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The possibilities of revealing the excited states in complex (primarily, deformed) nuclei and
ordering them in a decay scheme are analyzed for energies up to the excitation energy

E* 54-6 MeV and above. An algorithm for constructing the decay scheme of states excited
by two-step cascades with intensities i,,, 5 X 10~ 4 per decay is described. The
construction of a decay scheme for a number of high-lying states in combination with
analysis of the spectroscopic data on the (n,y) and (n,2y) reactions is shown to be possible,
and the opportunities that it offers are discussed. It is concluded that in the decay of
compound states of nuclei in the vicinity of the 4S5 maximum of the neutron strength function
an important role is played by “channeling”—the presence of strong cascades which

excite groups of several dozen levels in each of the nuclei studied. Such cascades account for
up to half of the total intensity of all the primary transitions in the decay of compound

states.

INTRODUCTION

By now the excited states of complex (heavy) nuclei
have been studied in detail in two relatively narrow exci-
tation-energy ranges—one near the ground state, 2 MeV,
and the other near the neutron binding energy, where neu-
tron time-of-flight spectroscopy, which makes it possible to
work with an energy resolution of a fraction of an eV near
10 keV, has been used to detect tens and hundreds of neu-
tron resonances and to study their decay channels.

In the region near the ground state nuclear spectros-
copy has been used to accumulate very rich information
both about the excited-state scheme and about the nature
of these states. These data have been used to develop var-
ious theoretical models such as the interacting-boson
model, the quasiparticle-phonon model, and others.

Neutron-spectroscopy studies have given information
on hundreds of states at excitations of 6—8 MeV. These
data in a first approximation are reproduced well by the
statistical theory based on the concept of the compound
nucleus with parameters averaged over a large number of
neutron resonances. However, this theory does not give
any definite information about the nature of an individual
compound state.

The intermediate range of excitation energies which is
discussed below has been studied rather less, owing to the
experimental difficulties. On the one hand, the present set-
ups do not have sufficient energy resolution to excite indi-
vidual states in complex nuclei lying above 2-3 MeV. On
the other hand, in the case of y decay (for example, after
neutron capture) the population of these states cannot be
determined uniquely using an ordinary single-detector
gamma spectrometer, since there are no criteria for select-
ing primary decay quanta with energies of the order of, or
less than, half the neutron binding energy. Moreover, ow-
ing to the complex nature of these states, their population
probability will fluctuate fairly weakly according to the

232 Sov. J. Part. Nucl. 22 (2), March-April 1991

0090-4759/91/020232-17$04.00

Porter-Thomas law.

Nevertheless, several attempts have been made to ob-
tain information about the population of intermediate
states. In particular, from the shape of the spectrum of «
particles from the two-step (n,ya) reaction on resonance
neutrons’ it has proved possible to determine the radiative
strength functions of primary soft y transitions. This led to
refinement of the shape of the energy dependence of the
radiative strength function (the ‘“tail” of the giant electric
dipole resonance), which together with extrapolation to
the region of intermediate states’ (according to the density
of low-lying states and neutron resonances) made it possi-
ble, for example, to fairly accurately reproduce the total
radiative widths ", for the studied nuclei and to predict
them for nuclei which have not been studied, in particular,
for radioactive nuclei. Such data are of interest both for
astrophysics® and for reactor construction.*

However, new experimental techniques are needed
which will allow systematic studies of states at intermedi-
ate excitation energies, where the nuclear level structure
becomes more complicated: there is a transition from very
simple states of known nature near the ground state (“or-
der”) to extremely complex compound states (“‘chaos”).
The dynamics of this transition process can be important in
selecting the nuclear models which are most effective for
describing the properties of the excited nucleus. From the
practical point of view study of the properties of interme-
diate states of complex nuclei can ensure the needed im-
provement in the accuracy of the predictions of the total
radiative widths of neutron resonances and, accordingly, of
the neutron cross sections of nuclei far from the beta-sta-
bility band, including short-lived nuclei, which are practi-
cally impossible to study experimentally.
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FIG. 1. Spectrum of summed amplitudes of coincident
pulses for %Y. The peaks are labeled by the values of
the recorded energy in keV.
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1. SOME FEATURES OF THE TECHNIQUE OF
STUDYING THE (n,2y) REACTION

The possibility of direct experimental study of inter-
mediate states is offered by the sum-coincidence (SC)
method, realized using Ge(Li) detectors connected to a
permanent device for storing information about the coin-
cident ¥ energy measured in each detector.

This method, which is referred to below as the “(n,2y)
reaction,” made it possible for the first time to begin sys-
tematic experimental studies in an excitation range hith-
erto unstudied. The method is based on the fact that the
semiconductor germanium detector linearly transforms the
v energy into the amplitude of a measured signal, and the
sum of the energies E; and E, of two successive transitions,
E, + E, = E, — E,, isdetermined only by the energies E,
and E of the decaying level (1) and of the level populated
by the two-quantum cascade ( f) and is independent of
the excitation energy of the intermediate state. Those cases
of cascade detection for which there is simultaneous com-
plete absorption of the energy of the two photons in the
two detectors lead to the appearance of a coincident-pulse
peak in the spectrum of the summed amplitudes. Incom-
plete absorption of the energy of at least one of the photons
shifts the amplitude sum toward lower energies and forms
the corresponding continuum.

In Fig. 1 we show the spectrum of the amplitudes of
coincident pulses from the radioactive source **Y. The
peak corresponding to total absorption of the cascade en-
ergy E; + E, = 898 4 1836 keV is marked, as are the
peaks in the continuum related to the formation and de-
tection of pairs of quanta of energy 511 + 511 keV.

When writing the coincident-pulse amplitude codes for
a permanent information storage device (magnetic tape,
for example) using spectra analogous to that shown in Fig.
1, it is easy to isolate from the mass of y—y coincidences
only those cases in which the entire energy of the cascade
is completely absorbed in the two detectors.

Although the acceptance of this method is rather
small—usually no more than 10 useful events are obtained
from 10° decays—the possibility of eliminating the back-
ground distribution related to incomplete absorption of the
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v energy means that the (n,2y) method gives more infor-
mation than the traditional method of the (n,y) reaction.

The sum-coincidence method is traditional in classical
nuclear spectroscopy. It has been used to “compress” the
information® obtained using Ge(Li) detectors to study the
¥ decay of unstable nuclei, to study the decay schemes of
light and near-magic nuclei® [NaI(TI1) detectors], and to
determine the spins of neutron resonances’ [NaI(T1) de-
tectors).

The fundamentally new feature in our application of
this technique is that we use semiconductor detectors to
isolate cascades from two y transitions when their total
energy is equal to or less than the neutron binding energy
in complex compound even-odd and even—even nuclei
with large level density.

Our use of such detectors with an efficiency of 5% and
later 10% of the efficiency of detecting the 1332-keV quan-
tum by a NaI(T1) crystal of dimensions 76X 76 mm al-
lowed us to select useful y—y coincidences at a rate of up to
1000 events per day at the peak corresponding to total
absorption of cascades of a given total energy in thermal-
neutron capture by the sample.

2. SHAPE OF AN INDIVIDUAL CASCADE LINE

The crucial feature responsible for the high efficiency
of the (n,2y) reaction in studying the properties of states in
the range 0 < E* < B,, where B, is the neutron binding
energy, proved to be the nearly ideal shape of the line
formed by one cascade in their intensity spectrum distri-
bution. The selection of only cases of total absorption of
the cascade energy (which form peaks similar to those in
Fig. 1) in the absence of background makes it possible to
obtain only the total-absorption peaks in the intensity dis-
tributions. Here the background component is completely
eliminated.

A problem with this is the transfer of y radiation be-
tween detectors. In Fig. 2 we show the working geometry
of an experiment using Ge(Li) detectors of 5% efficiency.
“Forward” Compton scattering and radiation transfer by
annihilation quanta in this geometry are suppressed by
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FIG. 2. Working geometry of the experiment: 1—sample; 2—Ilead filters,
each 3 mm thick; 3—detectors. Dimensions in mm.

means of two lead filters having a total thickness of 6
g/cm?,
The filtering efficiency is illustrated in Fig. 3, where we
show the cascade-transition distribution for a ¥Co source
without filters (Fig. 3a) and with them (Fig. 3b). In Fig.
3a we observe, in addition to the peaks at 1173 and 1332
keV, additional peaks related to the fact that in one of the
detectors there is energy loss of the quantum undergoing
backward Compton scattering, while the other records an
additional transition of the cascade plus the backward-
scattered quantum. The total area associated with this dis-

tribution process here is only 12%. The lead filters de-
crease its fraction to several tenths of a percent in the
cascade energy range 1785-4123 keV (Ref. 8).

In practical studies of specific nuclei using the (n,2y)
reaction, as a rule, the peak corresponding to cascade de-
tection is observed on a larger or smaller background. This
background can be eliminated from the analyzed cascade
intensity distributions by means of y—y coincidences, the
sums of which lie in a range equal to the width of the peak
at its base. As a rule, useful events are selected from an
interval of total energies AE whose width is related to the
cascade energy E. as AE/E, S 0.005. It can be shown that
in the first approximation both the difference of the counts
in the range AE and in the two adjacent intervals each of
width 0.5AF, and the channel-by-channel difference of the
cascade intensity distributions which were obtained have a
practically normal distribution with zero mean and disper-
sion determined by only the counting statistics if in the
range E, £ 0.5 AE of the spectrum analogous to that of Fig.
1 there is no peak related to detection of a cascade from
two transitions to a different final state.

In Fig. 4 we show the intensity distribution of “cas-
cades” with total energy E, ~ 6.7 MeV, obtained from an
interval of width AE~20 keV, and in Fig. 5 we show the
analogous distribution obtained from the same interval mi-
nus the distributions accumulated in the two adjacent in-
tervals, each of width about 10 keV. These are typical
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FIG. 4. Cascade intensity distribution from the back-
ground part of the SC spectrum of the reaction
17Er(n,2y). The amplitude sum corresponds to the en-
ergy E, + E, =~ 6.TMeV.
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conditions for selecting useful information on cascade de-
cay using the peaks of the SC spectrum. In this particular
case the ratio of the area of the distribution in Fig. 5 to the
area of the distribution in Fig. 4 is 150/155 02, while the
average ratio of the square of the channel-by-channel count
in Fig. 5 to the channel-by-channel count in Fig. 4 (y? per
degree of freedom) is 1.02.

The conclusion that the background distribution is
practically normal when it is subtracted (see Fig. 5) using
the coincidences forming the background in the SC spec-
trum is valid only when the distributions do not contain
any intensities from strong cascades. This follows from
analysis of the components forming the background com-
ponent in the SC spectrum. In the region of the maximum
observed cascade energies the background component of
this spectrum arises primarily from the momentum addi-
tion in the spectrometric part of the coincidence scheme,
and also from the capture of direct and scattered neutrons
in the experimental geometry shown in Fig. 2 if the result-
ing cascade energy is larger than the neutron binding en-
ergy in the isotope in question. For smaller values of the
recorded sums of cascade transition energies the dominant
role in creating the background begins to be played by the
incomplete absorption of the cascade energy in the active
volume of the detectors. This process, as seen from Fig. 6,
considerably worsens the ratio of the areas of the peak and
the background beneath it when the excitation energy of
the final cascade level is above 300-500 keV.

Our method of subtracting the background using co-
incidences falling in regions of the SC spectrum adjacent to
the peak leads, when the numerical method of improving

2500

the resolution’ (without decreasing the detection effi-
ciency) is used, to the appearance of characteristic “alter-
nating-sign” structures in the two-photon cascade intensity
distributions. These are related to events in which the soft
transition of a sufficiently intense cascade is completely
absorbed in one of the detectors, while the other absorbs
the part of the energy of the hard photon equal to the
difference between the energies of the cascade with the
smallest total energy and the soft transition of the cascade
to a lower-lying level. Examples of such cases are given in
Fig. 7 for '*Nd and '®*Dy. In practice, in the absence of
anti-Compton shielding of the spectrometer “alternating-
sign” structures should be taken into account when col-
lecting statistics of more than 500-1000 pulses at any peak
of the distributions of cascades with the maximum total
energies.

This effect distorts the results most when the negative
part of the “alternating-sign” structure is superimposed on
a possible intense cascade.

The last problem of the method described here is the
determination of the energies and intensities of cascade ¢
transitions and the use of these data as the basis for con-
structing the most reliable possible y-decay scheme. The
latter, in turn, can be used to determine the energy depen-
dence of the cascade intensity in the range of excitation
energies E* accessible in practice: 520 S E* < B,
— 520keV.

The possible systematic errors which can distort the
cascade intensities which are found are determined by the
physics of the emission process and detection of the cas-
cade y radiation. A general check of the experimental tech-
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FIG. 5. Example of a background distribution for
the total energy £, + E, =~ 6.7 MeV in the reaction
67Er (n,27).
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FIG. 7. Transformation of the shape of an intense cascade when it is recorded in intensity distributions of cascades with smaller total energy. The spectra
are labeled by the value SE, of their total energy. Each successive spectrum is shifted upward by 200 counts.
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TABLE I. Intensities of y-transition cascades with total energy E, + E, = 8579 keV in **Cl.

Intensity, %
C de E, + E,, keV
ascade E; + E, Reaction (, 2) g{(e)}n 13(6)?1 decay scheme
7791+ 788 8,1+0,8 8,540,4
741441165 8,5+0,8 10,3+0,5
gggg—{-iﬁgo 1,840,4 1,8+0,1
628 -- 1950
8620 +1959} 10,60,9 10,3+0,4
57162864 6,7+0,9 5,3+0,3
3062 5517 2/510.5 213001
Total 38'3* 3813i0’8

*Normalized to the summed intensity of the cascades from Ref. 10.

nique was made by measuring the intensities of cascades in
the reaction 35C1(n,2*y) and comparing them with the val-
ues obtained from calculations using data in the literature.
Comparison of the data obtained by us for six cascades
with a total energy of 8579 keV, shown in Table I, with the
results of Ref. 10 shows that there is practically complete
agreement: the value of y? per degree of freedom turned
out to be 1.3.

Nevertheless, it is necessary to analyze the sources and
possible magnitudes of systematic errors, since we cannot
exclude the possibility of a mutual cancellation between
them.

Among the sources of systematic error in the measure-
ment of the cascade intensity we note the following:

a) detection of a three-step cascade as a two-step one;

b) energy dependence of the width of the resolving-
time curve from the ratio of the cascade transition energies;

c) internal conversion of ¥ quanta;

d) angular correlations of cascade transitions;

e) self-absorption in the sample;

f) errors in determining the efficiency;

g) energy dependence of the width of the total-absorp-
tion peaks.

Analysis of these errors shows the following:

a. The probability of detecting a three-step cascade in
the form of an isolated peak is fairly small. For example, in
146Nd (Ref. 11) a cascade from the three successive tran-
sitions 6523 + 589 + 454 is observed in the form of an
experimentally resolved pair of peaks with an intensity of
(2.6 = 1.0) X 10~* per decay. _

This is the worst case. Other cascades of three succes-
sive quanta for other energy ratios can, for all the nuclei
that we have studied so far, make only a much smaller
contribution to the observed cascade intensity distribu-
tions, owing to the lower probability for the simultaneous
detection of a pair of transitions as a common peak. Such
intense cascades are well known for all nuclei in the (n,7)

237 Sov. J. Part. Nucl. 22 (2), March-April 1991

reaction, and it is not difficult to take their effect into ac-
count.

In an actual experiment cascades to a given excited
state of the nucleus under study are distinguished. This
state, in turn, decays with the emission of y quanta of
greater or lesser energy, or a cascade of y transitions.
When they fall on the detector, these y transitions decrease
the areas of the corresponding peaks in the SC spectra,
since the detectors record the large y-radiation energy.
However, a distortion of the measured cascade intensity
distributions in this case would have been possible only if
the decay mode of the state depended on the mode by
which the state was populated.

b. The width of the curve which can describe the time
distribution of the coincidence pulses depends on the quan-
tum energy.'? If the time interval from which coincident ¥
quanta are selected is too narrow, this effect can signifi-
cantly distort the shape of the cascade intensity distribu-
tion as a function of the cascade transition energy. How-
ever, this effect becomes negligible if the ¥ detection
threshold is sufficiently high (for example, 520 keV), and
the window from which coincidences are selected is wider
than 3A, where A is the total width at half the maximum of
the resolution curve for a pair of 511-keV quanta.

c. In practice, only E1, M1, and E2 transitions are
observed in the (n,2y) reaction. The amplitude threshold
of the detection scheme, which corresponds to a y energy
of 520 keV, makes it possible to neglect corrections to the
measured cascade intensity distribution related to compe-
tition from internal ¥ conversion.

d. Angular correlations of cascade transitions can in
principle distort the observed cascade intensity distribution
by exciting intermediate levels of different spin (for fixed
initial and final states of the cascade). However, this effect
is small in the geometry that we used (Fig. 2). Modeling
shows, for example, that the anisotropy-induced increase
of the measured intensity of the cascade 1/2-3/2-1/2
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FIG. 8. Example of the behavior of the relative energy dependence
£(E,) of the detector: points—experiment; line—approximation.

relative to the isotropic distribution is no more than 5%.

e. The role of photon self-absorption in the sample as a
source of systematic error is weakened considerably by
choosing the detection threshold to be 520 keV. Monte
Carlo modeling shows that in our case the relative effi-
ciency of detecting a 5.5 + 0.5 MeV cascade is 0.95 of the
efficiency of detecting a 3 + 3 MeV cascade; fora 5.0 + 1.0
MeV cascade it is 0.985. This estimate was obtained for a
target of powdered ytterbium oxide in the geometry shown
in Fig. 2.

f. In the reconstruction of the true values of the cas-
cade intensity from the experimental distributions it is nec-
essary to specify the the energy dependence of the relative
efficiency of ¥ detection by a semiconductor detector in the
energy range 0.5 < E, < 9 MeV.

To describe the functional dependence of the efficiency
€ on the quantum energy E, we used the expression

Ine=a+bln Ey +a ln(EY/1022) +B lnz(EY/1022),
(1)

where the parameters b, a, and 3 are obtained by fitting the
values of the areas of the total-absorption peaks for y
quanta in the reaction 35Cl(n,y) on thermal neutrons and
their yields determined in Ref. 10.

An example of one of the relative dependences ob-
tained for a detector with 5% efficiency is given in Fig. 8.
To minimize the possible errors in the determination of the
dependence ¢ = f(E,) we used a NaCl sample with the
same geometry as when studying specific nuclei, and the
dependence itself was defined as the average from measure-
ments of the 35Cl(n,y) reaction made before and after the
main experiment.

A remaining source of error in determining the effi-
ciency is related to the different multiplicity of quanta for
different decay modes of the compound state of the **Cl
nucleus excited in neutron capture. Here the main factor
giving rise to distortion is the decrease of the area of the
total-absorption peak owing to the two cascade quanta hit-
ting the same detector.

The experimental probability of detecting a quantum
of energy R, ~ 1 MeV in the incomplete-energy-absorption
continuum is about 20% for the geometry that we used.

The multiplicity of quanta in different cascades in the
35Cl(n,'y) reaction mainly differs by unity. We can there-
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fore take 20% as an upper limit on the estimated system-
atic error in determining the energy dependence of the
efficiency. The actual error in determining the cascade in-
tensity in the nucleus under study must be even smaller,
owing both to the mutual cancellation of the errors of the
curves approximating the efficiencies of the two detectors
and to the smoothing of the possible systematic errors for
quanta from the decay of *Cl with different energies when
€ is approximated by Eq. (1).

The width of the peak of the SC spectrum is indepen-
dent of the energy of the y quanta of the cascade, since the
squared width of the peak in the spectrum of a single de-
tector is linearly related to the ¥ energy. When the distance
between the peaks in the SC spectrum is comparable with
the width of the peak, which is known a priori from the
location of low-lying states populated by two-quantum cas-
cades, the background subtraction in obtaining the cascade
intensity distributions can be made in such a way that the
width of the “peak plus background” window is smaller
than the width of the peak at its base, with the background
windows to the left and right of the peak containing the
“wings” of the peak. There is no reason to expect system-
atic distortions in the intensity distributions obtained in
this case, since for any ratio of the energies of the cascade
quanta E; and E, the square of the peak width depends
only on the difference E; — Ep.

Therefore, the experimental values of the intensities of
cascades between the compound state and a given final
level for the experimental accuracy attained are primarily
characterized by the statistical error in determining the
area under the peaks in the measured distributions.

The best statistical accuracy in determining the inten-
sity of the strongest cascades in the nuclei that we have
studied so far, 144<A4<187, is usually 5-10%, that of the
whole aggregate of experimentally resolved cascades is 20—
30%, and at the sensitivity threshold it is 50%.

3. METHOD OF CONSTRUCTING THE y-DECAY
SCHEME AND RELIABILITY OF THE SPECTROSCOPIC
INFORMATION OBTAINED

The Ritz combination principle is the commonly used
method of constructing the y-decay scheme from the en-
ergies and intensities of y transitions determined in the
(n,y) reaction. It is believed that this method allows the
decay scheme to be determined up to excitation energies of
1.5-2 MeV. When the probability for random coincidence
of the transition energies and the energy-level differences is
sufficiently large, it is very important to have an indepen-
dent and effective method of finding the decay scheme. The
use of the (7,2y) reaction offers this possibility.

The primary transition exciting a given intermediate
level can give rise to the appearance of either one or several
secondary transitions to different final nuclear levels. Ac-
cordingly, in the intensity distributions of cascades to dif-
ferent final levels the intense primary and secondary cas-
cade y transitions form pairs of peaks. The primary
transition has the same value of the energy in the different
spectra. The secondary transitions differ from each other in
the difference of the energies of the final cascade levels.
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Then the problem of constructing the decay scheme re-
duces to seeking the grouping of the peaks in several in-
tensity distributions of cascade transitions to different final
levels for which the mathematical expectation value of the
difference between the positions of any pair of peaks i and
J is equal to zero.

The maximum number of distributions obtained exper-
imentally for the nucleus under study is limited only by the
efficiency of the detectors used and varies from 3 to 10. In
this situation (a limited statistical set) the problem of seek-
ing the common primary transition must be solved in the
most efficient and correct manner.

In practice, when the maximum-likelihood method is
used, it is necessary to use the multidimensional normal
distribution as the maximum-likelihood function for de-
scribing the combined distribution of the probability for a
random deviation of the experimental positions of the
peaks from their mathematical expectation value.

We define the difference of the positions of the peaks
numbered k and / in the intensity distribution spectra of
the cascades numbered i and j, respectively, as

Riju=Ey — Ey, (2)

where the peak position E can be specified both on the
apparatus scale and on the energy scale. If o 2 is the vari-
ance of the distribution of experimental values of E relative
to their mathematical expectation value (E) and £ is a
random, normally distributed variable with zero mean and
unit variance, then (2) can be written as

Riju=0ouix — 0+ q. (3)

The parameter ¢ in Eq. (3) is equal to the unknown
difference of (Ej) and (E;). For peaks corresponding to
the same transition the mathematical expectation value of
q is zero. Therefore, the problem of arranging the cascades
in a decay scheme reduces to searching for those N peaks
of M spectra of the (n,2y) reaction for which the mathe-
matical expectation value of ¢ is zero.

The likelihood function with the variables (3) is spec-
ified as follows:

1
L=const-exp —E(RT-B_‘-R) (det B) ~ 2. (4)

Here R is a column vector, the (N — 1)-th component of
which is given by (3). The T denotes transposition. The
values of the elements of the matrix B are determined by
the mathematical expectation values of the elements of the
matrix product R-R” expressed in terms of the values of
o ? with the indices corresponding to the spectrum number
and the peak number.

The maximum of (4) in the parameter ¢ is found by
solving this equation numerically. Small modulus of the
“best” value of g is a necessary but not sufficient condition
for N peaks of M spectra to correspond to the same ¥
transition. Uniqueness of the choice is obtained by analyz-
ing the expression R”B~!‘R. In the case where the ana-
lyzed peaks belong to the same ¥ transition and the values
of o2 are not shifted, the distribution of values of this

239 Sov. J. Part. Nucl. 22 (2), March-April 1991

expression can be described by a y? distribution with
N — 1 degrees of freedom.

In practice, the N peaks are considered to be coinci-
dent if the following conditions are satisfied for them:

lg| $2(0); S
RTB—]R<X12V_1, (5)

where (o) is the mean error in determining the transition
energies in the (7,2y) reaction, and y% _, is equal to the
value of the parameter of this distribution corresponding to
99% of the area.

The conditions (5) are checked independently for the
first and second cascade transitions. As the primary tran-
sition we chose the transition with the minimum value of g.
If the values for the two cascade quanta are comparable
and satisfy the conditions (5), we choose the transition
with the largest NV as the primary one.

The likelihood function and the conditions (5) are in-
sufficient for obtaining a unique arrangement of all the
cascades in the y-decay scheme. Additional possibilities in
the assignment of transitions to the decay scheme arise
when the level of reliability of the scheme is analyzed.

Such an analysis was carried out in Ref. 13 for the
characteristic nuclei'’®!’Hf. The basic component of the
analysis—the deviation from reality of the decay scheme
obtained in the (n,2y) reaction via the above-described
algorithm—can as a first approximation be considered to
be the same as the discrepancy between the scheme from
the (n,2y) reaction and its new value obtained for distor-
tion of the transition energies by random errors and the
subsequent reconstruction of the decay scheme.

The experimentally obtained “reference” decay
schemes were distorted in the following manner: we added
to the cascade transition energies E; and E, a random,
normally distributed variable o having variance o ? and
zero mean:

E\=(Ey) + 0&;

Ep=(Ey) — ok (6)

This relation follows directly from the fact that when
the resolution-improvement method® is used the errors in
determining the cascade transition energies are completely
anticorrelated.

Sets (6) were generated 10 times each for the values
0 =0.5, 1, and 2 keV. The decay schemes obtained by the
algorithm described above were compared with the refer-
ence scheme. In the latter we also included all cascades not
placed in the decay scheme. (Such cascades arise primarily
because their intermediate level decays with the appear-
ance of only a single intense y transition.) They are placed
in the decay scheme assuming that their hard transition is
the primary one, since on the average the ¥ emission prob-
ability is proportional to E?, (E1 and M1 transitions) or
Ef, (E2 transitions). This assertion can be based on the fact
that most of the transitions placed in the decay scheme
satisfy this condition.

As an example, in Fig. 9 we give the levels of the
experimentally observed decay scheme and three of the
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schemes that we obtained. These are labeled 1, 2, 3 and
correspond to the value o = 1 keV characteristic of most of
the cascades that we found.

In Fig. 9, E_,, is the position of the lowest of the
“false” levels found in each of the ten sets of schemes for
different values of 0. They can arise owing to the random
coincidence of the secondary y-transition energies in the
intensity distributions of cascades to different final levels.

In Fig. 10 we show the values of the fraction of omitted
and false levels, and also the values of E,,, as a function of
the parameter o.

The modeling shows that for the experimental accu-
racy attained the false levels are concentrated in the upper
part of the decay scheme. In practice, they are unlikely to
appear at energies of less than half the neutron binding
energy. Therefore, the levels established by the method
described here should be viewed as reference levels when,
for example, the Ritz combination principle is used.

4. THE POSSIBILITY OF CONSTRUCTING COMPLETE
DECAY SCHEMES

The amount of experimental information which can be
extracted from the spectroscopic data can be increased
considerably by the joint study of the decay scheme which
has been well established in the (n,2y) reaction, but which
remains incomplete, in a wide range of excitation energies
and the large amount of spectroscopic information ob-
tained using a single detector in the (n,y) reaction.

The effectiveness of combining the spectroscopic infor-
mation from the (n,y) and (n,2y) reactions is due to the
fact that they supplement each other. Of course, the selec-
tion of total-absorption events in cascades of two, three,
etc., transitions of a system from a fairly large number of
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highly efficient semiconductor detectors would make it
possible to find all the y transitions and their role in y

ever, there do not yet exist any such setups based on
Ge(Li) detectors.

a. The construction of a decay scheme by combining
the spectroscopic information from two types of measure-

F/Ny
- A— 17.Hf
o — 1794
20F }
10 § +
0 1 1

M/Ny

40 *
20f } |
0 # 1 1

EHAX,MGV
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4 8
. ° A
3 1 1
0 7 2 e,keV

FIG. 10. Dependence of the fractions (%) M/N, of omitted levels,
F/N, of false levels, and the energy E,,,, of the lowest of the false levels
on the parameter o.
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ments makes it possible to effectively take into account
such information as the uniqueness of the specification of
the final level of the cascade. This is especially important in
cases where the decay of a deformed nucleus with a high
density of excited states is studied. Here the large number
of multiplets of y transitions of arbitrarily close energies
are not only efficiently identified, but are also uniquely
arranged in a decay scheme.

b. Joint analysis also makes it possible to reveal dou-
blets of closely spaced levels (AE~1-3 keV) at arbitrary
excitation energies, as long as they are populated by intense
primary transitions. :

c. The sum 3j, of secondary-transition intensities in
the decay of states of any intermediate energy can be de-
termined uniquely. If the spectra of a single detector are
used to determine the intensities i, of y transitions from the
compound state to an intermediate state, and from the
intermediate state to one of the final states ( j,), for the
two-quantum cascade this possibility follows from the ex-
pression for the ratio of the cascade intensity i,, and the
intensity of the primary transition, normalized to the ab-
solute number of decays:

tty= (i) 3 i)/ S dy ™

This also uniquely determines the sum 3j, of intensities,
unobserved in the (n,2y) reaction, of transitions to final
high-lying cascade levels. This quantity can be of interest
for comparing various models of 7 decay in the statistical
approach to the description of this process. The sum 3j, is
obviously equal to the sum i, of the intensities of all cas-
cades of two, three,...y quanta to the corresponding state
excited by the transition..

Within the framework of these possibilities we con-
structed the complete decay scheme of the compound state
of "W excited in thermal-neutron capture. A decay
scheme containing the positions of about 130 excited states
was constructed from the data on cascade transitions of
Ref. 14 (235 cascades with a threshold intensity of 3
X 10~ * per decay, exciting 102 intermediate levels of the
7W nucleus and ending at five final states with energies
0 < E; < 303 keV) and the data on 520 ¥ transitions, !’
measured with an average energy error of (o) =0.196
keV. These 130 excited states decay by more than 500
secondary y transitions.

Modeling of the conditions determining the accuracy
with which the decay scheme is constructed and its level of
reliability shows that the scheme gives a stable (reliable)
reproduction of the positions of about 420 secondary y
transitions. Here it should be noted that about 270 second-
ary transitions in this decay scheme were fixed either using
the data on the (n,2y) reaction, or on the basis of the
decay scheme established earlier (the decay of levels with
excitation energy below 780 keV). v

It should also be noted that here the presence of ex-
cited states populated by intense primary transitions has
been established fairly reliably. In the energy range
780< E*<3380 keV the positions of about 60 excited states
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have been determined from the data on the (7,2y) reaction
with practically 100% reliability.

The other cascades with a single secondary transition,
left out of the scheme in Ref. 13, were placed in the decay
scheme in such a way that practically everywhere their
primary transition is harder. This conclusion was drawn
after comparing two alternative schemes in which either
one or the other cascade quantum was assumed to be the
primary one; the position of the excited state was thereby
fixed, and by comparing the possible secondary transitions
(the list of energies from Ref. 14) we determined the more
likely variant of arrangement of cascade transitions in the
y-decay scheme in this case.

Let us demonstrate the statements listed above for the
example of the ’Hf nucleus. This nucleus has been stud-
ied as thoroughly as is presently possible!® by the tradi-
tional techniques of the (n,y) reaction. It has also been
studied simultaneously and independently by the (n,2y)
reaction.’

In Table II we compare the y-transition energies mea-
sured in the GAMS spectrometer at the ILL (Grenoble,
France) and by us in the (n,2y) reaction. Owing to the
extremely high resolution of the GAMS at energies E,
S 1 MeV and the relatively small number of transitions of
this energy found under the actual cascade detection con-
ditions, unresolved multiplets appear in the data of Ref. 16
only for transitions of energy E, > 1 MeV.

. It should be noted that because of this the authors of
Ref. 16 in most cases either placed such multiplets in the
1Hf decay scheme incorrectly or completely left them
out. .

Here we should note that the presence of a quantum of
energy E, + AE, in a cascade ending at the level E; is
indisputable. Although the algorithm described above for
constructing the decay scheme does not permit the se-
quence of the quanta in a cascade to be determined in some
cases, while in others it gives a false sequence, the differ-
ence between the values of Ey in Table II implies that the
placement of the transition in the scheme of Ref. 16 is false.

- Equally important is the fact that several levels form a
multiplet. This follows from the data of Table III. Here we
give the decay of the five intermediate levels of "°Hf ex-
cited by the strongest cascades. We give the energy of the
final level E, determined from the precise data of Ref. 16,
and the most probable secondary-transition energies E,.
Some of these transitions are shown in the decay scheme of
this nucleus,'® and are incorporated on the basis of the
results from the (n,2y) reaction. The average error in the
cascade transition energies (o) = 1.1 keV in Ref. 17 is an
order of magnitude higher than the error in determining
the quantum energies in Ref. 16. Therefore, from the list of
Ref. 16 we chose those quantum energies for which the
sums E, + E, would differ least from those included in the
scheme of Ref. 16.

It follows from this table that the levels given in it are
most likely excited-state multiplets, since the variations of
the sums E, + E/ lie beyond the errors with which the
energies E, and E are determined.

This example demonstrates the following:
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TABLE I Multiplets of ¥ transitions of the reaction '"Hf(n,y).

Quantum energy f;::gtia(:xfsittlil:ncas- Cascade intensity iy, | Enerey ei,- of 1xam | ?nelr?y 1-'; ' (;.f ;he
Ref. 16), keV intermediate leve nal level of the

. ) (Ref. 17), keV (per 10* decays) of the cascade, keV | cascade, keV
1605,1 (4) 1606,2 8,9 2394,8 788
1605,8 25,7 2082,9 476
1588,4 (5) 1589,5 9,5 2309,7 720
1588,9 6,3 (2268,9) 680
1462,24 (9) 1464,3 6,9 2183,7 . 720
1462,9 11,5 2250,3 788
1446,16 (7) 1446,0 5,6 2149,0 701
1445,6 19,5 1821,1 375
- 1438,5 7,3 1813,2 375
1436,9 8,7 (2116,9) 680
1391,09 (17) 1392,3 5,0 (1606,3) 214
1391,6 8,8 2093,6 701

1387,84 (6) 1388,5 63,9 1764,0 375*
1387,2 11,9 (1808,1) 421
— 1383,70 11,4 (1997,8) 614
1383,70 6,0 2082,9 701
1350,75 (9) 1352,9 6,3 2053,9 701

1351,5 31,2 1727,0 375*
1350,7 11,0 2071,2 720

1334,23 (8) 1335,3 82,7 1757,3 420 %
1334 ,4 9,2 (2035,4) 701
1333 1 15,6 (1947,2) 614
1330,95 (20) 1332,7 9,3 2053,3 720
1332,6 13,6 (2120,8) 788

1332,5 43,1 1707 1 375 %

1293,49 (18) 1295,6 5,4 1813,2 518 *
1293,7 14,4 1669,1 375

1192,94 (4) 1193,1 24,5 1912,6 720 *
1192,8 5, 1669,1 476

Remarks. a. The average statistical error in determining the cascade transition

energy is 1.1 keV.

b. The statistical error in determining the cascade intensities i,,, in units of 10-4
quanta per decay is:

about 30-50% for 5 < iy, <10;
about 15-30% for 10 < iy, < 30;
less than 6% for i,,> 60.

c. The stars denote correspondences on the energies of levels excited by the sec-
ondary transition of the cascade to the scheme of Ref. 16.

a. The degree to which the data on the decay schemes
of complex nuclei are approximate.
b. The ever growing experimental possibilities arising
when study of the (n,2y) reaction is included with the
traditional methods.

5. y-DECAY CHANNELS IN 4S-SHELL NUCLEI

The most important conclusion following from study

of the cascade y decay of compound states of nuclei near
the 4S5 maximum of the neutron strength function is that
roughly half the total radiative width of the resonance can
be attributed to the contribution of several dozen very in-
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tense primary transitions. Their intensity clearly exceeds
the values expected when:

a) the matrix elements of E1, M1, and E2 transitions
are independent of the structure of the levels they connect;

b) the fluctuations of the partial widths about their
mean values are purely random, and the law describing
them is the Porter-Thomas distribution.'®

From the first statement it is easy to see that the in-
tensity £, of a single cascade considered separately must
decrease very rapidly with increasing excitation energy of
its intermediate level.

The intensity
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TABLE IIL Decay of some levels of Hf,

" Cascade in- |Transition
H Transition energy
Level E;, | Final level E; E, (Ref. 16), keV | tensity i intensity | E, + Es keV
keV (Ref. 16), keV | © 0t i,y 10°
1572,34 375,032(2) 1197,46(8) 11(4) 7,65 1572,49(8)
476,331(1) 1095,77(8) 9(3) 2,45 | 1572,10(8)
518,332(2) 1054,25(3) 12(2) 14,81 1572,57(3)
679,512(3) 892,00(10) 3(1) 0,51 1571,51(10)
788,179(3) 782,78(7) 9(2) 0,45 | 1570,96(7)
1706,12 | 375,032(2) 1330,95(20) 43(4) 8,79 1705,98(20)
420,890(1) 1285,97(8) 7(4) 3,24 1706,86(8)
518,322(2) 1187,83(13) 38(3) 6,16 1706,15(13)
614,124(2) 1092,00(13) 15(4) 1,49 1706,12(13)
679,512(3) 1024,74(8) 9(2) 2,99 1704 ,23(8)
720,611(3) 985, 46(3) 31(4) 3,96 1706,07(3)
1725,85 375,032(2) 1350,75(9) 31(5) 5,04 1725,78(9)
420,890(1) 1305,45(13) 12(4) 2,14 1726,34(13)
518,332(2) (1210,6) 18(3) — —
614,120(2) 1111,55(7) 66(4) 4,78 1725,67(7)
679,512(3) 1046,16(6) 17(2) 3,89 1725,67(6)
701,052(3) 1024,71(8) 21(3) 2,99 1725,76(8)
720,607(3) 1005,24(3) 28(3) 4,70 1725,85(3)
788,179(3) 937,55(3) 17(3) 1,34 | 1725,73(3)
1756,68 | 214,336(2) 1543, 75(30) 14(3) 1,14 1758,08(30)
375,032(2) 1381,24(30) 44(4 3,50 1756,27(30)
420,890(1) 1334,23(8) 83(9) 10,74 1755,11(8)
476,331(1) 1279,45(11) 54(3) 3,59 1755,78(11)
518,322(2) 1239,18(23) 34(3) 2,20 | 1757,50(23)
614,120(2) 1141,16(3) 99(16) 11,31 1755,38(3)
616,751(2) 1138,03(16) 50(17 1,15 1754,78(16)
679,512(3) 1078,37(8) 21(2) 1,76 1757,88(8)
701,052(3) 1055,06(5) 80(3) 9,88 1756,11(5)
720,607(3) 1038, 11(4) 15(4) 2,91 1758,71(4)
788,179(3) 969,49(11) 19(3) 0,94 1757,67(11)
1763,12 | 375,032(2) 1387,84(6) 64(4) 9,0 1762,87(6)
420,890(1) 1342,€0(30) 43(9) 4,4 1763,52(30)
476,331(1) 1285,97(8) 11(3) 3,2 1762,30(8)
518,322(2) 1244,73(6) 24(3) 5,9 1763,05(6)
701,052(3) 1061,63(5) 25(3) 9,2 1762,68(5)
720,607(3) 1042,28(7) 24(4) 1,4 1762,89(7)
788,179(3) 975,72(6) 18(3) 4,1 1763,90(6)

iyy=T3;T/TT, (8)

is determined by the partial widths of the cascade transi-
tions between states A —g— f and the total radiative widths
I of the decaying states A and g. The ratio I';,/T; has the
same energy dependence as the partial widths of the pri-
mary transitions, I';, since for the compound state I';
= const. '), is proportional to some power of the y-tran-
sition energy; in particular, in the description of the E1-
transition widths by the giant electric dipole resonance
(GEDR) model T';, ~ Eig. The ratio T'gs/T falls rapidly
with increasing excitation energy, since the number of pos-
sible y transitions of its decay grows very rapidly, owing to
the exponential increase of the density of excited states.
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The intensities of observed individual cascades as a
function of the energy of their primary transition are com-
pared with the calculated value (8) for the Dy, '%%Er,
and "’Hf nuclei in Figs. 11-13. Here the cascades which
are not placed in the decay scheme are included in the set,
assuming that their primary transition is the hardest one.

We see that the experimentally observed energy depen-
dence of the intensity does not correspond to the model
calculation.

It should be noted that there is a general trend, char-
acteristic of all the nuclei that we have studied, for the
energy dependence of the experimentally observed cas-
cades to differ most from the theoretical prediction in the
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region A=165 and to decrease quite rapidly with increas-
ing A. This dependence can be qualitatively understood if
we assume that the observed enhancement of the cascade
intensity is related to the existence of one-particle transi-
tions between the 45 and 3P shells. The large value of the
neutron strength function of the nuclei that we have stud-
ied from the region 144<A<187 is due to the fragmenta-
tion of the strength of the 45 state in neutron resonances.
The 3P shell is fragmented at lower excitation energies. In
particular, in the region A~165 its component
K™[Nn,A] = 1—[510] is located' in the vicinity of half
the neutron binding energy. As A increases this component
moves downward in excitation energy. For all the nuclei
that we have studied the strongest cascades have an inten-
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sity of roughly several percent of the sum of the intensities
of all the possible cascades between the compound state
and a given low-lying level. Similar cascade intensities are
also expected with the primary transitions of maximum
energy (Figs. 11-13).

It is clear that the observed discrepancy between the
experimentally determined cascade intensities and the val-
ues predicted theoretically is most clearly manifested at
small values of the calculated intensities even when the
nature and scale of the enhancement are identical in dif-
ferent nuclei.

One-particle transitions between the 3.5 and 2P, 3P and
3S shells have been observed experimentally earlier.? It is
difficult to observe one-particle transitions between the 4S5

FIG. 12. Energy dependence of the intensity of cascades with total
energy 7507 keV in '®Er. See Fig. 11 for the notation.
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FIG. 13. Cascades with total energy 5262 keV in '">Yb. See Fig. 11 for the
notation.

and 3P states experimentally in the (n,y) reaction—the
strength of the one-particle state is smeared over several
levels, and the expected effects of correlations of the widths
of various processes in deformed nuclei are weakened con-
siderably in relation to the case of spherical nuclei.?’

The experimentally observed (see Figs. 11-13) en-
hancement of the cascade intensities can also be explained
purely formally as random fluctuations of the widths of
primary and secondary transitions. However, analysis of
the cascade intensity distribution about the expected mean
value shows that this is not so—the full sum of the inten-
sity of the strongest cascades exceeds the analogous value
expected in the case where the cascade intensity fluctuates
as the convolution of two Porter-Thomas distributions.

The proof is given in Ref. 21. It is carried out using
several assumptions, chosen so that the estimate obtained
for the probability of the random appearance of a given or
larger deviation of the intensities from the mean would be
overestimated. For this:

a) The cascades resolved experimentally which are not
placed in the level scheme are included in the analysis,
assuming that their hard transition is the primary one. In
this case the deviation of the experimental intensity from
the calculated one (8) is a minimum.

b) Cascades which are not resolved by the detectors
are included in the analysis, assuming that the ¥ transition
of the lowest energy is the primary one.

c) The intensity of any cascade not resolved experi-
mentally does not exceed that calculated using the model
by more than a factor of K (henceforth we take K = 30).
This means that at the primary transition energy E, X 2
MeV the intensity of any unresolved individual cascade
does not exceed 0.5% of the sum of the intensities of all the
two-quantum cascades to a given level. This is the usual
practical threshold for observing an individual cascade in
an experiment.

245 Sov. J. Part. Nucl. 22 (2), March-April 1991

d) The comparison is made for the relative experimen-
tal and calculated cascade intensities. Since the experimen-
tal absolute cascade intensities in practice exceed the cal-
culated ones in many cases, this condition very strongly
raises the upper estimate obtained below for the probability
of the appearance of a group of cascades of a given or
greater intensity than is observed experimentally.

Using Z = i£,/(iC,) to denote the ratio of the experi-
mental cascade intensity if., to the corresponding calcu-
lated value (tfy), for n experimentally resolved cascades we
define the growing sum as a function of the parameter Z

describing the intensity excess:

D(Z)=) Z. 9)

For cascades which are not resolved experimentally a
similar expression can be defined for an arbitrary, suffi-
ciently small range of transition energies in which the
change of (i%) can be neglected:

1 K
_ C
c®)=2 T fo Z(E)F(2)dZ. (10)

The value of the integral in (10) is simply equal to the
sum of the intensities of the experimentally unresolved cas-
cades, and the parameter K from condition (¢) determines
the level above which the tail of the cascade intensity dis-
tribution can be analyzed.

The function F(Z) is a distribution whose dispersion
cannot exceed that of the convolution of two Porter—
Thomas distributions. ‘

The sum of (9) and (10) for values Z> K can be
associated with the theoretical distribution

z
T(Z)= fo ZF(Z)dZ. (1)
Graphs of the distributions 7(Z) and
Q(Z) =D(Z) + C(K) for the 165Dy nucleus are shown in
Fig. 14. The probability for the distribution Q(Z) to devi-
ate from the expected one T(Z) can be found by direct
calculation of Q(Z) for Z =K for a set of random quan-
tities from the distribution F(Z). The number m of such
quantities is uniquely determined by the number of possi-
ble cascades in the nucleus in question between the com-
pound state and a given low-lying level. The model esti-
mate is m ~ 10° for an even—odd compound nucleus.

In Table IV we give the values of ¢ =1 — Q(K), the
fractional area of the distribution, and the estimated
P, the probability for the random observation of a given
or larger deviation of g from the theoretical value
q=6.2% for K = 30.

It should be noted that besides the conditions (a)-(d)
raising the value of P,,,, the latter is also very much ex-
aggerated by the condition that the function F(Z) be a
convolution of two Porter-Thomas distributions. If the
real fluctuations of the widths I, and T, are described by
that or a narrower distribution, then, owing to the corre-
lation of the random quantities I'yr and ', the distribution
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F(Z) will be narrower, and the probability Pp,, will be
smaller. In other words, the y-decay “channels” are seen
experimentally.

The general conclusion that decay “channels” appear
in the ¥ decay of compound states of 4S-shell nuclei was
drawn by us in an earlier study,? in analyzing the fluctu-
ations of the population of low-lying states by cascades of
v transitions.

The possibility of estimating the “effective” number of
primary transitions (i.e., the presence of a small number of
intense cascades/decay channels) in the ¥ decay of a com-
pound state is determined® by the following consider-
ations:

a. A primary ¥ transition with mean relative intensity
(i,,) populates a low-lying level f with probability
(im)bpmy via the decay of the level m excited by it.

2

b. Then, assuming that the fluctuations of the reduced
primary-transition widths obey the Porter-Thomas distri-
bution, the dispersion of the population P, of the level f in
various resonances is equal to 2(i,,)*b2,, summed over all
possible primary transitions.

c. The probability b,,r of population of the level f in
the decay of a state m populated by a primary transition is
determined by the mean radiative widths and the density of
states below the neutron binding energy.

The relative fluctuations of the population of the level

f are larger, the lower the effective number of primary
transitions in the sum:

TABLE IV. Experimental fraction g of the contribution to the total area of the distribution of the
intensity fluctuations Q(Z) of cascades with intensity exceeding the average calculated value by a
factor of 30 or more; upper estimate of the probability for the random appearance of these or

larger values P,,, for cascades with total energy 2E,.

Nucleus 2E, keV q Ppax %
165Dy 5607 0,13 7
5556 0,11 13
5534 0,20 0,4
0175 0,31 <0,1
5142 0,25 <0,1
168Ep 7691 0,17 <0,1
7507 0,10 <0,1
7222 0,53 <0,1
6950 0,65 <0,1
7875 0,43 <0,1
6775 0,65 <0,1
175y} 5307 0,12 9
5267 0,18 2
5220 0,15 5
5183 0,25 0,3
5014 0,18 2
4950 0,23 0,3
4902 0,07 30
4830 0,57 <0,1
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indicate the lower estimates.

The population P, and its dispersion can be calculated
simply within the framework of the model description of
the transition widths and level density, and in practice in
experiment one can measure the ratio of the intensities
R, of v transitions arising in the decay of low-lying excited
states f and g for different resonances of the same spin.

The dispersion of R, is the sum of two dispersions
reflecting different sources of its fluctuations: the 2 disper-
sion determined by the counting statistics in the measured
spectra, and o 4 ~ (v) ~!, the dispersion determined by
random fluctuations of the widths of the primary transi-
tions in different resonances.

According to Ref. 23, the mathematical expectation
value of the difference of the values of R at the resonances
iand i+ 1is

MR —R)’1=S; + 5,1+ 205 (13)

Using the multidimensional normal distribution (4) as
the likelihood function, we have developed?? an algorithm
for determining o .

The calculated and experimental values of o % were
compared both for special measurements of the ratios of
secondary-transition intensities in neutron resonances of
the target nuclei HNLIBeg 149gm (Ref. 23), *Mo, and
57¢cd (Ref. 24), and on the basis of the corresponding data
in the literature for a wide range of nuclei from the region
93<A4<189 (Ref. 22).

The results of this comparison for two possible spins of
compound states of s resonances are shown in Fig. 15.

The variations of the experimental values of o 37 in
different nuclei depend strongly on the resonance density
D. The reduction of this dependence is ensured by the fact
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that we are comparing the calculated and experimental
values of the new variable A = o0p7/({R) VD), which
depend weakly on the atomic mass of the isotope studied.

We see from this figure that in the vicinity of the 4S5
maximum of the neutron strength function the reduced
relative fluctuations of the population and the ratios of the
populations of low-lying states of such nuclei determined
by them are clearly higher than predicted by the calcula-
tion. In the vicinity of the minimum of the s-neutron
strength function (4 <130) there is no such excess.

Therefore, the presence of enhanced cascades of the
decay of compound states of nuclei of the 45 shell (exam-
ples are given in Figs. 11-13) is typical. In other words, the
effective number (v) of primary transitions in the y decay
of nuclei in the vicinity of the 45 maximum of the neutron
strength function is smaller, and the value of o3,
~ {v) ~!is higher than the values given by the model cal-
culation assuming that the ¥ emission probability is inde-
pendent of the structure of the states connected by this
transition. This, the main premise of the statistical theory
of v decay, is therefore refuted by the two different types of
experiment discussed above. It is very important that the
analysis of the fluctuations of ratios of the intensities of
secondary ¥ transitions of resonance neutron capture did
not reveal this effect near the minimum of the strength
function. This is simultaneously established by:

a. The absence of noticeable systematic errors in the
technique of Refs. 22-24. '

b. The existing features of y decay are related to rela-
tively large one- (two-) quasiparticle states in the wave
functions of the compound state.

Boneva et al. 247



CONCLUSION

1. We have developed and put into practice a technique
which allows the systematic study of the y-decay process in
a range of excitations which has not been studied before.

2. We have shown that the decay modes of levels of
complex nuclei excited by intense primary transitions can
be determined with a high degree of reliability up to exci-
tation energies of 4 MeV and higher in any even—even or
even—odd deformed nucleus.

3. Groups of high-intensity cascades exciting several
dozen levels of the nucleus under study are observed di-
rectly in experiment. The enhancement of these cascades
cannot be explained by random fluctuations of the widths
of the primary and secondary y transitions of the decay of
the compound state. This conclusion is valid only assuming
that random deviations from the average ratio of the par-
tial widths of the transitions to the total radiative width of
the decaying state are described by the Porter-Thomas
distribution (or any other distribution with smaller disper-
sion).

4. y-transition cascades of high intensity are observed
in nuclei of the 45 maximum of the neutron strength func-
tion.

The simplest explanation of this phenomenon is that in
experiment one observes transitions between 45 and 3P
neutron shells fragmented into a series of states of de-
formed nuclei.

5. We have made essential improvements and exten-
sions of the data on the decay schemes of the following
nuclei: '"“Nd (Ref. 25), '*Nd (Ref. 11), Dy (Ref. 26),
Dy (Refs. 27 and 19), '®Er (Ref. 28), "*Yb (Ref. 29),
5Yb (Ref. 30), ®Hf (Ref. 31), ’Hf (Ref. 17), '8W
(Ref. 32), ¥'W (Ref. 14).

We have obtained new spectroscopic data on the decay
schemes and on a number of other nuclei.
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