in

reference to the J = 3 levels of the 17?Hf nucleus. The relative shifts of the 4.37-eV
level structures for all the nuclei in Figs. 1 and 3 have approximately the same
value of-0.8 eV; this is the case also for the independent ensembles of s-wave and p-
wave levels of the 232Th and 238U nuclei[4]. The probabilities of obtaining the
observed correlations at the relative shift of-0.8 eV were 0.01 for these nuclei. As
seen from Fig. 3, the 232Th and 236JJ nuclei have also a component of the 4.37-eV
level structure at the relative shift of ~(l/2)e. For odd rare-earth nuclei of ^-^Dy,

I73yb and 157Gd( the 4.37-eV level
structure appears at the relative shifts
nearly equal to -(l/6)e, (l/6)eand (l/2)e,
respectively. Fig. 4 shows the 4.37-eV level
structure for a superposed ensemble of the
157Gd, !63Dy and l?3Yb levels. As seen
from Figs. 3 and 4, the relative shifts of
these 4.37-eV SFSs take the discrete
values of-(l/6)e, (l/6)eand(l/2)ein steps
of (1/3)E. The 238Pu and 239Pu nuclei have
the 4.37-eV level structure similar to one
shown in Fig. 4, while the 240Pu and 242Pu
nuclei have the level structures with the
relatvie shifts of-(172)6 and 0 respectively.
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Fig. 3 The 4.37-eV level structures of the

M2Th, ^ U and MGU nuclei in reference
to the J = 3 levels of the 177Hf nucleus
below 300 eV. The resolution wasAE
= 0.6 eV. The 232Th levels include s-
and p-wave ones and t h e ^ U and 23SU
levels only s-wave ones.

Fig. 4
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T he 4.37-eV level structure for a
superposed ensemble of the 157Gd, 163Dy
and 173Yb levels in reference to the J = 3
levels of the mHf nucleus below 300 eV.
The resolution was AE = 0.6 eV.

B. The 17.6-eV level structures
Fig. 5 shows a plot of mass number dependence of the relative shifts for the

17.6-eV level structures in even rare-earth nuclei with A = 144 ~ 166; here the
168Er levels were taken as a reference. Except for the 160Gd nucleus, the relative
shifts in Fig. 5 have the values of either ~0 or ~(l/2)e, where £= 17.6 eV. The
probabilities to have the observed 17.6-eV level structures for these nuclei are very
small, if we assume these levels are uncorrelated with the 168Er reference levels.
For example, the probability is less than 0.0001 for the case of the 154Sm nucleus.
An observed preference to the particular values of relative shifts An =0 and (l/2)e in
Fig. 5 suggests the existence of some physical constraints imposed on the level
position distributions with respect to the common reference point. Table 2 shows a
classification of the nuclei according to the discrete values of the relative shifts. The
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Fig. 5 Relative shifts of the 17.6-eV level structures for even rare-earth nuclei. The1MEr
levels below 5000 eV were taken as a reference. The resolution was AE = 6 eV.

listed nuclei comprise about 80% of the nuclei examined in the mass region of A =
144 ~ 170. In the analyses, we included all the observed levels, most of which were
s-wave ones; exclusion of p-wave levels did not essentially change the relative shifts
except for the case of the 152Sm nucleus. As seen from Table 2, the relative shifts
appear to be determined by the combination of proton and neutron numbers, i.e.
isospin components. We can make one-to-one correspondence between the relative
shifts and symmetry properties of the nuclei in the following way. For the eight
nuclei of 146Nd ~ 166»Er in Table 2, we can see that the change ATZ of isospin
components by even or odd numbers are associated with the relative shifts of AT) =0
or (1/2) e, respectively, whereATz is counted from a fixed nucleus, for example, from
the 154Sm nucleus. This experimental observation encourages us to think that
symmetry properties such as isospin components play a major role in determining
the relative shifts between the 17.6-eV SFSs. Here we assume that the isospin

Table 2 Relative shifts of the 17.6-eV level structures

Relative shift 0 A-n»(l/2)e*

Target nuclei 144Nd

154Sm
158G(J
162Dy

152Sm

164Dy

* eis the 17.6-eV unit level distance for thel 6 8Er levels below 5000 eV.
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components at the highly excited states of neutron resonances coincide with those
of the ground states except for the 144Nd nucleus. Since the relative shift of the
144Nd nucleus is same as that of the 146Nd nucleus, the isotopic component of the
144Nd nucleus is expected to differ from that of the 146Nd nucleus by even numbers
at the high excitation; otherwise, some other quantum numbers should cancel the
unbalance of the symmetry. A similar situation holds for a case of the 166Er and
168Er nuclei which have the same relative shift, although the difference between
their isotopic components at the ground states is ATZ = 1.

C. The 5.44-eV level structures
We can find a similar correspondence rule between the changes of the relative

shifts and isotopic components for the 5.44-eV SFSs revealed in reference to the
123Sb levels (Table 1). Fig. 6 shows plots of A20 for the pairs of nuclei 238pu. 240pu
and 244Cm - 246Cm, where the 5.44-eV level structures have the relative shifts of
{-(l/2)e + 1.1} = -1.5 eV or 1.1 eV, that is, these relative shifts are in opposite phase
with each other. As for the relative shifts for the 240Pu and 244Cm nuclei, they are
in opposite phase with each other while ATZ = 0 at the ground states; again, we
interpret that at the high excitations there should be a mechanism which cancels
the unbalance of the symmetries between the 240Pu and 244Cm nuclei.
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Fig. 6 The 5.44-eV level structures of the

40Pu, wCm and 2wCm nuclei in reference
to the 123Sb levels below 800 eV; for the238Pu
nucleus, the energy region was below 500 eV.
The resolution was AE = 2 eV.

D. The 3.06-eV level structures
The 3.06-eV SFSs revealed by the

179Hf reference nucleus in Table 1 are
important in that they extensively
demonstrate the relation between the
relative shifts and the symmetry
properties of the compound systems. For
example, in the mass range of A ~ 90 to
120, the changes of the relative shifts by
an amount of ~(l/2)e can be associated
with the changes in quantum numbers of
spins and isospin components. The details
will be described elsewhere[6].

Origin of the SFSs
We dealed with the SFSs composed

of a few unit level distances whose
appearances are characterized by the
relative shifts. From present-day
experimental limitations, the numbers of
observed levels in individual nuclei are
usually not so large. The level densities of
heavy nuclei amount to the order of ~10fy
MeV, while the number of experimentally
observed levels at our hands for one
nucleus is several tens to several hundreds
at most. These levels lie in the very
thinnest region above the neutron
separation energy of several MeV.
However, neutron resonance levels are
now used as an object for studying the
violation of fundamental symmetry and
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invariance[7]. Besides, slow neutron resonance data have an uniquely good energy
resolution, which enables to study periodic motion in a nucleus with a long time
scale from the uncertainty relation for energy and time[8]. Most of semiclassical
studies of periodic motions are limited to rather simple orbits, i.e., with a short
period of time, vice versa, with a large energy resolution[9]. At first glance, long-
period motions in a compound nucleus seem too much complex to be attacked.
However, the time-based understanding of the compound nucleus reaction will be
facilitated by our finding of the simple patterns of the relative shifts and the existence
of close interconnections between the relative shifts and symmetry properties of
the compound systems.

The SFSs as a nuclear data evaluation
The appearance of the SFS is sensitive to the experimental data. A general

tendency is that the SFSs become more consistent as the experimental energy
resolution becomes better. As a result, the SFS analysis will serve as a data
evaluation.

Future prospects of the SFS
We expect that the SFS will shed new light into the understanding of many-

body nuclear interactions and the constraints of the symmetry properties of the
compound systems imposed on the level distributions. We also expect that the SFS
will find practical applications in a strong electromagnetic field induced with lasers.
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