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The main features of the system for analyzing the average parameters of cascade y decay of
compound states of complex nuclei are described. Comparison of the calculated and
experimentally observed cascade intensities has shown that the partial widths of primary and
secondary transitions in nuclei near the 45 maximum of the neutron strength function
depend on the structure of the levels that they connect for excitations on the order of the
neutron binding energy. The features of the cascade y decay of even—odd nuclei can

be understood most simply on the basis of the correlation of the neutron partial widths and
part of the radiative partial widths as the presence of single-particle transitions between

4S and 3P neutron shells. It has also been found that for most of the primary E1 transitions
in 1¥"Ba and !3'HT the radiative strength function corresponds more to the giant electric
dipole resonance model, taking into account the temperature and frequency dependence of its
width. Here the observed increase of the radiative strength function in certain primary-
transition energy ranges in deformed nuclei is, within the error of the predictions of the
quasiparticle—-phonon model of the nucleus, correlated with the strength-concentration
region of the one-quasiparticle states K™ = 1/2~ and K" = 3/2~ of the deformed Woods-

Saxon potential.

INTRODUCTION

The ultimate goal of experiments in nuclear physics is
to develop a theory or model describing the experimental
data sufficiently accurately and ensuring adequate predic-
tive power in unstudied areas of nuclear excitation. This
problem has not yet been solved for all the possible states
of nuclei excited by y-transition cascades of neutron radi-
ative capture.

The spectroscopy of individual cascades in the reaction
(n, 2y) made it possible to obtain'! a number of conclusions
about the features of the y decay of complex (primarily
deformed) nuclei. Here the essentially random nature of
the experimentally observed intensities of individual tran-
sitions masks and complicates the study of the features of
nuclear ¥ decay below the nucleon binding energy.

Because of this it is necessary to average the experi-
mentally observed y-transition energies over a larger or
smaller range of nuclear excitations.

The fundamental problem arising in the analysis of the
experimental results on cascades from two y quanta emit-
ted in succession by a nucleus [below we refer to this as the
reaction (n, 2y)] is that semiconductor y spectrometers
operate with nanosecond resolution. Therefore, it is impos-
sible to determine the ordering of the quanta in the cas-
cades observed in radiative neutron capture. In any range
of cascade transition energies E; =+ AE,, an example of
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which is given in Fig. 1, there are cascades with both pri-
mary transitions E; and secondary transitions E, close in
energy (E, = E,).

Distributions analogous to those shown in Fig. 1 were
obtained using the spectrum of the summed amplitudes of
coincident pulses [the sum—coincidence (SC) spectrum].
This spectrum for the nucleus '8!Hf is shown in Fig. 2. The
peaks of this spectrum are formed by those cases of y
detection when the energy of one of the transitions is com-
pletely absorbed in one detector, and that of the second is
completely absorbed in the other detector. The unavoid-
able background distribution is excluded sufficiently well
from the recorded cascade intensity distributions using
background events outside the region where the total cas-
cade energy is recorded.

The procedure for analyzing y—y coincidences is de-
scribed in more detail in Ref. 1.

The cascade intensity A7,,, where the energy of one of
the quanta falls in the interval AE,, can be written as

Al = % iy (EpE,)

n
= 21 L.(E)T(E,— E,)/T;T,
=

+ hzl Ciu(E. — E)T)/(E,)/T T}, (1)
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Here i, is the intensity of an individual cascade with total
energy E_ and energy of the quantum (primary or second-
ary) E,; I';, Ty Ty and Ty are the partial widths of
transitions between the states A, ¢(h), and f; T';, T, and
I';, are the total radiative widths of the levels A, ¢, and &; n
and m are the numbers of states excited by primary tran-
sitions with energy E, and (E; — E,), respectively, in the

S
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< FIG. 1. Distribution of the intensity i,, of cas-
3 cades to the J” = 5/2~ level of the band of the
state [521]1 in '®*Dy. The area of the spectrum is
normalized to 100%.
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interval AE,, which is proportional to the level density for
a given excitation energy.

An example of a calculated distribution corresponding
to Eq. (1) in the absence of any fluctuations of the partial
radiative widths of cascade transitions is shown in Fig. 3.

Such distributions, obtained experimentally, represent
convolutions of the fundamental parameters of nuclear

FIG. 2. Part of the SC spectrum for the nucleus '3'Hf. Curve
1 corresponds to cases where the total energy of the cascade
is detected, 2 corresponds to the background, and 3 corre-
sponds to exclusion of the background distributions.
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FIG. 3. Calculated distribution of the intensity
i,,, of cascades to the J™ = 3/2~ level of the state
[521]t of the nucleus '**Dy. The area of the spec-
trum is normalized to 100%.
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models: the radiative strength function (RSF) of the pri-
mary (secondary) transitions and the density of states ¢ or
h excited by them. The experimental analog of the calcu-
lated spectrum (Fig. 3) is shown in Fig. 4.

The shape and nature of the experimentally obtained
cascade intensity distributions depend not only on the av-
erage y-decay parameters [Eq. (1)], but also on:

(a) fluctuations of the widths of the primary and sec-
ondary transitions;

(b) the ratio of the useful and background coinci-
dences, the summed amplitudes of which fall into the given
interval,1 i.e., the ratio of the areas of regions 1 and 2 in the
SC spectra (see Fig. 2);

(c) the finite energy resolution of the detectors.

Comparison of the cascade intensity distributions for
the nuclei '**Dy and '*Dy (Figs. 1 and 4) shows that they
can differ markedly in shape even in neighboring nuclei of
the same type. This fact is not trivial: the total radiative
widths of the neutron resonances have a monotonic and
weak dependence on the atomic mass of the target nucleus.

E,, keV

In addition, it should be noted that the summed cas-
cade intensities differ from the results of model calculations
using Eq. (1), both in cascades to levels of the same struc-
ture in neighboring nuclei and in cascades to different final
states in the same nucleus.

The extraction and analysis of concrete information on
the features of the ¥ decay of a compound state with nu-
clear excitation in the energy range up to 8 MeV in this
case can be carried out at several levels:

(a) by comparison of the experimentally observed and
theoretically predicted summed intensities of all possible
cascades between a compound state and a given level;

(b) by comparison of the shapes of the distributions of
the experimentally obtained spectra and the analogous dis-
tributions calculated using Eq. (1) in a sufficiently wide
energy range;

(c) by analysis' of the intensity distribution of the
experimentally resolved cascades;

(d) by multiplying the experimental distributions (see
Figs. 1 and 4) by the components of the “primary” and
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FIG. 4. Observed distribution of the cascade intensity
i,,, the analog of the calculated distribution shown in
Fig. 3.
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“secondary” transitions with subsequent (when possible)
extraction of information about the density of states ex-
cited by primary transitions of the dipole type and, finally,
their RSF.

The technique described below for analyzing ordinary
y-v coincidences was developed at the JINR. It made it
possible for the first time ever to begin systematic investi-
gations of the properties of the excited states of complex
nuclei in the entire range of excitation energies below the
neutron binding energy. Moreover, in principle it allows
the solution of the fundamental problem of experiment in
this area of nuclear physics: the determination of the RSF
of the primary transitions in their entire energy range,
which up to now has been inaccessible to the traditional
methods of nuclear and neutron spectroscopy.

1. SUMMED INTENSITIES OF TWO-PHOTON
CASCADES TO GIVEN LOW-LYING LEVELS

The summation interval in Eq. (1) can be extended to
practically the neutron binding energy, and the values ob-
tained can be summed for several final cascade levels.

The resulting intensity I;’,y (% per decay) character-
izes the fraction of the total intensity of primary transitions
(the total radiative width of the compound state I";) which
is observed experimentally. Naturally, this sum extended
to all final cascade levels is 100%. Therefore, actually only
deviations from the expected values can appear for parti-
cles of the final levels.

The analogous calculated value I;Y can be determined
on the basis of various model representations of the energy
dependence of the widths of the primary (secondary) cas-
cade transitions and the density of states excited by them.

Obviously, comparison of different variants of such
calculations with experiment makes it possible to deter-
mine how the model description of y decay must be mod-
ified to improve its agreement with experiment.

The model description of cascade y decay

As an example, let us compare the experimental results
with the results of calculations using two models of the

excited-state density and two models of the partial radia-
tive widths.

A. The “back-shifted”” Fermi-gas model for the density
of states. The parameters of this model for the nuclear
moment of inertia equal to half the rigid-body moment of
inertia are given in Ref. 2. The choice of this moment of
inertia was suggested by the experimental results given in,
for example, Ref. 3.

B. Fermi-gas models taking into account the shell non-
uniformities of the single-particle spectrum using the shell
correction of V. M. Strutinsky developed in the works of
Ignatyuk.*

To present a complete picture, here we could include
also the combinatorial calculation® of the level density.
However, this calculation is very awkward and can be done
in a limited number of cases.

A detailed comparison of these three variants of the
density of excited states with K™ = 1/2* for '®*Dy is given
in Fig. 5.
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FIG. 5. Calculated density p of states with K™ = 1/2*+ in '®Dy as a
function of the excitation energy E. The curve is the calculation using the
model of Ref. 4, the points + show the calculation using the back-shifted
Fermi-gas model with parameters from Ref. 2, and the points O show the
combinatorial calculation of Ref. 5.

We see that the level density predicted by model A is
higher than that of model B. The combinatorial calculation
gives results for this nucleus which coincide with those of
the first model at low excitation energies and those of the
second at high energies.

In model A the density of excited states is interpolated
between two excitation regions: E, S 1 MeV and E;
2 B,. '

In model B, the variant used below, the parameters can
be fitted only for the neutron-resonance density.

It can be assumed that the actual density of excited
states will be intermediate between these two cases; the
latter will be more accurate if in the calculation of the
parameters of model A the experimental level density ob-
tained in the reaction (n, 2y) for E, > 1 MeV is used.

The common feature of all the models of the functional
dependence of the level density at the present time is the
fact that it has an exponential dependence on the excitation
energy. Here the exponential is a smooth function of a
large or small number of continuous parameters. It can
therefore be expected that a decrease of the excitation-
energy interval in which the density of states is specified by
extrapolation of the experimental data makes the predic-
tion of this quantity more reliable, for 2 MeV <« E,
<B,.

The situation with the partial widths of the primary
and secondary quanta of the radiative decay of a com-
pound state is less certain. The matrix element of the tran-
sitions of the most probable multipole orders E1 and M1 is
known in only a limited number of cases: for hard primary
transitions to states E, S 2 MeV for even—even compound
nuclei and E; $ 1-1.5 MeV for even—odd ones.

The number of models predicting the value of this pa-
rameter is quite large. However, those of practical interest
are primarily the giant electric dipole resonance (GEDR)
model for E1 transitions and the Weisskopf model, which
assumes that the dependence of I',(T';s) on the transition
energy E, is proportional to Eg,[‘ +1 where L is the multi-
pole order of the transition for M1 and E2 transitions.

Experience in analyzing the experimental data on the
reaction (n, 2y) that we have accumulated up to now®
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shows that the Weisskopf model cannot claim to give a
more or less correct description of the dependence T',,
= f(E,) for E1 transitions. The cascade intensities ob-
tained using this model are 2 to 4 times smaller than the
experimental values for any model of the level density.

The role of various types of transition in cascade y
decay

The reason for this discrepancy between the calculated
and the experimental results is the following: magnetic di-
pole and electric quadrupole transitions, as will be shown
below, play an important role in the decay of low-lying
states of a complex nucleus compared with the hard pri-
mary transitions of the decay of a compound state, where
the fraction of their widths relative to the widths of E1l
transitions is less than 15-20% for nuclei with 4 % 140.

A simple functional dependence I';, = f(E,) cannot
take this fact into account even in principle, if in the cal-
culation we use the experimental ratios of the widths of
hard primary transitions of various multipole orders,
which are well known experimentally for many nuclei from
the reaction (#, y).

Meanwhile, as has been established by now for **Nd
(Ref. 7), 1¥"Ba, and '8'Hf (see below), in a wide range of
soft primary transition energies the RSF depends weakly
on .the transition energy, as required by the Weisskopf
model. Apparently, owing to these features, the combina-
tion of GEDR models for E1 transitions and the Weisskopf
model for M1 and E2 transitions leads to the smallest dis-
crepancy between the experimental and theoretical results.
Here it can be hoped that the experimental study of mag-
netic dipole transitions will permit the development of a
giant magnetic dipole resonance (GMDR) model for low
excitation energies in deformed nuclei. This would ensure
even greater accuracy in the description of cascade y de-
cay.

The GEDR and GMDR models (for M1 transitions)
should be very close to the physical reality observed in the
reaction (n, 2y). However, unfortunately, the cross section
for absorption of even an electric dipole quantum is exper-
imentally determined for a very restricted number of nuclei
and energies if the quantum energy is smaller than the
neutron binding energy.

The situation with regard to M1 transitions in de-
formed nuclei, where the GMDR parameters are unknown
even for E, > B,, is even more uncertain.

The general conclusion reached in the study® of elec-
troexcitation of the 1% state in even—even nuclei of the
deformed region is that the magnetic resonance is strongly
fragmented in a wide range of excitations of such nuclei.
Meanwhile, in spherical nuclei with 4~ 100 its maximum
is located in the region E* = B,. At present there is no
other information-about this resonance.

It should be noted that the reaction (n, 2y) makes it
possible to explain the relative role of magnetic transitions
in cascade y decay.

In Sec. 4 we describe a technique for obtaining the
dependence i,, = f(E;) on the energy of the primary E1
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transition, both for cascades to individual low-lying states
and for their sum over final states f.

From the form of the first term in Eq. (1) it is easy to
see that the ratio of the cascade intensities, the primary
transition energies of which lie in the range E; = AE; (and
where the final level has a given value of J7), to the sum,
sufficiently complete in f, of intensities of such cascades to
any low-lying levels will be I',((E, — E,)/T .

By comparing the cascade y decay in pairs of com-
pound nuclei such as 1921%Dy and !"818°Hf, in which the
parity of the compound state is reversed, according to the
measured ratios I',;/T, it is possible to estimate both the
relative intensity and the form of the energy dependence of
I’y for secondary E1 or M1 transitions. Here complete
information on the dependence of the ratio I';;/T", on the
excitation energy of the levels 7 and f can be obtained only
by further development of the experimental technique to
the point where at least 80-90% of the total intensity of the
primary transitions is measured in the intensity distribu-
tions of cascades to (at least) several dozen final states of
the even—even nucleus. The possibility of reaching this
level depends only on technical problems: the need to use a
system of many detectors with high efficiency for recording
v—y and y—y—v coincidences.

At the present time it has already been established that
cascades between states of opposite parity (E1 + M1 tran-
sitions) usually exceed the calculated estimates (or are
equal to them), while cascades between states of identical
parity usually lie below the calculated values. In this re-
spect !8CHf is unique. For it, cascades from the 5 state to
the2*, 4%, and 6 levels have been studied.’ In contrast
to all the nuclei that we have studied, here the experimen-
tal intensities are lower than the calculated ones by at least
a factor of 2 (see Ref. 9 and Table II below).

Here it should be noted that, in principle, the currently
existing interpretations of the data on the reaction (n, 2y)
cannot be taken as definitively established. Many of them
need to be checked further. This is not surprising, since
many parameters affect cascade y decay. An illustration of
this is given in Table I, where the parameters of the nuclei
168Er, 178Hf, and '3°Hf studied by us in the reaction (n, 27)
are compared.

Comparison of the summed cascade intensities for the
three nuclei in Table I with the values of 2gT° of reso-
nances determining the neutron-capture cross section, the
structure, spin, and parity of the ground state, and, accord-
ingly, the type of transitions involved in the cascade shows
that it is impossible to arrive at any unique interpretation
of the results with the small set of even—even compound
nuclei studied. The partial radiative widths of the cascade
transitions in a wide range of excitations of these nuclei
depend on the full set of parameters.

As a first approximation, for a preliminary estimate of
the expected summed intensities of cascades from two suc-
cessive transitions we can use the above-mentioned combi-
nation of models for the partial widths: the GEDR model
plus the Weisskopf model for M1 and E2 transitions.

The accumulation of information on the shapes of the
cascade intensity distributions, on calculated values of the
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TABLE 1. Some parameters of the nuclei '®Er and '"®'®°Hf and data on their cascade ¥ decay.

Parameter 1By 18 180y £
Fraction of captures for given spin of the compound state 33%3* + 67%47 60% 3~ and 40% 4~ 100% (57)
Binding energy, keV 7771 7626 7388
Average distance between resonances, eV 4.0(2) 2.5(2) 4.4(2)
Sum of observed intensities of cascades to levels of the ground- 15.4(10) 15.1(7) 4.6(5)
state rotational band, % per decay

Number N, of the strongest cascades distinguished 71 136 99
Average intensity of the N, cascades (decays) 9.8 x 10~* 64 x 10—4 1.3 x 10~*
Ground-state structure of the target nucleus [633]t [514]4 [624]1
Values of 2gT of resonances determining the thermal neutron 0.3 and 0.46 1.81 and 5.82 10.45
capture cross section (Ref. 10), MeV

Neutron strength function, 10* 1.8(2) 2.5(2) 1.7(2)

total radiative widths I'; of neutron resonances, and, fi-
nally, on the energy dependence of the RSF of primary
transitions in the compound nuclei *’Ba and '8'Hf (see
Sec. 4) requires that the modified GEDR model also be
included in the calculations. This model'! takes into ac-
count both the frequency and the temperature dependence
of the GEDR width.

In Tables II and III we give the values of the cascade
intensities 17,7, that we obtained to given low-lying levels
E; of the nuclei studied so far. The value of I, in these
tables is equal to the sum of the intensities of the individual
cascades, the energy of the intermediate level of which
satisfies the condition B, — 0.52 > E, > E; + 0.52 MeV.
The experimental values are compared with the results of
four variants of the calculation, combinations of the two
level-density models and the two GEDR models. The in-
dividual features of the nuclei below the energy E;
< 1-2 MeV were taken into account by including in the
model the experimental decay scheme for the nuclei stud-
ied (J", Ej, and the branching coefficients). The ratio of
the widths of transitions of different multipole order
needed in the calculation of Eq. (1) was fixed at the pri-
mary transition energy E; < B, on the basis of the experi-
mental data for the reaction (#, y), i.e., study of the y
decay of compound states with averaging over the neutron
resonances.

We see from Tables II and III that one finds the ratio
I‘;, I'fm, < 2 for most of the experimental data. Clear excep-
tions to this rule are cascades to states for which |J;
— Jf| =3.

Change of the spin by 3 units as a result of two ¥
transitions requires that one transition be purely quadru-
pole. Since it is difficult to expect a large contribution from
M?2 transitions to decays of relatively low-lying states of
interest here, the enhanced cascades in Tables II and III
most likely correspond to the first transition being an E1
(or M1) transition and the second being an E2 one. These
cascades differ from cascades to other levels only by the
presence of the E2 transition; the enhancement of the
widths relative to the calculated values can be related only
to enhancement of secondary E2 transitions.

In Sec. 3 below we describe a technique for decompos-
ing the spectral distributions of the intensity into compo-
nents corresponding to primary and secondary cascade
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transitions. In the nuclei studied, '*’Ba, “6Nd, 74Yb,
I81Hf, and '83W, this decomposition has been done mainly
for cascades satisfying the condition |J; — J| < 2. The
exception is cascades to the ground state of **Nd. For the
compound state the spin is J” = 3, and for the ground
state J7 = 0. Therefore, here the most realistic type of
transition is that with primary E1 quanta and secondary
FE2 quanta.

The cascade intensity distribution obtained by the
technique described in Ref. 12 is shown in Fig. 6 as a
function of the primary-transition energy. Here the statis-
tical error in determining the cascade intensity is too large,
making it impossible to arrive at reliable conclusions. Nev-
ertheless, owing to the regular excess of the experimental
values of the intensities over the calculated values, we can
draw the preliminary conclusion that the widths of second-
ary E2 transitions considerably exceed the model values in
a wide range of excitation energies for this nucleus.

The spread in the ratios of the experimental and cal-
culated intensities in all the nuclei studied with |J;
— J¢| = 3 depends on the actual decay scheme of the
low-lying states. For example, the fairly good agreement
between I;,}, and IcW in the case of °Yb is attained owing
to the cascade with E; = 5627 keV + E, = 556keV, which
gives the dominant and practically the only contribution to
both the calculated and the experimental value of 7,, (and
similarly for several nuclei).

On the whole, the data of Tables II and III can be
explained only if it is assumed that the values of I'(M1,E2)
increase systematically relative to I'(E1) as the excitation
energy of the nuclei in question decreases [compared with
the ratio T'(E1):I'(M1):T'(£2) = 1:0.15:0.01 obtained for
hard y transitions in the reaction (n, y)].

The cascades to the levels E; = 602 and 639 keV in
1Yb, 476 and 518 keV in 'Hf, and 99 keV in W
should also be noted. In the first two cases cascades are
observed to levels with identical J™ = 5/2~ but different
structure (the main component of the higher-lying level is
[512]1, and that of the lower-lying one is [510]1). In this
case the ratio 7, clearly demonstrates the dependence of
the secondary-transition widths I';r on the structure of the
final level in a fairly wide range of excitation energies for
practically identical excitation energy and J™.
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TABLE II. Experimental (I‘;’,Y) and calculated (ICW) intensities of cascades to low-lying levels £, ' of

even—-even nuclei, % per decay.

1
Nucleus, Probable E,, models:
fraction type of
of captures | E +»keV |transitions in L, GEDR with GEDR with
with given the ['g=const |T¢=/(E,T)(Ref. 11)
J? cascades** A B A , B
144Nd 0 E1+4E2 3,7(10) 3,81 5,1 3,4 5,1
~ 1009 3- 696 E1+4 M1 32,0(30) 12,4 113,2 10,0 12,7
1314 | E1- M1 7,3(14) 6.6 | 7.5 5.6 6.5
1510 E1+4+ E1 3,9(10) 7,5 8,6 5,4 6,6
1561 | E1+ M1 (2,8)%** 3,0] 3,2 2,7 2,8
146Nd 0 E1+E2 3,9(2) 0,5 0,8 0,5 0,7
~ 1009 3~ 454 E1-+ M1 19,8(5) 9,5 [11,4 8,4 11,2
1043 E1—+ M1 9,1(7) 5,9 7,6 4,9 6,8
1189 | E1-+E1 7,2(8) 6.6 | 8.1 417 6.3
165F T 80 |El+El 4,6(4) 3,0 3,6 2,1 2,7
339 3+ 264 | E1-+E1 7.7(8) 5.2 | 6.8 3.4 5.0
67% 4t 549 E1+E1 3,1(2) 0,91 1,3 0,8 1,0
821 |E1+EL 2.8(4) 11] 16| 0.8 1.3
896 | E1-+F1 5,4(9) 1.8 1.8 1.3 2.2
995 | E1-+ E1 3.1(12) 107 29| 1.2 2.1
174y} 0 |E1+E2 3,4(3) 1,2 1,3 1,0 1,2
369 3- 76 | E14+ M1 11,8(6) 8,1 8,6 7,0 7,9
64% 4= 253 |E1--M1 | 6,6(6) 49| 53| 42 4.8
178§ 0 |E1+E2 0,5(2) 0,2 04| 0,2 0,3
609% 3~ 93 E1+4+ M1 7,5(5) 3,1 3,9 2,5 3,5
4004 4- 306 |EA--M1 | 6.5(4) 3.8 5.0 3.0 4.3
632 | E1-+ M1 (0,6)%** 0.5 0.8 0.4 0.6
174 | E1+ M1 0,5(2) 0,6 1,0 0,5 0,8
1267 | E14 M1 1.8(5) 1.9] 3.4 1.5 2.8
180Hf 93 | M1+E2 |0,6(1) 0,2/ 0,3] 0,4 0,5
~ 1009, 5+ 308 | EA+E1 | 2.3(4) 51| 57| 3.8 4.7
641 E1+E1 1,7(3) 3,5 4,6 2,6 3,7
1370* | E1+E1(M1)| 1,3(4) 1,71 2,7 1,4 2,3
1430 | E1 4+ M1 0,6(3) 0,4 0,6 0,4 0,5
1482 | EA+M1 | 1.2(4) 1.1 20| 09 1.5
1610* | EA+M1(E1)| 1.8(4) 2.0 39| 1.7 31

*The multiplet.

**A mixture of M1 and E2 transitions and cascades with oppo-
site ordering of the photons are also possible.

***An estimate of I5,,.

In the last case, '**W, the intensity of cascades to the
level with J™ = 5/2~ of the rotational band of the state
[510]1 is considerably smaller than the empirical value
(see Table III), and also smaller than the ratio I " calcu-
lated for the 1/2—, 3/2~, and 5/2 — states of this band.
This is also correlated with the relative increase in the
lifetime of the level with J™ = 5/2 .

The general conclusion that we can draw on the basis
of Tables II and III is that models which claim to be fairly
accurate (to tens of percent) in describing the ¥ decay of a
compound state must be more detailed than the ones pres-
ently used. In addition, on the average over the 14 nuclei
studied so far, no definite preference can be shown toward
any pair of models describing the level density and energy
dependence of the radiative-transition probability.
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2. A POSSIBLE INTERPRETATION OF THE
DISCREPANCY BETWEEN THE EXPERIMENTAL AND
CALCULATED CASCADE INTENSITIES

The experimentally observed cascade intensity distri-
butions are distorted by (a) random fluctuations of the
widths I';, and T, of the cascade transitions, (b) the
“noise” distribution due to the procedure of subtracting
the background events (see Ref. 1 and Fig. 2), and (c) the
finite resolution of the detectors used in the experiments.

The shape of the intensity distributions expected in the
absence of these distortions is shown in Fig. 3.

The calculated and experimental distributions can be
summed over a fairly wide excitation-energy range (for
example, 100 keV). By comparing them it is possible to

Boneva et al. 704



TABLE III. Experimental and calculated intensities of cascades in the even—odd compound nuclei
studied, % per decay.

Probable
type Icwmodels
Compound| g, ey | Of transition)  po GEDR with | GEDR with
nucleus in the Fg=const [g=f(E,T)(Ref. 11)
cascades***

A B A l B

137Ba 0 E1+E1 | 15,5(7) 27 27 21 24
281 E1+E1 | 53(3) 20 20 16 16
1900 E14+E1 | (2,2)%%*= | 1.6 | 1,7 1,7 1,7
2180 El4-ML | (1,6)** | 10 | 1,1 1,1 1,1
163Dy 0 E1-+M1 | 5,9(4) 4,2 | 4,8 3,2 3,8
73 E1+E2 | 1,1(2) 0,06 0,09 0,05 0,08
251 E1+E1 | 2,7(2) 2,71 3,6 2.0 2,6

351 E1+M1 | 5,2(4) 41 | 4,9 3,2 4.1
390* | E1+M1 | 4,9(9) 3,7 | 4,5 3,0 3,7
42241 428%| E1+M1 | 6,3(11) 51 1| 6,3 4,0 5,3
475 E1+M1 | 1,5(6) 1,5 | 2,0 1,2 1,7
165Dy 0 MA+E2 | (1,8)**** | 0,02| 0,04 0,02 0,04
108* E1+M1 | 11,0(19) 7,8 | 8,8 6,3 7,5

158*% El+M1 | 11,5(25) 7,1 | 8,3 5,7 7,1
181+185* | E1+M1 | 9,8(23) 6,5 | 7,6 5.3 6,6
533+538 | E1+M1 | 7,4(25) 48 | 8,3 4,0 6,6
570+573 | E1-+M1 | 12,7(48) 5,4 | 8,6 4,6 7,7
175Yh 0 E1+E2 | 2,9(4) 0,9 | 1,5 0,7 1,2
515% E14+M1 | 17,2(40) 7.4 | 8,4 6,0 6,9
556* E1+ M1 | 18,1(47) 6,7 | 7,8 5.4 6,5
602+ E1+M1 | 9,0(16) 3,1 | 3,7 2,5 3,1
639 E1+4+M1 | 2,3(16) 2.8 | 3,5 2.3 2,9
811%* E1+M1 | 11,5(59) 3,5 | 4,8 3,0 4,1
871** E1+M1 | 2,3(13) 1,5 | 2,2 1,3 1,9
920 E1+M1 | 6,3(37) 2.7 | 3,9 2,3 3,4
992 E1+M1 | 3,4(13) 2,21 2,2 2,0 3,0
177Yh 332+ E1+M1 | 21,9(33) [10,5 [11,1 8,6 9,2
376* E1+M1 | 20,9(26) 8,3 | 8,1 6,9 7,0
423+ E1-+M1 | 15,7(31) 48 | 5,1 3,9 4,2
19Hf 214 E1+E2 | 2,1(9). 0,03| 0,04| 0,03 0,03
375+ E14 M1 | 15,5(16) 58 | 6,3 4,6 5,2
421+ E1+ M1 | 16,5(21) 54 | 5,9 4,3 4,9
476* El+M1 | 7,6(8) 3.0 | 3,6 2.4 2.9
179 { 518 E1+M1 4,0(8) 2,71 3,3 2.1 2,7
614 E1+ M1 9,5(16) 4,1 4,8 3,3 4,0
679 E1+ M1 3,8(8) 35| 4,1 2,8 3,5
701 E1+ M1 2,6(5) 1,7] 21 1,4 1,8
721+ | E1+ M1 3,1(7) 32| 3,.8] 2.6 3,2
788*+ | E1--M{ 2,7(8) 1,4 1,8 1,2 1,5
1814 0* E1+ M1 15,2(20) | 10,5 11,3 | 8,4 9,2
46+ E1+ M1 15,6(20) |11,0| 12,6 | 8,8 10,1
99+ E1+M1 8,9(20) 52| 5,71 4,2 4,7
2528+ E14+M{ 8,0(13) 6,8 7.1 5.5 6,0
332+ E1++M1 4,1(10) 3,3| 3,6| 2,7 3,0
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TABLE III. (Continued.)

Probable type‘ I, models
f transiti
Compound |  keV ° urla?;; o L, GEDR with | GEDR with
B ! To=const |To=/(E,T) (Ref. 11)
cascades***
A l B A I B
183\ 0* E14+ M1 13,3(11) 8,7 9,2 6,9 7,6
46* E14 M1 10,2(7) 8,71 9,8 6,9 7,9
99+ E14+ M1 1,4(2) 3,9 4,2 3,1 3,4
209** E14 M1 8,1(19) 6,0 7,2 5,2 6,0
292¢+ E14-M1 4,3(6) 3,0 3,3 2,4 2,7
187\ (130 E1+ M1 12,6(13) 9,1 10,4 7.4 8,6
T7%* E1+4+ M1 5,6(5) 4,0 4,6 3,3 3,8
146* E1+M1 9,5(10) 6,3 7,1 5,2 9,9
205* E1+ M1 10,7(6) 6,0 6,7 5,0 5,7
303* E14+ M1 5,1(10) 2,5 2,9 2,1 1,5

*Levels of the rotational band of the state [510]1 ; for Dy

those of the state [521]! .

**Levels of the rotational band of the state [512]! .

***In cascades with the most likely multipole order E1 + M1
an admixture of the E2 component for J"=3/2+ is possible.
Reversed ordering of the transitions in the cascade is not ex-

cluded.

****An estimate of I5,.

0,3}

o8

Cascade intensity, % per capture

I
4,5 £1 MeV

FIG. 6. Intensity of cascades to the ground state of %Nd. The histogram
is from experiment, the statistical errors are shaded, O are calculated
using the model of Ref. 4, X are calculated using the model of Ref. 2.
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find the range of cascade y-transition energies where en-
hancement of the intensities is observed. The most impor-
tant result, obtained by us earlier® in nuclei such as
165Dy and '®*Er, is that the summed intensities of cascades
via intermediate levels with energy E; =~ 0.5B, in certain
energy ranges are significantly enhanced relative to the av-
erage calculated values. No noticeable discrepancies be-
tween the calculation and experiment were observed for
low energies of the cascade quanta.

Direct comparison of the experimental spectral distri-
butions with their calculated analogs is not useful at
present and will not be discussed here.

In Sec. 3 we describe a technique for decomposing the
distributions described by Eq. (1) into the primary and
secondary transition components, which gives more useful
results.

The simplest explanation of the observed discrepancies
between the calculated and experimental cascade intensi-
ties is obtained for even—odd compound nuclei in the rare-
earth region. These nuclei belong to the 45 maximum of
the neutron strength function. Therefore, according to, for
example, Ref. 11, in the structure of the compound state
the weight of the one-quasiparticle components is large
relative to the three-, five-, etc., quasiparticle terms in the
wave function. The low-lying levels of these nuclei excited
by a two-y cascade have the simplest structure. According
to the calculations using the quasiparticle-phonon
model,"? the principal states of the bands to which the
strongest cascades are observed have a structure in which
the one-particle components have large weights:
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FIG. 7. Ratio R,, of the experimental and calculated
summed cascade intensities in a group of even—odd com-
pound nuclei as a function of the ratio ['%/(T'9) of resonances
determining the thermal-neutron capture cross section. The
result for '*3Nd is from a preliminary processing of the ex-
perimental data.

165Dy:[521]4 97%,

175Yb:[510]1 85%,

[512]1 + Q1(22)8%, [512]t + Q1(22)7%,
PHFf:[510]1 90%, [512]1 + ©;(22)10%,
BIHF[510]1 95%, [512]V + Q;(22)5%,
18W:[510]1 90%, [512]¢ + Q;(22)4%.

This also leads to our proposed explanation of the enhance-
ment of the cascade intensity: enhanced one-particle tran-
sitions between the 45 and 3P neutron shells are observed
experimentally.

The amplitude of the electromagnetic E1 (M1) tran-
sition between states A and ¢ with complicated structure
can be expressed'® in terms of the one-quasiparticle, three-
quasiparticle, quasiparticle ® phonon, etc., components of
the wave functions of these levels as follows:

M AEL (M), [~ T71}

=2

PAPt

ColCoVopFopt 2 (CpDy,
PiPEA8t

+CPthA)Mg,1&+ 2 Dgng,PgAPgt
848

+ 2

GG (DgAEGt+DgtEGA)MGAGr
818026

+ Y EgEgPsgc,+ " - (2)
GG,

Here C,, D,, and E are the amplitudes of the wave-func-
tion components corresponding to the quasiparticle, the
quasiparticle ® phonon, and the quasiparticle ® two pho-
nons, and P and M are the matrix elements of E1 and M1
transitions. The detailed calculation of the partial widths
using this expression is a difficult and essentially unsolved
problem. Nevertheless, it is possible to single out parame-
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ters on which the width of the transition between the com-
pound state A and the intermediate level ¢ must depend.
These are C,, the amplitude of the one-particle component
of the wave function of the compound state, and VM,

= Up Uy — UpUp, the term depending on the coefficients
u, and v, in the canonical Bogolyubov transformation for

states p; and p, coupled by a ¥ transition.

If the experimentally observed enhancement of the cas-
cade intensity can be related to these quantities, it will
thereby be possible to see whether the single-particle com-
ponents contribute significantly to the widths of the exper-
imentally observed transitions.

In the analysis we must take into account the follow-
ing.

a. The cascade intensity is determined by the width
ratio I';,/T;. It is therefore necessary to take into account
the positive correlation of the random quantities I"y, and
I'; = 3,I';, which can be fairly large.

b. The summed intensities of the cascades from two
transitions to all possible final excited states is 100%. The
enhancement of any transitions A —¢ must therefore corre-
spond to a decrease of the widths of transitions A—4,
where h=4t. For T'; = const (an experimental result), this
requires an absolute decrease of the widths I, for an ab-
solute increase of I';,. The expected relation does actually
exist.

In Fig. 7 we show the ratio R, of the sums of the
experimentally observed cascades E,flfﬂ, to the analogous
quantity calculated using the approach described in Ref. 1
(for uniformity we used model B for the level density and
the GEDR model with fixed width I';) as a function of the
degree to which the compound state is a one-quasiparticle
state. The latter is most conveniently represented as the
ratio of the reduced neutron width of the resonance I')
corresponding to thermal-neutron capture and the average
for a given nucleus, (I'%) = SyDy.

It follows from point (a) above that the expected re-
lation between R,, and I%/(T,) cannot be linear. If we
restrict ourselves to the assumption that the primary tran-
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sitions in the decay of a compound state of an even—odd
deformed nucleus fall into two groups with widths (a)
correlated and (b) uncorrelated with I“‘,), of the compound
state, we can obtain an analytic expression relating R, and
ro%/(r,):

Ry,=(1+ kaT%/(T9))/(1 4 kT/(T%)), (3)

where the parameters k and a are determined by the ratio
of the fractions I';, coupled to both the correlated and the
uncorrelated widths, and also by the coefficient relating the
growth of T';, with increasing T'%. Of course, this depen-
dence can be taken as only a very crude approximation.
This follows both from the fact that the values of k and
can, and most likely do, differ for different nuclei, and from
the more complicated relation between I',; and I‘S than
that given by the approximation of the two-component na-
ture of the widths made above. In spite of the very approx-
imate nature of this crude analysis, the relation between
the experimental values of R, and the estimate (3) is quite
definite, as can be seen from Fig. 7. Here the parameters k&
and « lie in the range of the physically allowed values.

The spread in the values of RYJ relative to the proposed
functional dependence R, = f(T",/ 1‘2) ) here is still large.
This can be partially explained by the fact that the param-
eters k and a of the functional dependence (3) cannot
remain constant as A4 is changed. It can also be partially
explained by the fact that the calculated cascade intensities
are sensitive to the degree of completeness of the data on
the decay modes and the parameters of the low-lying lev-
els.

For '8THf it can also be shown that in this nucleus
there are anomalously intense (21, = 27% per decay) di-
rect transitions to its ground and first excited states, which
we did not observe, owing to our experimental conditions
(only cascades above the threshold 520 keV were de-
tected).

Under conditions where I'; of the compound state var-
ies weakly for different resonances, the enhancement of
some transitions must correspond to the weakening of oth-
ers. This fact is apparently also responsible for the rela-
tively small value of R,, for '*'Hf. On the whole, the data
of Fig. 7 should be viewed as qualitative confirmation of
the hypothesis that some of the partial widths of primary
transitions are correlated with I, of the compound state.
This dependence should be studied quantitatively for dif-
ferent resonances of a single nucleus.

The matrix element of the transition (2) depends on
the values of the components of the wave functions of the
states connected by the y transition. It is well known, for
example, from calculations using the quasiparticle-phonon
model (QPM) of the nucleus, that any state of a given
structure in real nuclei is fragmented into an entire series of
levels. These calculations'* show that (a) most of the
strength of a given state is usually concentrated in some
excitation-energy interval of the nucleus on several of its
levels, and (b) the regions of the concentrations are lo-
cated at different nuclear excitation energies, and part of
the strength of the state is smeared in a large range of
excitation energies.
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The assumption that in the cascade decay of com-
pound states of deformed nuclei enhanced transitions are
observed with widths determined by the structure of the
levels that they connect leads to the conclusion that these
transitions should be observed only for certain nuclear ex-
citation energies. Here the clear enhancement of I'j, rela-
tive to the average value (T';,) should, within the accuracy
of the QPM predictions, correspond to the region in which
the strength of the one-particle state is concentrated.

In Figs. 8-11 we compare the calculated strength dis-
tributions of the fragmented states [510]1, [521]! , [501]t,
[501]4, and [512]¢ with the values of the cascade inten-
sities (and also hard direct transitions to low-lying levels)
for 1Dy, 17°Yb, "°Hf, and '¥'W.

In the histograms of the sums =7 the intensities of
transitions corresponding to excitation of the known low-
lying states with N =5 listed above are shaded. We see
that the large value of the parameter ( Cu)f,, which can be
viewed as a measure of the concentration of the one-qua-
siparticle state, here corresponds to a higher value of the
primary-transition intensity. The other maxima of the cas-
cade intensity sums (i.e., the maxima I';,) correspond,
within the error typical of the QPM (several hundred
keV), to the maxima of the calculated strength of the states
[501]1, [501]4, [521]¢, and [510]7 .

It is important that the experimentally observed cas-
cade intensities exceed the values obtained assuming that
the primary-transition matrix elements are constant in pre-
cisely those nuclei for which r2 is larger than the average
value. Only the intensity maxima corresponding to pri-
mary transitions to states with the structure [Nn,A]=
= [512]1 are not observed. The reasons for this are not
clear. We can only note that enhancements of the intensi-
ties of transitions to levels [512]1 are not observed, both
in the case of primary transitions (Figs. 8-11) and in the
case of cascades (Table III).

It should also be noted that the values of the observed
effects (Figs. 8-11) are different in different nuclei. Here
the degree to which the cascade intensity at a given exci-
tation energy exceeds the expected calculated value is re-
lated to the degree to which the summed cascade intensi-
ties exceed their calculated values (see Fig. 7).

It can be assumed that the experiments and their anal-
ysis carried out so far allow us to explain only some of the
parameters which describe the y-decay process.

In summary, we can conclude that both the shape of
the cascade intensity distribution and the absolute value of
it are determined by the structure of three states: the “ini-
tial,” the “intermediate,” and the “final” states connected
by the cascade in the excitation-energy interval E, = B,.
This is clearly seen for even—odd compound nuclei. At
present it is not possible to draw such a definite conclusion
for even—even nuclei, mainly owing to the large number of
parameters needed to describe the ¥ decay (the parities and
spins of the compound state and the structure of the low-
lying cascade levels) (see Table I).

Nevertheless, in even—even compound nuclei clear de-
viations of the cascade intensity from the expected values
are seen. This is quite clearly observed in the data given in
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FIG. 8. Distribution of sums ZI of experimentally distinguished intensi-
ties of primary direct and cascade transitions and distribution of the
strength (Cu)f7 of fragmentation of one-quasiparticle states as a function
of the excitation energy E for the nucleus '®*Dy. The histogram is from
experiment (% per decay), and the solid lines are the calculation of the
fragmentation of states with given values of K" (relative units). The
maxima are labeled with the values of the asymptotic quantum numbers
[Nn,A]Z. The direct transitions to levels of known structure are shaded,
and the points are the statistical calculation of the values of ZJ with the
expected random fluctuations.

Figs. 14 and 15, where we show the experimentally mea-
sured and calculated cascade intensity as a function of the
energy of the primary transition of the cascade for '"*Yb.

If we assume that the expected fluctuations in the in-
tensity of an individual cascade about its average value are
described by the convolution of two Porter—Thomas distri-
butions (with variance af,T = 8), the expected random
fluctuations of the summed cascade intensities can exceed
opr = 20% only when the averaging interval (in this case,
500 keV) contains less than v = 200 cascades (the vari-
ance of the sum is o 31 = 8/v).
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The calculations show that in this case this is possible
for a primary-transition energy greater than 4.2 MeV. Ac-
cordingly, the deviations of the experimental intensities
from the expected values for a primary-transition energy of
3.7 MeV (see, for example, Figs. 14 and 15) are not ran-
dom.

3. THE PROCEDURE FOR DECOMPOSING THE
EXPERIMENTAL CASCADE INTENSITY
DISTRIBUTIONS INTO TWO COMPONENTS

The intensity distributions of cascades between a com-
pound state and a given low-lying level in any energy in-
terval AE, in the vicinity of E, are the summed intensities
of cascades for which the transition E, is either primary or
secondary. This follows from Eq. (1).

The main assumption used as the basis for decompos-
ing the cascade intensity into two components is the fol-
lowing: the continuous distribution in the cascade intensi-
ties remaining after the elimination of the intense,
experimentally resolved peaks is caused by the excitation of
a large number of intermediate states at excitation energy
E, > 0.5B,. The ordering of the quanta in the isolated in-
tense cascades is determined case by case, mainly using an
independent algorithm for constructing the decay scheme!
in the reaction (n, 2y) (the primary transition of cascades
having a common intermediate state and ending at differ-
ent final levels has the same energy in different spectra).
Also, all the available information on the decay modes and
energy of the excited states from the reactions (7, v), (d,
p), (d, 1), (n, n'y), and so on, is taken into account.

The practical threshold for the observation of strong,
experimentally resolved cascades with detectors of 10%
efficiency is actually (3-5) X 10~ * cases per decay of a
compound state and decreases very rapidly with increasing
efficiency of the detectors used.

The fraction of cascades resolved experimentally in the
form of pairs of peaks amounts to at least 50-70% and
more of the full sum of the observed intensity. The remain-
ing undetected 30% (or at most 50%) of the total cascade
intensity is formed by the continuous distribution, the
main part of which pertains to the region of cascade tran-
sition energies near half the cascade energy.

There is no difficulty in subtracting from the experi-
mental intensity distribution several tens of narrow (sev-
eral keV) peaks. Naturally, the accuracy of this procedure
depends on the quality of the spectrum, i.e., on the “noise”
fluctuations related to the background-subtraction proce-
dure in obtaining the experimental intensity distributions
(see Figs. 1, 2, and 4).

The latter uniquely depend on the ratio of useful and
background events in the sum-—coincidence spectra (the
areas of regions 1 and 2 in Fig. 2). The experimentally
required ratios can be reached and exceeded using tech-
niques which have been developed to improve the line
shape of semiconductor detectors: anti-Compton shielding,
rejection of coincidences in the spectrometer tracks, and so
on.
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The process of decomposing the cascade intensities
into the primary and secondary transition components is
illustrated in Fig. 12.

At the present time, experimental cascade intensity
distributions of the type shown in Figs. 1 and 4 are decom-
posed into primary and secondary transition components
in the following manner."

a. Each spectrum is split into three parts: a central one
of width less than 1.5 MeV, and the low- and high-energy
ends.

b. Peaks related to the detection of secondary transi-
tions of intense cascades known and determined by us are
eliminated from the low-energy part of the spectrum.

c. Only peaks related to the detection of high-energy
primary transitions are kept in the high-energy part of the
spectra (see Figs. 1, 3, and 12), and the continuous distri-
bution is eliminated.

d. In the central part of the spectrum, half of its inten-
sity is ascribed to primary and half to secondary cascade
transitions. The presence of this uncertainty in the process-
ing technique is related only to a deficiency of the detectors
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FIG. 9. The same for '°Yb.

used, which at present do not permit the resolution of a
sizable number of cascades of low intensity. At a cascade
energy E. % 6 MeV the relative width of the incorrectly
resolved central part of the spectrum depends rather
weakly on the conclusions drawn at in analyzing the cas-
cade intensity distributions as a function of their primary-
transition energy. This follows, in particular, from the fact
that the “statistical” calculation described above is consis-
tent with this view. At other transition energies the prob-
lem of systematic errors in the decomposition procedure
reduces to the question of how reliably the decay scheme is
determined for E, < 3-4 MeV.

Questions of the reliability of the decay scheme for a
complex-nucleus excitation energy below 3-5 MeV have
been studied in Refs. 1 and 16. The studies showed that at
an excitation energy below half the neutron binding energy
the probability for incorrect determination of the ordering
of the quanta in intense cascades is fairly small. [A false
level can be expected no more often than once in ten decay
schemes obtained in the reaction (n, 2y).]

At low primary-transition energies the cascade inten-
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sity for the decomposition described here can be overesti-
mated, owing to the following factors.

a. Inclusion of experimentally unresolved cascades of
low intensity for which the energy of the secondary quan-
tum is less than 3 MeV.

b. Arrangement of the cascades according to the algo-
rithm of Ref. 1, for which an intense cascade is erroneously
shifted in the decay scheme in such a way that a low-
energy secondary transition is taken for a primary one.

Since the decay schemes of states excited in the capture
of slow neutrons by stable target nuclei in the region of the
rare-earth elements are, as a rule, fairly well studied up to
excitation energies of 1-2 MeV and sometimes higher,
then, in principle, overestimated cascade intensities can
arise only for primary-transition energies in the range 1
< E|{ <3 MeV.

In nuclei like '**Nd and '74Y®b it is difficult to expect an
incorrect determination of the cascade intensity for pri-
mary-transition energies below 2 MeV for the reasons
listed above.

Estimates of the possible systematic error in determin-
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FIG. 10. The same for "Hf.

ing the cascade intensity for primary-transition energies
E| > 3-4 MeV obtained for the studied nuclei are less than
30% for the experimental results presented below. Such
errors are mainly related to weak cascades with primary-
transition energy E; * 3—4 MeV falling into the continuous
distribution, which is not resolved by the detectors in the
form of individual peaks. Owing to the near-symmetry
about half of the cascade energy in the intensity distribu-
tions obtained, this systematic error in determining the
intensity sums can be acceptable for cascades with primary
transitions E; S 3 MeV. Therefore, the conclusions follow-
ing from analysis of the corresponding cascade intensities
are quite correct.

In Figs. 6 and 13-18 the intensities of cascades to sev-
eral low-lying levels of 146Nd, 1"4Yb, and !33W are shown in
the form of histograms as a function of their primary-
transition energy.

The cascade intensities calculated using the first term
in Eq. (1) are compared with experiment. The GEDR
model with constant resonance width and two level-density
models were used in the calculation. The crosses corre-
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spond to the back-shifted Fermi-gas model, and the points
correspond to the level-density model developed by A. V.
Ignatyuk.

Both the calculated and the experimental intensities
are given in percent per decay of a compound state and are
determined independently of each other.

Comparison of the experimental and calculated inten-
sities at various excitation energies of the compound nuclei
146Nd, 174Yb, and '®*W shows that it is impossible to make
the shapes of the calculated and experimental distributions
coincide using a simple model description of the properties
of the excited states E, < B,.

In particular, along with the good agreement between
the calculated and experimental intensities for small pri-
mary-transition energies (E;, < 2 MeV) in these nuclei
when the level-density model* was used in the calculations,
in several regions we observe a noticeable growth of the
average widths of secondary M1 and E2 transitions (the
most probable ones in these cases) to final low-lying levels
of the compound nuclei. Such enhancement is absent for
secondary transitions to levels up to E; * 1 MeV (this
question is studied in detail in Ref. 6; this is seen in Tables
II and III).

The discrepancy between I3, and I, noted above for
cascades to different levels of the band of the state [510]1
in '83W is seen in Figs. 16-18.
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In a wide range of primary transitions (i.e., nuclear
excitation energies) the widths I',, of transitions to the
level J™ = 3/2 ~ are smaller than those of transitions to the
1/2~ level, and this discrepancy is a maximum for tran-
sitions to the 5/2 ~ level.

This effect is not observed for the same band in
I81Hf. The nuclei '®'Hf and "*W differ primarily in the
value of 1"2/ (T",) of resonances determining the cross sec-
tion for thermal-neutron capture (see Fig. 7). In the case
of '8'Hf transitions to states of few-quasiparticle nature are
observed experimentally, while for '**W transitions to col-
lective states are observed. We have not found any other
qualitative explanation of the observed effect.

4. DEPENDENCE OF THE CASCADE INTENSITY ON
THE PRIMARY-TRANSITION ENERGY AND
THE FUNDAMENTAL PARAMETERS OF y DECAY

The spectral distribution (1) of the intensity of cas-
cades between a compound state and a given low-lying
level is a convolution of functions which are of interest for
the theoretical description of nuclear properties.

These are the radiative strength function (RSF) of the
primary transitions and the level density (LD) in a given
range of variation of the quantum numbers corresponding
to them. They can be extracted from the experimental dis-
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FIG. 12. An example of decomposition of the
experimental distribution of cascades to the
first excited state of '®'Hf (lower part) into
components. The area of each spectrum is nor-
malized to 100%.
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tributions (see Figs. 1 and 4). This requires the following.

(1) In the measured distributions a fairly large frac-
tion of intensity should be recorded from the primary tran-
sitions of compound-state decay. Experience shows that
the practical threshold for this sum (including direct hard
primary transitions to the final cascade levels) should be
above 80% of I'; (the full radiative width of the neutron
resonance).

(2) The experimental distributions should be decom-
posed into two distributions corresponding to the first and
second terms in Eq. (2).

(3) The full set of low-lying nuclear levels excited by
E1 and M1 transitions should be known as completely as
possible. Then, by a two-point approximation (using the
neutron resonances and the low-lying states) the LD is
specified in the entire range of energies E, < B,

These conditions are necessary and sufficient at present
for estimating the RSF in the entire range of E; studied in
experiments, and the technique that we have developed,
described in the preceding section, makes it possible to
solve this problem (in principle) when studying neutron
capture in any stable target nucleus.

In practice, the usefulness of a particular nucleus for
determining the RSF is determined only by the technical
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level of the experiment. Germanium detectors allow the
determination of the RSF with about 10% efficiency in
even—odd compound nuclei, in which the thermal-neutron
capture cross section is determined by a resonance with
r2 R SoD, for atomic masses in the range 137<A4<181, and
most likely, it is broader. It may be possible to determine
the RSF in even—odd nuclei with I", € SyDy and also in
even—even compound nuclei as soon as the detector effi-
ciency is raised by a factor of 2-3 and/or systems of several
nonresonance Ge detectors with efficiency of 20-30% and
higher come into use.

In these cases it would be possible to experimentally
obtain the intensity distributions of cascades from two suc-
cessive transitions to several dozen final states of the nu-
cleus in question.

Therefore, from the experimentally obtained distribu-
tions described by Eq. (1) we can obtain the dependence

Al,= 21 T(E)T {(E,— E,)/T,T,
1=

= (L (Tip) {p) AE/T ;T (4)

which, in addition to the average transition widths and
levels T, explicitly involves the density p, of levels excited
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by the primary transition E,. Summing over the set of
experimentally observed final states of the cascades f, Eq.
(4) can be brought to the form

AL, =(T3)x{p)AE/T, (5)

where the coefficient x = 3 «(T',s)/T’, < 1 depends only on
the number of final levels observed experimentally.

Actually, (x) can exceed 0.8 in a large number of
even—even targets, for which the reduced neutron width
l"?, of the resonance determining neutron capture exceeds
the average value (r2>. These are nuclei in the range
137<A<181 or an even wider range of atomic masses A.

It should be noted that » depends on the energy of the
primary transition: whereas for E; * 0.5B, in such nuclei »
must be practically 1, for E; < 0.5B, this coefficient must
decrease with decreasing E,.

If in Eq. (5) we assume that » = 1, then from the
experimental data we can find a lower bound on the aver-
age value of the radiative width of the primary transition
r At

(TCa)>AL, T3/ (p) AE,. (6)
Using the relation
K(E1)=(Ty,)/D;E; 4*°, (7

we can find a lower bound on the RSF of the primary
transitions. Usually in experiments one obtains the sum of
cascade intensities /,,, for primary E1 and M1 transitions.
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FIG. 13. Intensity distribution of cascades to the first excited state of
146Nd. The notation is the same as that of Fig. 6.
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FIG. 14. Intensity distribution of cascades to the first excited state of
174Yb. The notation is the same as that of Fig. 6.

Boneva et al. 714



\
N
N
2 N AN
o
g
2 N
5 / N
S X
£ asl
\
«
?
8
X
ot "&
g v b g b e s b vy b
g ] 8,8 4,5 S9E,, MeV
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If in Eq. (6) we use the value of (p,) for only a single
parity, then from Eq. (7) we will obtain a lower limit on
the sum of the RSF of the E1 and M1 transitions.

Study of the reaction (7, 2y) on thermal neutrons gave
rich spectroscopic information. The amount of such data
certainly grows many times when studying cascades arising
in the capture of neutrons with energy of about 2 keV and
other energies in filtered beams. This follows directly from
the fact that in capture in the region of the ‘“averaged
resonances” the fluctuations of the width I';, decrease, and
the fraction of primary transitions having intensity below
5 X 10~ *is decreased in relation to thermal-neutron cap-
ture. Here it also becomes possible in principle to separate
the contributions of E1 and M1 transitions.

The possibility of determining the density of excited
states in even—odd nuclei can be demonstrated for the ex-
ample of '’W. In Fig. 19 we show the growing sums of the
number of experimentally observed states for E, > 1 MeV
and the predictions of the theoretical models. We see, for
example, that the level-density model of Ignatyuk4 (curve
1) in this case predicts a considerably smaller density of
excited states than that seen experimentally.

On the basis of the experimental level density we can
obtain the parameters of the back-shifted Fermi-gas model.
The fit was made for two extreme cases: when only states
with m= — 1 are observed experimentally (curve 3) and
when states of both parities are observed (curve 2). In the
comparison it should be remembered that the calculated

FIG. 16. Intensity distribution of cascades to the 1/2~ level of the
ground-state band of '®W. The notation is the same as that of Fig.

6.
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FIG. 17. Intensity distribution of cascades to the 3/2~ level of the
ground-state band of '®*W. The notation is the same as that of Fig. 6.

level density (curve 2) is given only for the state with
T= —1.

Assuming that the densities of states of both parities
are identical, in this variant the doubled values of the
growing sums of the number of levels agree fairly well with
curve 3.

The good agreement between the shapes of the grow-
ing-sum curves obtained experimentally below 1.6-1.7
MeV allows us to state that all the levels excited by pri-
mary transitions of the dipole type in an even—odd nucleus
can be established in this energy range. There are no fun-
damental restrictions on the further widening of this inter-
val at the present time.

Estimates of the RSF have been obtained for the com-
posite nuclei !”*Ba and '3'Hf. In Figs. 20 and 21 we show
their intensities, summed over four and five final cascade
levels, as functions of the primary-transition energy E;.
The experiment was compared with the calculation for
both variants of the energy dependence of the LD used
above. (For 1¥Ba they give almost the same results.)

It should be noted that here there is no complete and
fairly good agreement between the experimental and cal-
culated values of the cascade intensity. This confirms the
conclusion drawn in the preceding section that the struc-
tures of the three states connected by the cascade affect the
cascade intensity, since the calculation ignores this depen-
dence.

The values of the RSF obtained on the basis of Egs.
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(6) and (7) for the studied nuclei are given in Figs. 22 and
23.

In the case of *'Ba, I, = (78 + 25)% of T';. Here the
error in the value of the total intensity of the experimen-
tally observed primary transitions is mainly related to the
uncertainty in the values of the cross section for thermal-
neutron absorption in *Ba (Ref. 18) and, to a lesser de-
gree, to the uncertainties in determining their absolute
intensities."®

It is therefore not impossible that in the reaction
136Ba(n,2y) all the primary transitions of the decay of its
compound state have been observed.

In the case of '8'Hf, (80+4)% of T'; was isolated
experimentally (52% for the cascade fraction and 28% for
E?le fraction of direct transitions to five low-lying levels of

Hf).

In Figs. 20 and 21 we show the calculated sum 2I';,
for these nuclei. The characteristic features of the distribu-
tion of this quantity—the center and width of the
maximum—depend weakly on the details of the calcula-
tion. It can therefore be assumed that 20% of the intensity
of primary transitions which are not observed experimen-
tally in '8'Hf is related to primary transitions whose energy
is below 2-2.5 MeV. If this 20% is distributed uniformly
among transitions with 1 < E; < 2.5 MeV, then it is possible
to obtain an upper limit on the RSF in this interval
(crosses in Fig. 23). The lower limit in both figures is given
by the points.
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FIG. 18. Intensity distribution of cascades to the S/2~ level of the
ground-state band of '®*W. The notation is the same as that of Fig. 6.
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Comparison of the experimental estimates of the RSF
and the theoretical predictions shows that the GEDR
model [constant resonance width, Lorentz dependence of
the cross section for the inverse reaction (y, n)] gives a
considerably worse description of experiment than the
modified GEDR model,'! which assumes that the reso-
nance width depends on the nuclear temperature and the
photon energy. The model of Ref. 11 was developed for a
spherical nucleus. In the deformed nucleus '*'Hf we ap-
plied the approach of Ref. 11 to the parameters of the
doubly peaked curve of the GEDR model independently of
each other (assuming that the dependence of Ref. 11 is
valid for both components of the GEDR).

Complete agreement between the experimental and
calculated values of the RSF is also not obtained in this
case, as can be seen from Figs. 22 and 23. The observed
discrepancy can to some degree be explained by the follow-
ing factors.

(a) Some of the widths could be enhanced owing to
one-particle transitions between 4S and 3P neutron shells.
Transitions with energy E, equal to 4742 and 4242 keV,
which are responsible for the considerable growth of the
RSF in '3"Ba, according to Ref. 19, excite the 3P;/, and
3P 3/2 states. h

(b) M1 transitions could contribute to the value of the
RSF found, since we are not in a position to determine the
multipole order of the primary transitions.
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FIG. 19. Growing sums of experimentally observed (histogram)
and predicted (only with J” = 1/2~ and 3/2 ) numbers of ex-
cited states in '®’W as a function of the excitation energy E -

(c) The level density p could be determined inaccu-
rately. For transition energies E; < 4 MeV, owing to the
absence of sufficiently reliable data on the excited-state
schemes of *’Ba and !®'Hf, we used the model density of
states’ {p;) with J” equal to 1/2~ and 3/2 . If the den-
sities of excited levels in these nuclei are predicted more
accurately by the model of Ref. 4 (see Fig. 5), this could
explain part of the discrepancy between the RSF found
experimentally and calculated as in Ref. 11.

CONCLUSION

1. We have developed a technique for systematically
studying the average parameters and features of the cas-
cade y decay of compound states of complex nuclei at
excitations inaccessible to the traditional methods of ana-
lyzing this process.

2. We have established the presence of groups of pri-
mary transitions whose widths are correlated with the val-
ues of 'Y of compound states of even—odd nuclei of the 45
resonance of the neutron strength function, exciting levels
above E, > 1 MeV.

3. A very simple explanation of the features of the
cascade decay of nuclei of this region has been obtained:
the strong effect of one-particle transitions between the 45
and 3P shells on the partial widths of some of the primary
transitions.
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FIG. 20. Summed intensities of all cascades observed in the reaction
136Ba(n,2y) as a function of the primary-transition energy (% per de-
cay): histogram—experiment; shaded region—error corridor (only sta-
tistical); solid line—calculation using the statistical theory; dashed line—
calculated distribution of the sums =,I";, of partial widths of the primary
transitions.

4. We have developed a technique and used it to esti-
mate the RSF of soft primary transitions in the compound
nuclei 3’Ba and !8'Hf.

5. We have found a class of nuclei in which the RSF
can be estimated using a system of two Ge(Li) detectors:
even—odd nuclei with T'? of the compound state exceeding
the average value.

6. We have proposed a simple hypothesis which ex-
plains the RSF dependence on the primary-transition en-
ergy as a superposition of one-particle transitions between
the 4S and 3P neutron shells and transitions whose widths
correspond to the GEDR model with width depending'!
on the y frequency and the nuclear temperature. The pro-
posed two-component RSF qualitatively describes the ex-
perimental results for both the spherical nucleus '*’Ba and
the deformed nucleus '*'Hf.

7. To understand the y-decay process it is necessary to
further develop the technique for experimentally studying
transition cascades in nuclei of various types. This is espe-
cially important for even—even deformed nuclei in the re-
gion of the rare-earth elements. It is particularly important
to have detailed experimental and theoretical information
about the role of enhanced M1 and E2 transitions at exci-
tations E; = 2-4 MeV, which are responsible for the con-
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FIG. 21. The same as in Fig. 20 for '3'Hf. The points are calculated using
the model of Ignatyuk, and the crosses are calculated using the back-
shifted Fermi-gas model.
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FIG. 22. Estimate of the RSF for *’Ba. The errors include the uncer-
tainty in the capture cross section and the statistical error in determining
the intensities, and the Porter—Thomas fluctuations of the partial widths.
Curve 1 is for the GEDR model with constant width, and 2 is for the
GEDR model developed in Ref. 11.
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FIG. 23. Estimate of the RSF for '®'Hf. The crosses are the upper limit on
the RSF estimated for soft (E<2.5 MeV) transitions.

siderable excess of the experimentally observed cascade in-
tensities over the model predictions. At present it is also
very important to develop a sufficiently accurate model
description of y-decay processes in the entire transition
region from relatively simple excitations to extremely com-
plex compound systems.

1S. T. Boneva, E. V. Vasil’eva, Yu. P. Popov et al., Fiz. Elem. Chastits

719 Sov. J. Part. Nucl. 22 (6), Nov.-Dec. 1991

At. Yadra 22, 479 (1991) [Sov. J. Part. Nucl. 22, 232 (1991)].

2W. Dilg, W. Schantl, H. Vonach et al., Nucl. Phys. A217, 269 (1973).

3V. G. Soloviev, Theory of Complex Nuclei (Pergamon, Oxford, 1976)
[Russian original, Nauka, Moscow, 1971].

*A. V. Ignatyuk, Statistical Properties of Excited Nuclei [in Russian]
(]:lnergoatomizdat, Moscow, 1983).

SA. L Vdovin, V. V. Voronov, L. A. Malov et al., Fiz. Elem. Chastits At.
Yadra 7, 952 (1976) [Sov. J. Part. Nucl. 7, 380 (1976)].

SE. V. Vasil’eva, Yu. P. Popov, A. M. Sukhovoi et al., Yad. Fiz. 44, 857
(1986) [Sov. J. Nucl. Phys. 44, 552 (1986)]; S. T. Boneva, V. A.
Khitrov, Yu. P. Popov et al., Z . Phys. A 330, 153 (1988).

N. P. Balabanov, V. A. Vtyurin, Yu. M. Gledenov et al., Fiz. Elem.
Chastits At. Yadra 21, 317 (1990) [Sov. J. Part. Nucl. 21, 131 (1990)];
Yu. Andzheevskii, Vo Kim Than, V. A. Vtyurin et al., Report R3-81-
433, JINR, Dubna (1981) [in Russian].

80. Frehers, D. Bohle, A. Richter et al., Phys. Lett. 218B, 439 (1989).

°S. T. Boneva, E.V. Vasil’eva, V. D. Kulik et al., Izv. Akad. Nauk SSSR
Ser. Fiz. 54, 836 (1990) [Bull. Acad. Sci. USSR Phys. Ser.].

193, F. Mughabghab, Neutron Cross Sections (Academic, New York,
1984), Vol. 1, Part B.

1S G. Kadmenskii, V. P. Markushev, V. I. Furman et al., Yad. Fiz. 37,
277 (1983) [Sov. J. Nucl. Phys. 37, 165 (1983)].

2S. T. Boneva, V. A. Khitrov, A. M. Sukhovoj, and A. V. Vojnov,
Preprint E3-90-45, JINR, Dubna, 1990.

BF. A. Gareev, S. P. Ivanova, V. G. Solov’ev et al., Fiz. Elem. Chastits
At. Yadra 4, 357 (1973) [Sov. J. Part. Nucl. 4, 148 (1973)].

14L. A. Malov and V. G. Solov’ev, Yad. Fiz. 26, 729 (1977) [Sov. J. Nucl.
Phys. 26, 384 (1977)]; Nucl. Phys. A270, 87 (1976).

155, T. Boneva, E. V. Vasil'eva, L. A. Malov et al.,, Yad. Fiz. 49, 944
(1989) [Sov. J. Nucl. Phys. 49, 587 (1989)]; S. T. Boneva, V. A.
Khitrov, L. A. Malov et al., in Proc. of the 23rd Yamada Conf., Osaka,
Japan, 1989 (World Scientific, Singapore, 1989), p. 372.

165, T. Boneva, E. V. Vasil’eva, and A. M. Sukhovoi, Izv. Akad. Nauk
SSSR Ser. Fiz. 51, 1923 (1987) [Bull. Acad. Sci. USSR Phys. Ser.].
17S. T. Boneva, E. V. Vasil’eva, Yu. P. Popov et al., Izv. Akad. Nauk
SSSR Ser. Fiz. 52, 2082 (1988) [Bull. Acad. Sci. USSR Phys. Ser.].
81, Koester, K. Knopf, and W. Waschowski, Z. Phys. A 322, 105

(1985).

L. V. Groshev, V. N. Dvoretskii, A. M. Demidov, and M. S. Al’vash,

Yad. Fiz. 10, 681 (1969) [Sov. J. Nucl. Phys. 10, 392 (1969)].

Translated by Patricia Millard

Boneva et al. 719





