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1. Introduction

The results of the study of the structure of nuclear excited states up to an
energy of about 20 MeV allow one in this energy range to identify several intervals
differing in excited states nature, With increasing excitation energy simple states
become more complicate upon transition to the Niels Bohr’s compound states and then
to the states with prevailing collective modes of excitation, i.e. to the various
giant resonances {(Fig.l).
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Fig. 1

For heavy nuclei the interval up to about 2 MeV is most studied nowadays. In
this energy range nuclear spectroscopy has acquired most rich information both on the
excitation scheme of states/ 4 ané on their nature. From this information various
theoretical models originate such as the model of interacting bosons/ 2/ , the quasi~
particle phonon nndel/3/ and others,

The studies by neutron spectroscopy methods that are now being carried out for
half a century have already pemmitted scientists to obtain information on dozens -



(hundreds) of states in a narrow energy interval { < 10 keV)“/ in the vicinity of
the neutron binding energy (Bn ~6 - 8 MeV). These data are not badly described to
the first approximation in the frame of the compound nucleus hypothesis and the sta-
tistical theory that operates on the parameters averaged over a large nurber of neu-
tron resonances, but yielding no definite information on the nature of an individial
campound state. Being not satisfied with the situation experimentalists often under—
take wide—range and sometimes successful attempts to search for "nonstatistical
effects" of various types in the characteristics of neutron rescnances (see, for
example, Proceedings of many conferences on neutron physics that took place during
the last 20 years).

The area of giant resonances excited through various mechanism (Eexc~1 2-18 MeV}
attracts more and more attention, however, a cardinal study on the nature of
these states is yet far ahead. The indermediate intervals (see Fig. 1) between
simple (S) and extremely complex compound states (C), pre-compound states, as well as
betwean compound and giant resonances (GR} remain practically unstudied. Undoubtedly
interesting is an attempt to follow the process of states’ becoming complicated with
increasing excitation energy, i.e. to follow a transition from "order" of an § state
to "chaos" of a C state and further on to "order" (?) of a GR state.

But this presents a problem for a whole direction of nuclear physics, while here
we would like just touch the results on campound and pre-compound states obtained by
a group of scientists from the Laboratory of Neutxon Physics, JINR, engaged in the
studies of rare reactions.

2. Neutron Resonances in Heavy Nuclei as Compoundd States

According to modern notions of the statistical theory the wave function of a
compound state of a heavy nucleus is a random set of various components each making a
contribution of 107°, i.e. different excitation modes are fully fragmentated over
compound states (the black mucleus model) . But in a true nucleus it is not quite so.
In the excitation energy range of the corresponding neutron resonances (6 - 8 MeV) a
single-particle component of the wave function is not negligibly small, neutron
strength functions systematically change from nucleus to nucleus thus formingpeculiar

giant resonances of size {Fig. 2). . Ep—Bn,
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The variations of neutron strength functions are in the scale of two orders of mag-
nitude here. Besides the mexima and minima are well correlated with the positions of
single-particle shells in the nucleus with respect to the peutron binding energy
(see Fig. 2}. So the nucleus appearssemi-transparent for the neutxon chamnel near
the neutron binding energy and phenamenologically their interaction with neutrons is
described with the optical model.

To estimate other components of excitation of neutron resonances let us txy to
make use of other decay channels in a compound mucleus. Information on more corplex
compenents of the wave function of the compound nucleus can be derived from the ana-
lysis of of ~Gecay of neutron resonances. But the probability of such ol -decay is
essentially suppressed by the Coulamb barrier of the nucleus. This results in the
fact that in heavy muclei in most favourable cases the ol —widths ave by 6 o2
orders of magnitude smaller than the radiation widths of resonances. This explains
poor information on the alpha-particle strength functions of compound nuclei.

Fig. 35/ shvnes the dependences on atomic weights of nuclet of ratiocs ¢ [ J‘UP% ﬂ(j ,
which correspond to of -particle strength functions multiplied by a constant. The
errors of points are mainly due to the small number of the investigated resonances
that the averaging was performed over. The satisfactory agreement between the ex-
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Fig. 3

perimental and theoretical data illustrated in Fig. 3 speaks in favour of the vali-
dity of the description of the average probabilities of of —decay of compound states
in the frame of the statistical model ("black™ nucleus). Consequently at the neutron
binding energy the two—quasiparticle, four-quasiparticle and the "two—quasiparticle +
+ phonon” type wave functions (that determine of —Gecay of the campound state of

the daughter nucleusfs/) are much stronger fragmentated than in the case of single-



particle neutron conmponents (see Fig. 2). However one cannot exclude the possibility
that greater accuracy of the data {(by averaging over a larger number of resonances)
will allow one to "get on the track" of the remains of the fragmentation of the above
mentioned components. The possibility of this effect follows from the shown in

Fig. 4 dependence on neutxon energy of < F,( /3) values measured for the present-
ly most investigated nucleus 147511. This depe.ndelzce averaged over intervals of 100 ev
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Fig. 4

(each containing 10-15 rescnances) is shown by black points/ 7 and averaged over
shaded intervals indicated in the bottom of the pict:ure/B/ by crosses. Rather ob-—
vious structure is cbserved in the energy dependence of £ fu/4>. According to the
estimates obtained in the frame of the quasiparticle-~phonon model of V.G.Soloviev,
the average level distance between 4-quasiparticle J = 4" states in the lﬂSm
nucleus is of the order of 2-3 keV. We do not know of course laws of fragmentation
of such excitation modes on coampound states, but the presence of not fully frag-
mentated few-quasiparticle states may seemingly lead to an enhancement of of —decay
of the whole group of neighbour resonances via some definite channel.

3. The Nature of the Enhancement of Y—Transitions Following decay of 45~Shell
States

Usually the main reqularities of the primary 7Y -transitions between compound
states and low-lying levels in heavy nuclei (140< A ¢ 190} are successfully des-
cribed in the frame of the statistical theory. ]-Iéwever, in the study of fluctuations
from rescmance to resonance of the population of low-lying levels following the ra-—
diation decay of neutron resonances/ 3/
tion of the statistical theory. The experimentally detected fluctuations appeared

a certain doubt arises concerning the applica-



to systematically exceed the analogous values calculated within the statistical
thecry of { =decay in the stated above mass region of 48 maximum ©of the neutron
strength function. In the region of its minimum (see Fig. 2 for 50« A < 140} this
exceeding is not observed. It was suggested/ 9/ that in }/-decay of nuclei from the
48-shell the observed enhancement of fluctuations are due to the enhancement of cer-
tain cascades { "(—decay channels) reducing the effective number of intermediate
states in the cascades and as a consequence leading to reducing average fluctuations.

We have succeeded in detecting this "channeling of “{ -cascades by the inves=-
tigation of the compound states decay via measuring two—qguanta cascades following
neutron capture (the (n,27) reaction) with the help of two Ge(Li) detectors opera-
/J.O/' This procedure does not
only provide the most rich pure spectroscopic inforxmation on the states of energies
up to ~ 4 MeV. For example, for the compound nucleus 179H£ 239 casca;des have been
identified, 154 of them are .located, the mumber of intemmediate levels amounts to
48. So we have studied 67 + 4 % of the total probability of Y-deca.y of the
cotpound nucleus/ll/. The original data on the mechanism of T —decay have alsc been
obtained.

An exanple of the amplitude spectrum of ccinciding pulses (after background sub-

ting in the mode of summation over coinciding pulses

traction) cbtained with cne of the detectors in the measurement of the population via
two~quanta cascades of an excited level at 375 keV in l79Hf is shown in Fig.Sa/ll/.
If one compares this spectrum with that expected from the statistical theory (Fig.Sh),
a muber of essential qualitative differences can be outliined :
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- in the experimental spectrum the enhanced gamma-cascades are distributed over
the whole spectrum, while in the calculated one they concentrate on its edges;

- the high intensity cascades are often grocouped;

- the two-guanta cascades from a state at Eil ® Ep, 0.5 Bn appear rather pro-
bable.

Such "visual" conclusions cobtain alsc the quantitative confimmation in the com—

parison of experimental values for the total intensity of all the two-quanta cas-
cades populating a definite final state S - f e with a calculated

Cot Y
from the statistical theory value of I" *® . There the partial radiation widths of



El transitions were calculated within the model of the giant electric dipole reso-
nance and for the Ml and E2-transitions within the Weisskopf model, the densities
of states at energies below Bn being taken in accordance with the model of the
Fermi gas with a Strutinsky correction/ 12/ .

Table 1 pregents as an example the data on 179

Hf including, besides [” vaiues
there are also given the guantum characteistics of final states and a value of

o,
Rz_[}r;f;‘rﬂ:hat qualitatively characterizes deviations from the statistical theory.

Table 1
Compound r %} XX}
L exp theor
nucleus, E., kev Iz K [{Inzl\J I‘r( Iy R
i
o
179 - -
Hf 214 7/2 7/27 [s14] 2.1+ 0.9 0.03 70 + 30
375 1727 1727 f510] 15.5 + 1.6 6.3 2.5+0.3
12t 421 3727 " 16.5 + 2.1 6.0 2.8+0.4
476 5/2° " 7.6 + 0.6 3.6 2.1+0.2
518 5/2° 5/2" [512] 4.0 + 0.8 3.3 1.2+0.3
614 172" 127 [521] 9.5 416 4.7 2.040,3
679 3/27 " 3.8+ 0.8 4.1 0.9+0.2
701 8727 " 2.6 + 0.5 2.1 1.240.2
721 3/2° 327 f512] 3.1 +0.7 3.8 0.8+0.2
788 5727 " 2.7+0.8 1.8 1.5+0.4
Total 67.4 + 3.7  36.0 1.940.1
x) I?:p in % per decay ; I;)}p includes statistical uncertainties and random
scaling errors.
xx)}
theor in % per decay.
T
From the analysis of the data sumarized in Table 1 and of the analogous data
obtained for 163’165Dy, lG?Er, lT"SYb, HQHE and J‘SB’J‘STW nuclei one can conclude that

the enhancement of the cascades (R»1) takes place, if final states reveal a certain
structure, i.e. have a large single-particle components of the wave function (in par-
ticular the cascades populating the band 1/2° [ 510] , for example).

The even-odd compound nuclei investigated lie in the mass region of 4S maximm
of the neutron strength wave function.This maximum is explained by the fact that in
this mass region near the neutron binding energy single quasiparticle states l/2+[640]
and l/2+[ 651] are located (see Fig.2). These states formed on neutron capture
{(being initial in gamma-cascades) may have essential single-particle components.

Unfortunately till now we could study only the cascades that follow the thermal
neutron capture and not those from individial resonances which would allow one to in-—



vestigate the dependence cf the ephancement of the cascades {R »1l} on the neutron
width for a given nucleus, Therefore, to clarify the role of single particle compo—.
nents of an initial compound state in the process of enhancement of gamma-cascades
we have to use a relative reduced width of the resonance which determines the thermal
cross section of a given isctope /:;'7( re >+ or make use of a weighted average f..",
if several resonances make coparative contributions into the thermal cross secti.on/ 4/ .
Figure € presents the dependence of the value for the garma—cascade enhancement
R on the relative reduced neutron width of the initial state of the cascade for the
investigated even—odd deformed nuclei. The positions of the experimental points quali-
tatively confinn the validity of
this dependence. The quasiparticle-

LELARLAN LD U I L B N I B B o
p;; T phonon model being developed by a
. f HF-179 Y8-175 ] group of V.G.Solcviev/l’s/ predicts
correlation between ,:" and par-

tial gamma-widths of K-allowed El-
transitions because both widths de-—
pend on the same single-particle
conponents of the wave functions of
heutron resonances. However, bocause
0 ilél“él“é'“é‘“qb'lﬁ.{"r:’_,' of the fact that the reduced radia-
tion width has alsc other components
Fig. 6 correlation between the neutron and
radiation reduced widths may appear to be nonlinear. Then for R one may obtain the
following expression/ L/ 4 or kot TRATS
R s
The possibility of the qualitative description of the experimental data with the de-
pendence of this type is illustrated in Fig. 6. However, one should keep in mind that
parameters k£ and & must be constant for a given nucleus, but may depend on A ,
since single-particle states change their positions with respect to Bn.

S50 we have demonstrated the connection of the enhancement effect observed for
certain two-quanta cascades with guasiparticle camponents of initial and final states
of the cascade. What intermediate states are selected by ebhanced cascades?

In principle the method of summation over coinciding pulses used here does not
allow determination of the order in time of emission of detected gamma—quanta. The
shown in Fig. 5 amplitude spectrum from one of the detectors is compared with the
calculated cne that accounts for that and inverse order of emission of gamma—quanta
with corresponding probabilities dependent on the energy of each quantum and its
multipolarity. Some time ago in ordex to detemmine the sequence of gamma—quanta in a
cascade we used the fact that, if a transition of given energy occurs in several
cascades populating different final states of the nucleus investigated, then it is a
primary transition‘/lq/ . This helped determine the positions of intermmediate states in
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a majority of intensive gamma-cascades and as a conseguence build for the main part
of gamma cascades the dependence of the intensity of gamma-transitions en the energy
of the primary transition and consequently on the excitation energy of the nucleus
Eexc = IEIn - El’i'
An argument,in favour of the assumption that the structure of intermediate sta-
tes excited in most strong cascades for even—odd nuclei with /;o larger than
< [, » contain a large nuber of single-particle components, is provided by the
analysis made in Ref ./ 15/. In this work in the frame of the quasiparticle-phonon
model of the nucleus an attenpt was made to compare the distribution of excited
single-particle components with the experimentally obtained distributions of pri-
mary transition intensities summed over final states of cascades thus supposing that
in the excitation energy range below 4 Mev more complex components can be neglected.
This analysis should be considered as an initial step.
Figure 7 presents an example of
such comparison for 175Yb‘ Here the hys-
YB-175 togram means experiment (the data from
30 T ””“'”I””UrlIlll”ll”” single-quanta gamma-transitions are sha-
K'=3/2" ded) ,points reflect the data calculated
G121 Soqt from the statistical theory, "errors"
illustrate the residua! Porter-Thomas
j fluctuations, curves are the distri-
. putions of the (CU), strength of
(Cul? K'=1/2 the fragmentated states p with quan-
uly 5101 o1l tum mubers/A# M A]. Tt is seen that
maxima in the distribution of the
strength of single-particle states oor-
10 respond to maxima in the distribution

Xl

2
{Cu)’
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of sums of cascade intensities. (lLet us
take into account the fact that here we
analyse primary gamma-transitions that
make 50% of the total radiation width

B et

O H of a compound nucleus). This gives a
iy possibility to assme that in the excita-
0 1400 2800 E tion energy range Eexc a2 - 4 MeV the.
single-particle neutron states [5017 4,
Fig. 7 [501]% ana  [510) # contribute to the

formation of enhanced partial widths of primary transitions. By the spherical basis
extension these states are neutron shells 3P:L/2 and 3P3/2. Note that the accuracy
of the theoretical detemination of the positions of maxima achieves several hundred
kelr.

So the reason for gamma-cascades "channeling" through certain intermediate statcs
in the region of rare earth nuclei is most probably enhanced by several times gamma~
transitions between neutron sheils 48 - 3P.
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Conclusions

This review of the results of the study of two channels of the compound states
decay, i.e. followed by the emission of o -particles or gamma—quanta, shows novel
possibilities of obtaining unique data on the structure of highly excited states of
muclei. Studies of a proton channel of decay have been initiated (see, for example,
Refs./ 16,17/ ). Further progress in the study of decay through rare reactions (n,p)
and {n, o} will apparently be connected with the development of the methods of high-
intensity neutron spectroscopy and with the application of neutron~deficient nuclei
as targets. The latter is especially favourable in the study of the proton channel
of decay, since in stable nuclei the proton binding energy is close to that of the
neutron.

The appiication of the method of summation over coinciding pulses to the ana~
lysis of gamma~decay of compound nuclei has not exhausted itself yet and not because
of a amall pércent of nuclei that were investigated with it. For example, a more
essential enhancement has been observed for the E2 gamma-transitions with an inte—
gral intensity by 1 - 2 orders of magnitude larger than that from the statistical
t.heoryj 11/ . The possibility has appeared to investigate soft gamma-transitions bet-
ween the compound states near the neutron kinding energy. Besides that the possi-
bility appears to give for a wide range of nuclei a system of reliably determined
states up to an excitation energy of 3 - 4 MeV that one may successfully use in the
drawing of the schemes of highly excited states.
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