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1 Introduction

The observed parameters of the cascade y-decay of the compound nucleus can be
reproduced in the calculation if one determines (in the frameworks of some model)
at least

(a) the mean density p of the excited states with given spin and parity J™, and
(b) the mean width I'y, of y-transitions between the arbitrary states f and s.

The objects of primary interest are the total radiative width T’y of the com-
pound nucleus (neutron resonance) and the spectrum of y-emission. It may be, for
example, the intensity I, of the cascades of two successive 7-transitions between
the compound state and given low-lying level via a great number of intermediate
levels. The experimental data on I, are obtained for over 30 nuclei from the mass
region 114 < A < 200 (see, e.g., [1]) with a precision of approximately 10%. The
experimental values of I'y are known within the same accuracy. Unfortunately, such
accuracy cannot be achieved in the calculation of these parameters for an arbitrary
nucleus because there are no models that would predict p and I'y, with the men-
tioned above precision. Precise y-decay parameters are, however, necessary for the
calculation of the interaction cross-sections of neutrons with unstudied target nuclei
and the understanding of the behavior of nuclear matter with increasing excitation
energy. An analysis of the existing methods for the determination of the level density
[2,3] and radiative strength functions (RSF) [4]

[ =Ty,/(E x A*® x Dy) (1)

in deformed nuclei, for example, shows that it is not possible to obtain sufficiently
precise experimental level densities for certain intervals of their energies and quan-
tum numbers as well as the widths of the corresponding transitions. Therefore,
without developing new methods for the determination of nuclear parameters under
discussion one cannot expect any progress in the modification of the existing nuclear
models.

A new and sufficiently perspective way to obtain such information for the entire
energy interval below B, seems to be the investigation [5,6] of the two-step 7-
cascades between the compound state A and the given low-lying level f through
all possible intermediate states ¢. The algorithms [7-9] developed for the analysis
of v — v coincidences registered by ordinary Ge detectors allow one to determine
the intensity distribution of the cascades as a function of the energy of the cascade
intermediate levels over the whole energy region up to Ee; ~ B, with an acceptable
systematic error (which decreases as the efficiency of the y-spectrometer increases).



The intensity ¢,, of an individual cascade is

A SR YT
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where I'y; and I';y are the partial widths of the transitions connecting the levels A —
t — f, 'y and I'; are the total widths of the decaying states A and ¢, respectively. The
sum intensity I, of the cascades is related to an unknown number of intermediate
levels ny; = p x AE and unknown widths of primary and secondary transitions via
the equation

Fz 1 Pz Fz
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The summation is over a certain set of quantum numbers of intermediate, initial,
and final states for the purpose of comparison with the experimental data. The
thermal neutron capture cross-section for two possible spins of compound states are
listed in [10], for example. The J™ values for the initial and final cascade levels are
also known. The latter, however, is true if the energy E; of the final state does
not exceed ~ 1 MeV. The optimal width of the interval AE and the number N of
such intervals in eq.(3) are determined by the statistics of ¥ — « coincidences (as a
square detector efficiency) and the necessity to obtain detailed energy dependence
for I,,. The width of AE does not exceed 0.5 MeV even in the case of a 10%
efficiency detector, however. The total radiative widths Ty of the capturing states
are also known from the corresponding experiments for all stable nuclei [10]. The
mean partial widths < T'y; >, < T’y > and the total numbers my;, m;s of levels
excited by F1 and M1 transitions after the decay of the states A and i, respectively,
to be found in the analysis are related to the total radiative widths as

P)‘ = <F)\,'> XMy
F,’ = < F,’f > Xmyg (4)

The contribution of higher multipolarities to eqs.(3) and (4) is smaller than the error
of the determination of I,,. Equations (3) and (4) and their obvious combination

F)‘ X I"/"r ZF,\, X n; X ,f/ < F,f > m,f) (5)

allow three ways of the estimation of the parameters of the cascade y-decay using
the experimental data on I,, and T'y:

(a) the level density can be estimated from eq.(3) using model calculated partial
radiative widths;

(b) the partial widths of cascade transitions can be estimated from eq.(5) using
model calculated level densities with certain J™;

(c) simultaneous estimation of the intervals of probable level densities and ra-
diative strength functions which satisfy eqs. (3) and (4) in general.
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It is clear that the level density and strength functions found according to vari-
ants (a) and (b) inevitably contain errors caused by the uncertainties of experimental
and model values used as parameters of the analysis. However, the influence of these
uncertainties on the final result is suppressed because of the correlation (determinat-
ed by the type of the functional relations used, (3) and (5)) between the experimental
IS, 1527 and the parameters under study p, I.

In accordance with the variant (a) the sufficiently narrow interval of probable p
was determined for almost 30 nuclei from the mass region 114 < A < 200 for some set
of possible models of y-transition strength functions. An important conclusion made
in [11] is that the best description of the level density in the interval from ~ 0.5B, to
B,, was achieved in the framework of the generalized model of the superfluid nucleus
[12]. Besides, simple enough models of radiative strength functions cannot provide
a correct description of the experiment and also need modification. An analysis
by variant (b) was performed by us, as well. The main result is that there are no
strength function models for £1 and M1 transitions in deformed nuclei which could
reproduce of the dependence I'y X I, at primary transition energies £; < 2—3 MeV
if the level density is set by the model of a non-interacting Fermi-gas. Therefore,
the understanding and correct description of the y-decay of the compound nucleus
with a high level density requires experimental determination of the level density
and radiative strength functions over the entire excitation energy region.

Further investigations [13] have shown that the level density at excitations from
1-2 to 3-4 MeV deviates strongly from the exponential energy dependence derived on
the basis of the idea that the nucleus is a non-interacting Fermi-gas [14]. Moreover,
it is not excluded that the level density in this energy interval can be almost constant
or even decrease with increasing excitation energy. These confirm and complement
the results obtained in [11].

2 Analysis

The variant (c) of analysis of the experimental intensities of two-step y-cascades
between the capturing state and several low-lying levels allowed us to suggest an
original method for the solution (although partial) of this problem. It is based on an
obvious circumstance that N 41 equations (3) and (4) together with 6 N conditions

plr=+4)>0; p(r=-)>0
T(E1)>0;  I(M1)>0 (6)

(separately for primary and secondary transitions in the case of radiative widths)
restrict some interval of possible level densities and partial radiative widths which
provide a simultaneous reproduction of I'{™ and I52. This interval can be estimated
using modern computers and the existing computational algorithms. It should be
added that I, in the form of eq.(3) is inversely proportional (qualitatively) to the
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total number of states excited in the process under study and is proportional to
the ratio of cascade transition widths to their mean values. Therefore, the method
of analysis described below has a maximum sensitivity at minimum density of the
excited states (unlike the method [2]).

As in the case of other reactions (followed by ~y-emission) used for the deter-
mination of p all values obtained experimentally in the (n4,,7y) measurements are
determined by the product I'y, x p. Hence, in the calculation deviation of one of the
two parameters from its mean value is compensated by deviation of the other one
with the corresponding magnitude and sign. This circumstance should be taken into
account in data processing — a minimum or maximum value of the level density
derived from the experimental data results, e.g., in a maximum or minimum value
of the corresponding strength functions.

It should be noted that deviation of the calculated level density from the true
value is completely compensated by deviation of strength functions when Iy is only
calculated. In the case of the calculation of I,, the compensation is incomplete.
This very circumstance allows one to select the intervals of p and I';y which provide
the description of the I,, and I'y parameters with an acceptable uncertainty. This
analysis can be performed by means of finding large enough sets of random values of
p and I's; which reproduce completely the parameters I'S”” and I2% and belong to
intervals that contain true values. This means that most probable values of the level
density and radiative strength functions of dipole -transitions and intervals of their
uncertainties can be found by selection of pairs of random p and RSF's which sat-
isfy, in general, egs. (3) and (4) or (3) and (5). This requires numerous repetitions
of the procedure and statistical methods of analysis. In other words, one should
assume that deviations of the random values obtained in the analysis from math-
ematical expectations are close, for example, to a normal distribution. A natural
substantiation of the hypothesis is that a great number of small random variations
of the studied parameters should provide approximately equal probabilities of their
deviations of both signs from the true value.

It is clear that the widths of the intervals of probable p and RSF's satisfying
eqgs.(3) and (4) increase with increasing number of unknown parameters in the equa-
tions. According to experimental conditions, the summation in egs.(3) and (5) was
over all intermediate states of the cascades. Since the summed data included cascade
transitions of different multipolarities, we could not obtain the strength functions
of E1 and M1 transitions and the level density for different parities separately with
a good precision. In practice, from a combination of egs.(3) and (5) the sum of
strength functions and the sum of level densities of both parities should be only
derived and compared with model predictions. The corresponding summation re-
duces considerably the uncertainty of the observed result due to anticorrelation of
elements.

Indeed, an analysis of the available data confirms that the dispersion of each set
of p(m = 4), p(r = =), f(E1) and f(M1) random values is too large to make any
conclusions about independent correspondence of individual values to the model.



A sufficiently large N and the nonlinearity of egs.(3) and (4) stipulate the choice
of the way to solve the system of equations and inequalities - the Monte Carlo
method. The simplest iterative algorithm [11] was used for this aim: we set some
initial values for I'(E1), T'(M1), p(x = —), and p(m = +) and then distort them
by means of random functions. If these distortions decrease the parameters A; =
(Iezp — I221)? and Ay = (I — I'$!) at this step of the iteration procedure, then
the distorted values are used as initial parameters for the next iteration. Agreement
between the experimental and calculated cascade intensities and the total radiative
widths, respectively, is usually achieved after several thousand iterations. As a
result we get two random ensembles of level densities and partial widths for every N
energy intervals. Examples of intermediate and final results of one of many variants
of the calculation for two nuclei are shown in Figs. 1 and 2. It is obvious that
such iterative process can be realized in an unlimited number of ways. We chose
a sufficiently simple and effective way: the Gaussian curve is used as a distorting
function

f(E) = A x exp(—(E — Eo)*/a?) (7)

Its parameters are independently chosen for the level density and strength functions
from the intervals [-0.2;0.2], [Eq4; B,] and [0.3 MeV;B,] for A,E,, and o, respectively
using a standardized random value distributed uniformly in [0;1]. Here Ej; is the
maximum excitation energy of the known discrete level involved in the calculation.
Numerous repetitions of the iterative calculation with different initial parameters
(including obviously unreal values of T' and p) for ~30 nuclei from the mass region
114 < A < 200 show that this algorithm yields rather narrow intervals of the sum
level density of both parities and of the sum partial widths of E1 and M1 transitions.
Some examples of the obtained results are given in Figs. 3 and 4.

3 Approach used in calculations

An insufficient experimental data on cascade y-transitions (only cascades termi-
nating at low-lying levels of nuclei are studied [1]) does not allow us to determine the
level densities and gamma-widths without the following assumption: the strength
functions of transitions of a given multipolarity only depend on the transition en-
ergy and do not depend on the structure and energy of the corresponding excited
states. Their nonequal values for y-transitions of equal energies but populating dif-
ferent levels is, in part, compensated by the circumstance that the left part of eq.(5)
depends on absolute radiative strength function values of primary transitions and
depend only on the ratio of strength functions in the case of secondary transitions.
These decrease the effect of the discussed assumption on the f(E1) + f(M1) values
but do not remove it completely. This problem can be solved experimentally: the
use of a Compton-suppressing spectrometer consisting of H PGe detectors with an
efficiency of not less than 30-40% allows the selection from a mass of ¥ — v coinci-
dences of two-step cascades for a considerably larger number of their final levels than



at present. From a combination of eq. (3) for the sum over all final levels of cascades
and an individual final level f one can determine the ratio Iis/ <Tif > xmyy for all
possible values of 7 and f, i. e., determine the experimental sum F(EL)+ f(M1) for
any possible secondary transitions, get rid of the only approach used in the analysis,
and reduce the number of parameters in the analysis.

4 Sources of errors in the determination of strength
functions and level densities

Uncertainties of the measuring of terms in egs. (3) and (5) result in errors of
strength functions and level density. Owing to a linear relation between Ty, L,
and I'y; in eq.(5), ~ 10% errors of I'y and I, cause rather a small error in the
determination of I'y; and p as compared to dispersion of the data shown in Figs. 3
-4.

Another source of uncertainty in the determination of strength functions and p
Is a systematic error of decomposition [8,9] of experimental spectra into two compo-
nents corresponding to solely primary and solely secondary transitions. The analysis
[13] showed that the error in AL, caused by this procedure does not usually exceed
~ 20% for primary transition energy F; < 3 — 4 MeV. In order to estimate the
influence of ALy, on the final results, I, values were varied within a level of 25%.
These variations caused changes in f(E1) + f(M1) and p which did not exceed the
dispersion of the plotted data. ‘

In other words, the main uncertainty of the level density and strength functions
is not related with experimental errors of I'y and I,, but is determined by the re-
lationship of I'y, I,, and T); in the measured functionals of the ~-decay process.
As for the radiative strength functions and level density plotted in Fig. 3-4, their
probable dispersion includes only uncertainties which are due to unambiguous val-
ues of the parameters obtained within iterative algorithm. On the whole, one can
conclude that at the given stage of the experimental investigation of the cascade
7y-decay of compound states, the results given in this work should be considered as
most probable in spite of their uncertainties mentioned above.

5 Main results of analysis

The type of relation between RSF's and p on the one hand and between T’y and
Iy on the other hand does not allow one to determine RSF's and p unambiguously
and independently. Some deviation of, for example, p from a real value is inevitably
compensated by deviation of strength functions of the corresponding magnitude and
sign. Nevertheless, the results obtained in the present analysis can be used for the
verification of nuclear models and, if necessary, for the determination of the direction
of the further development of these models. The main argument in favour of this



statement is relatively week dependence of the final results on the initial’ values
of strength functions and p in the iterative process. As an example, Figs. 1 and
2 show the strength function and p values obtained for their unreal initial values:
p(Eez) = p(By), the strength functions decrease linearly as the transition energy
increases. Nevertheless, the final results of the iterative process quite agree with a
general picture obtained for a large enough set of different real and unreal initial
values of RSF's and p.

The strength functions f(E1) + f(M1) and level densities p obtained in the
present analysis are plotted in Figs. 3 and 4, respectively. For every set of random p
at a given excitation energy E, and f(£1) + f(M1) at a given primary transition
energy Fy = B, — E,; there were determined both their mean values and probable
dispersion using usual relationships of statistical mathematics. Besides, the mean
values of f(E1)+ f(M1) and p obtained with the help of the iterative procedure for
absolutely unreal initial level densities p(F.;) = p(B,) are given in the figures, as
well. The results of the analysis are compared with predictions of the level density
models [12,14] and models of radiative widths [15,16]. In the case of radiative
strength functions a comparison is performed in the following manner: the f(E1)
values calculated according to the models [15] and [16] (upper and lower curves,
respectively) are summed with f(M1) = const which is normalized so that the ratio
I'(M1)/T(E1) would be approximately equal to the experimental data at E, ~ B,.

A comparison of f(E1)+ f(M1) and p obtained for different initial parameters
of the iterative process shows sufficiently weak or absent dependence of the strength
functions and level density on the initial parameters and the course of computation.
This testifies to the above made conclusion that the strength functions and level
density obtained from a joint analysis can be considered as most probable.

A comparison of the results of the joint analysis with predictions of the models
[12,14-16] (often used by experimentalists) shows that:

(a) the sums f(E1) + f(M1) and p are not monotonic functions of the energy
and, probably, reflect the most common peculiarities of the structures of the states
connected by the corresponding «y-transitions;

(b) the energy dependence of f(E1) + f(M1) differs strongly from predictions
of the models [15,16] in the case of even-even compound nuclei from the region of
the 4s-resonance of the neutron strength function, at least;

(c) the f(E1)+ f(M1) functions increase from near-magic to deformed nuclei
and from complicated highly-excited states to simpler low-lying levels which are
populated by 7-transitions under consideration;

(d) relative deviations of the obtained strength functions and level densities from
the mean values are characterized by strong negative correlation. In the majority
of nuclei the correlation coeflicient changes from -0.6 to -1.0. This means that the
strength functions and level densities are not independent variables in eqgs. (3) and
(5), which provides the possibility of their simultaneous determination;

(e) the probable level density determined in the present analysis conforms to the
picture obtained in previous experiments [11,13]: up to the excitation energy 1-2



MeV, our data are not in contradiction with the exponential extrapolation of p(E.;)
predicted by the Fermi-gas back-shift model [14]. The energy dependence of the level
density in the interval from 1-2 to some threshold value Ej is considerably weaker
than it follows from any existing level density model. Above E; ~ 3 MeV for N-odd
and ~ 4 MeV for N-even nuclei, the level density, most probably, corresponds better
to the predictions of the generalized model of the superfluid nucleus in its simplest
form [12].

This change in the behaviour of the level density in the vicinity of the excitation
energy Ey may signify a qualitative change in the nuclear properties. The observa-
tion [17] of the probable harmonicity of the excitation spectra of the intermediate
levels of the most intense cascades in a large group of nuclei from the mass region
114 < A < 200 allows an assumption that a low energy the nuclear properties are
mainly determined by vibrational excitations (probably, a few phonons of rather
high energy). A very quick exponential increase in the level density above Fj says
about the dominant influence of the inner, many-quasiparticle type of excitations of
these states.

6 Conclusions

A new method is suggested for a simultaneous estimation of the probable level
density populated by dipole primary transitions in the (n, ) reaction and the sum
strength functions f(E£1) + f(M1) of these transitions. Unlike other methods used
for the investigations of nuclear properties below the excitation energy 6-9 MeV,
this method allows the estimation of p, radiative strength functions, and intervals
of their probable variations without any model notions of the nucleus.

The method is universal - it can be used for any nucleus and reaction with -
emission. The latter is possible if the excitation energy interval of high-lying states
is narrow enough in order to use the sum coincidence technique. Besides, the most
probable quanta ordering in the cascades must be determined for the main part of
the observed cascade intensity. It should be noted, that in the case of a lack of
the experimental values of the total radiative widths of decaying high-lying states
the absolute radiative strength functions cannot be determined. In this case only
relative energy dependence of the radiative strength functions can be obtained.

Unlike the method [2], the method described here provides absolute values of
the level density in fixed interval of their spins and has a maximum sensitivity at
low excitations, i. e., in the excitation energy region where the nuclear properties
undergoes a rather serious changes.

The most important (although preliminary and qualitative) physical result is
that the level density below the neutron binding energy cannot be reproduced to
a precision achieved in the experiment without accounting for the co-existence and
interaction of superfluid and usual phases of nuclear matter in this whole excitation
energy interval [12].
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The obtained results demonstrate very serious and obvious discrepancies with the
existing ideas of the nucleus. These data agree completely with an earlier obtained
qualitative picture [17] of the studied process: considerable influence of vibrational
excitations on the nuclear properties below the excitation energy Ej, and a transition
to dominant influence of quasiparticle excitations above this energy.

This work was supported by RFBR Grant No. 99-02-17863
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Xutpos B.A., CyxoBoii A.M. E3-2000-133
Hogblif METOI OTHOBPEMEHHOMH OIIEHKH IUIOTHOCTH YPOBHEH

U PaIMalldOHHBIX CWIOBBIX (PYHKIMIi THUIOJIBHBIX NEPEXOIOB

s E,,. <B,-0,5 MsB

Pa3BuT HOBBIA, MOJIEIBHO HE3aBUCUMBIN METOJ OTHOBPEMEHHON OLIEHKH ILIOT-
HOCTH BO30yXTaeMbIX B peakliiu (#,y) ypOBHEIl M pagualliOHHBIX CHJIOBBIX (DYHK-
Il TUIIOJIBHBIX IIepexonoB. MeTon Takxe MOXeT OBITh IPUMEHEH I IIPOU3BOJIb-
HOTO sIpa U peaKiyy, CONPOBOXIaeMON UCIyCKaHHEM y-KBaHTOB. [l sToro He-
06XOMMMO TOJIBKO M3MEPUTh WHTEHCUBHOCTH JBYXKBAaHTOBBIX KacCKaloB,
pa3psKaloIUX OJHO WIM HECKOJIBKO BBICOKOJIEXAIIUX COCTOSHMI U ONpPENEIMTH
MOPSIIOK CJIEIOBaHMS OCHOBHOHM MaccChl KacKaJHbIX MepexoqoB. Meros mo3BoJieT
OIIpe/IeSIUTh TOCTATOYHO y3KMIl HHTEpBaJI 3HaUYCHHUI1 HanboJiee BEpOSTHOM IUIOTHO-
CTH YPOBHE# C 3agaHHBIMH J™ U paJMaliOHHBIX CHJIOBBIX (DYHKIMIT BO30YyXmaio-
UIMX MX JUMNOJbHBIX NEPEXOIOB.

Pa6ora BemonHeHa B Jlaboparopuu HeiirponHoil ¢u3uku uMm. 1.M.®panka
(0)782158
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Khitrov V.A., Sukhovoj A.M. E3-2000-133
New Technique for a Simultaneous Estimation of the Level Density

and Radiative Strength Functions of Dipole Transitions

at E,, <B,-05 MeV

The new, model-independent method to estimate simultaneously the level
densities axcited in the (n,v) reaction and the radiative strength functions of dipole
transitions is developed. The method can be applied for any nucleus and reaction
followed by y-emission. It is just necessary to measure the intensities of two-step
y-cascades depopulating one or several high-excited states and determine
the quanta ordering in the main portion of the observed cascades. The method pro-
vides a sufficiently narrow interval of most probable densities of levels with given
J" and radiative strength functions of dipole transitions populating them.

The investigation has been performed at the Frank Laboratory of Neutron
Physics, JINR.
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