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Semi-Microscopic Description of Neutron and
Radiative Strength Functions

A new method for calculating the neutron and radia-
tive strength functions with the model based on the
quasiparticle-phonon interactien 1s suggested. A good
description of the neutreon strength functions in deformed
nuclei and El-strength functions for the transitions
te the ground state in semi-magic nuclei is cbrained.

The experimental detection of few-quasiparticle compo-
nents of the neutron rescnance functions is discussed.

The investigation has been performed at the
Laboratory of Theoretical Physics..
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1. INTRODUCTION

A unified description of few-quasipar-
ticle components of the wave functions in
complex nuclei at low, intermediate and high
excitation energiles 1s obtained in the frame-
work of the semi-microscopic nuclear mo-
del’”‘?For the first time this model was
used for the .calculation of nuclear state
densities taking into account the rotational
and vibrational motions. The description
of the density of nuclei from A=50to A =250
at the neutron binding energy is in good ag-
reement with experiment/%/.Some general and
important properties of neutron resonances
were investigated within the approach based
on the operator form of the wave functions
of highly excited states /%%, For instance,
the cases when the neutron valence model
is valid for the y-transitions from neut-
ron resonances are studied/#/.Investigation
of the fragmentation of single-particie.
states/9/allowed the calculation of neut-
ron strength functions/!'®'%. The calculation
of the fragmentation of omne-phonon states
gives a possibility of obtaining the radia-
tive strength functions/1%/,

In this report we present the calculated
results of the neutron and El-radiative
strength functions. We also study the in-
fluence of giant multipole resonances on



the energy dependence of radiative strength
functions. The ways of experimental detec-
tion of many-quasiparticle components of
the wave functions of neutron resonances
are discussed.

2. FRAGMENTATION OF SINGLE-PARTICLE STATES
AND NEUTRON STRENGTH FUNCTIONS

The fragmentation of one-quasiparticle
states in odd-A deformed nuclei is studied
in the framework of the above mentioned
model based on the quasiparticle-phonon
interaction. It is shown that the fragmen-
tation strongly depends on the positions
and quantum numbers of single-particle
states and on the characteristics of collec-
tive excitations of the nucleus. The dis-
tribution differs in form from the Breit-
Wigner curve. This result disagrees with
the conventional idea but it 1is 1n agree-
ment with the distribution form calculated
by a simple model in ref./!

A method for calculating different types
of strength functions related to the frag-
mentation of single-particle states was
developed in ref./!¥.The strength functions
of one-nucleon transfer reactions of the
type (d,p)d,t) and (d,n),(d, 3He) on
doubly even targets were obtained at in-
termediate excitation energies.

The calculation of the fragmentation
of single-particle states made it possible
to formulate an essentially new method for
calculating the neutron strength functions
at the neutron binding energy B,. The method
is developed in detail for nuclei with



odd number of neutrons (even-even targets).
A part of the calculated results for defor-
med nuclei is given in-Table 1. The expe-
rimental data are taken from ref. /15 It

Table 1

Neutron strength functions at n =B,

Compount B, g, 10% S, 10% T
nucleus HeV Expe. Cale. Exp, - Calg. Cale.
55sa  5.819  1.840.5 1.0 1.1 1.2
15%a  6.031  1,5:0.2 1.4 2.8%}+4 1.6 1.0
¥la  s.650  1.8.0.4 1.0 0.8873:34 1.1 1.2
1615, 6.448  2,040.36 1.5 - 0.5 1.5
63y 6.253 1,88 1.8 1.4 0.1 3.7
%5py 5635 1.7 1.8 1.3 0.6 3.6
1998 5,997 1.5 3.4 0.7 0.5 6.8
Mer  'si676 1,54 3.5 0.8 0.7 5.2
183y 6.187 2,103 4.6 0.340.1 0.8 2.0
231, 5.09 1.3 1.1 - 0.7 4.0
2m 4.9 0.9 0.8 0.5-1.6 0.6 6.0
233y 5.88  0.95 0.9 - 0.8 4.0
235y 5.27 1,13¢60.4 1.3 - 1.2 5.8
2 5,30  1.340.2. 1.2 2.340.6 1.1 4.6
2% 4,78 1.120.1 1.5 1.740.3 0.8 3.8
241p, 5.41 0.94+0.9 0.9 2.8 1.0 3.4
ku 5,05 0.9:0.1 1.4 - 1.4 4.0
2450 5.696  1,140,2 1.6 - 0.7 3.0




is seen from Table 1 that a good descrip-
tion of the s and p-wave strength functions
is obtained. Table 1 also gives the calcu-
lated results of the d-wave strength func-
tions for which there are only preliminary
and poor experimental data. Note, that an
accuracy of these calculations is limited,
mainly, by that for the single-particle

wave functions (in particular, for quasi-
bound states) of the Saxon-Woods potential.

3. FRAGMENTATION OF THE ONE-PHONON STATES
AND THE RADIATIVE STRENGTH FUNCTIONS

To study the giant multipole resonances
in spherical nuclei, a modified version of
our model taking into account the isoscalar
and isovector components of multipole-mul-
tipole strength is used in ref./!%.We use
the apparatusﬂsf for calculating the El-
strength functions for the transitions
from the ground states of doubly even
spherical nuclei. The wave function of the
neutron resonance 1is

+
‘I’V(_JM)=ZiRV(J1)QJM.1 + (1)

Ay + ¥
Hifﬁﬂzw”K%W1HQAw?JJMWO’
Agig
where Q%y; is the phonon production operator,
and ¥, is the ground state function. Fol-
lowing ref./1¥ to calculate the radiative
strength functions, we use the method (see
ref.’1/) which allows the calculation of
average values without solving the secular
equations. The strength function for the



El -transitions to levels in the energy
interval E-A/2,E+A/2 has the following
form:

WEL,E) = -5 A
21 v (BB P+ A2/4
The radiative width for the Ei-transitions
from the 1" levels to the ground state 1is
defined as:

+ —
BELO,  ~»1,).(2)

- 3 .
I . 0,35E y-B(El, 1) eV, (3)

where B(®E1,")is obtained from (2) and is

given in units e¥?m, and E is given in

MeV. We use the following definitions of
the radiative strength functions

3 2/3

Kgp= £ 1y, /(B74774), (4)
SV :El-yo /Ae
where 1",  is in eV, E, is in MeV and A is

in MeV or evV.

The calculated values of §, , <I,,> and
Ky, . in ref./13/ and the experimental
data /17-20/ are given in Tables 2,3. The
parameters are taken the same as in ref./ 1%/
A = 0.5 MeV. The values averaged over doub-
ly even isotopes are given for Sn. Table 2
shows that a good description of the radia-
tive strength functions is obtained.

To illustrate the influence of the
averaging interval A on the calculated
results, Table 3 gives the values of <FW>,




Table 2

El-Radiative strength function

5
X
Nuclei E, MeV 'S‘f 10
Experiment reference Calculation
56pe 1.2 3.5 17 3.5
Hozr 8.7 4.3 4.5
10,0 10,2 48
11.3 18.1 20 24.0
1.6 22.9 20.5
1.9 24.0 25,0
1241 15.3 40.3
5n 6.2 1.4 1.8
6.4 3.2 20 2.0
7.0 3.5 3.8
8.6 12,9 14.7
9.1 13.7 35.9
Table 3
Average El-radiative widths and strength
functions
Exper.iment Calculation
Nucled P A
£, UeV(([e, €V P:E;io Refer. [ =>2 el ?1)'0 M::; c ;0'5 :I,;\;
: s
o el VA
56pe [11.2 | 0.435 17 |o.2 0.3 0.38
13832 8.6 { 3.3 441} 18 {2.2) 2.5{ 3.5] 3.9 5.0 | 5.0
1406 | 9,08] 1.7 2.2 19 |2.7[3.9] 1.9] 2.8 1.5 | 2.1




A for three nuclei calculated with A
from 0.5 MeV to 2.0 MeV. It is seen from
this table that <[>, Ky, changes by a factor
of about 2 with 1ncrea51ng A from 0.5 MeV

to 2 MeV. _

Therefore, our new method for calculating
the radiative strength functions gives
a correct description of them. This method
does not contain any new parameters.

The reactions (yy") are widely used to
measure the partial widths I'y, 1n the exci-
tation of individual levels. Table 4 shows
the experimental data/2V of T,, quantities
and the calculated results’!¥The calculated
values are larger approximately by an order
of magnitude than the experimental ones.

In these experiments the UI'yo~quantities

of random excited states are measured,
whereas we have calculated the averaged va-
lues. This discrepancy should not be con-
sidered very seriously. The experimental
study of the reactions (y.v) with the
state excitation in an energy interval of
several keV is of great interest.

Table 4
El-Partial widths

Nuclei Experiment Calculation
E, LeV Fre, uev B, MeV Cye, meV
%n 6.988 12643 638 534
1205, | 7.696 70420 7.76 715
140&’.‘-;- 5.66 1242 5.74 ) 158




4. THE INFLUENCE OF THE GIANT DIPOLE
RESONANCE-ON THE RADIATIVE STRENGTH
FUNCTIONS

The radiative strength functions have
been analyzed in reviews/?2-25/ To study the
radiative strength functions the Brink-Axel
treatment is often used according to which
the dependence of the radiative widths on
the y-quanta energy is defined by the
Lorentz distribution of the giant dipole
resonance ({(GDR) tail. In this case the
photoabsorption cross-section is the fol-
lowing:

2 .2
ag ET1
o Y o
v By E2-EH?, 5202 S
. Yy 0 Y oo o )
where E, is the GDR energy and ! ,is its

width. It is assumed that the Lorentz form
fits well the energy dependence in nucleil
far from the closed shells. The analysis

of the radiative strength functions has
shown/2%that the Lorentz extrapolation of
GDR overestimates the values of strength
functions in the low-energy region for
nuclei near closed shells.

Qur model allows the calculation of the
fragmentation of the one-phonon state
strength in the region of giant resonances.
Therefore, there is a possibility of study-
ing the influence of GDR on the El-strength
functions. According to/?/, the average photo-
absorption cross-section is related to
the average radiative El width in the fol-
lowing way:

-7 2
oy = L1510 3 1) /G A), (6)
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where Ey,is in MeV, 1), and A are in eV
or in MeV. Using formulae (2) and (3),
can write o, as follows:

o,y = 2028 BELE ) mb. (7)

In a general case BELE )has a more compli-
cated form 716/,

Note that formula (5) is a particular
case of (7} and it can be obtained under
the following assumptions: a) GDR is formed
by one collective one-phonon state, b) all
the matrix elements entering into the se-
cular equations are equal to each other,
¢) the density of two-phonon poles is pro-
portional to E!/2 These assumptions are
not valid in a real case. It 1s shown in/'%
that GDR exhibits several collective one-
phonon states 1n spherical nuclei and
a great number of them in deformed nuclei.

Let us discuss the energy dependence of
the o, cross-section. The experimental
adyy measured in/%/for the natural tin 1n the
region of 6-10 MeV, are given in Fig.

Fig. l.also shows our calculated results

of T (continuous line) averaged over
even-even tin isotopes in the interval

of A from 116 tc 124 which comprise 82%

of the natural tin. The dashed line rep-
resents the results of Fxtrapolation by the
Lorentz formula in ref.’2%/.The experimental
cross-section oy is 50% higher than the
Lorentz extrapolation. The calculated
cross-section o,,, integrated over the ener-
gy region, is 15% larger than the experi-
mental one. Fig. 2 shows the calculated
photoexcitation cross-section for some tin

11
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Fig. 1. Photoexcitation cross-section for the natural tin.
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Fig. 2. Photoexcitation cross-section for even-even Sn isotopes.



isotopes. It is seen from fig. 2 that oy
are specified by individual structural
peculiarities of nuclei. A good agreement
of theoretical and experimental values for
the integrated cross-section of the dipole
photoabsorption shows that our model cor-
rectly describes the distribution of the
strength of El-transitions within the
range of excitation energies of 6-10 MeV.
To clarify the mechanism of formation
and distribution of dipole excitation
strength in the 6-10 MeV region, we have
calculated the values of WEl E with and
without the contribution of GDﬁ Fig. 3
gives an example for ''™&n. The dashed-dotted
line corresponds to the calculations when
7 most collective states including GDR from
the energy region of (1C-20}MeV are taken
into account. In this case $.,.., =2 E BELE)-
=3.93 e?fm?MeV.The calculation including
10 one-phonon states from the energy
region of 6-10 MeV (S., ., =20 are denoted
by the dashed line. The continuous line
shows the calculation including the most
collective states, 4 from the region of
(6-10)MeV and 6 from the region of
(10-20)MeV. In this case S .. =18 It is
seen from Fig. 1 and the values of the
energy welghted sum rule S.u... that the
behaviour of KELE,) and o,(E,) as a func-
tion of energy is mainly defined by the
fragmentation of one-phonon 1~ states in
the region studied. Without taking into
account one-phonon states near the binding
energy B, GDR overestimates the strength
of dipole transitions for the neutron reso-
nances in semi-magic nuclei under investi-
gation. This overestimation is higher in

14
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nuclei with %tronger anharmonicity. For
instance, in Ce the strength of dipole
transitions decreases by a factor of 1.6
when one-phonon states 1 near B, are taken
into account.

From the above investigation we may
conclude that for the neutron resonances
in semi-magic nuclei the values of radiative
El -strength functions are mainly defined
by the fragmentation of one-phonon 1 states
near B, .To describe quantitatively the
El -strength functions, one should take
into account the 1 one-phonon states near
B, and the collective states including GDR.

5. THE STRUCTURE OF NEUTRON RESONANCES

Concerning the available experimental in-
formation on the nuclear structure obtained
in the study of the characteristics of neut-
TON resonances, the following conclusions
are made in ref

i) From the reduced neutron widths mainly
the information about certain one-, or two-
quasiparticle components of their wave
functions is obtained;

ii) From the partlal radlatlonal widths
for y -transitions to the ground states,
one can extract the data on one- and three-
quasiparticle or two-quasiparticle compo-
nents of their wave functions;

iii) From the neutron and radiational
strength functions the information about
averaged over a number of neutron resonances
values of the above components can be ob-
tained;

iv) In the processes of a-decays of
neutron resonances and y-transitions from

16



them to the excited states there take part
the components of the neutron resonance
wave functions with a larger number of
quasiparticles. However, from these pro-
cesses we can obtain the data only on the
integral contribution of such components.

Therefore, almost the whole experimental
information about the structure of neutron
resonances is the information on the few-
quasiparticle components of their wave
functions only. In complex nuclei the few-
quasiparticle components are of 1073 - 10°
part of the normalization of their wave
functions. Indeed, we have a very insigni-
ficant expérimental information about the
wave functions of neutron resonances. There-
fore, we can make the following conclusions:

1) Statistical regularities concern only
the few-quasiparticle components of the wave
functions of neutron resonances.

2) Nonstatistical effects manifesting
themselves in neutron resonances concern
only the behaviour of few-quasiparticle
components of their wave functions. These
effects allow one ?P tate, as it was done
by R.E.Crien et al.' ”/,the violation of
the Bohr hypothesis on the compound states.

3) One has no right to extent the regu-
larities concerning only a small part of the
wave function to the whole wave function.

Such an extension is in fact made in the
statistical description of the structure
of neutron resonances.

4) One may state that there is no ex-
perimental confirmation of the applicability
of the N.,Bohr hypothesis on the compound
states to the neutron resonances.

17



5. Up to now the processes related to
few-quasiparticle components of the wave
functions of neutron resonances have been
discussed. In ref.’” the problem on the
magnitude of many-quasiparticle components
of the wave functions was raised. The as-
sumption was also made that the wave func-
tions at the intermediate excitation energy
and neutron resonances have sufficiently
large many-quasiparticle components. This
is due to the fact that the interactions
between quasiparticle and the quasiparticle-
phonon interaction at these energies cannot
fragmentate many-particle states so strongly
as the single-particle states.

The methods of experimental detection
of large many-quasiparticle components of
the wave functions of neutron resonances
were discussed in refs./"%19  Ppresently,
the most available way of determination
of the largest many-quasiparticle components
is the study of EI1, M}, and E2-transitions
from the neutron resonances to the states
with an energy less by (1.0-1.5} MeV than
their energy. The probabilities of such
transitions can be evaluated in the study
of the subsequent «-decay of an excited
state, fission or neutron emission. The
observation of such ¥y -transitions or Yy -
cascades, the reduced probabilities of which
are close to the single-particle ones, gives
evidence to the existence of large many-
quasiparticle components in the neutron
resonance wave functions. The study of y -
transitions from the neutron resonances to
the states at intermediate excitation energy
gives the information on the values of in-
dividual four- and six-quasiparticle com-
ponents.

18



The most promising method of measuring
the values of the largest components of
neutron resonance wave functions is the
study of the reaction n,y,a) with the
subsequent evaluation of intensities of
¥y -transitions between the neutron resonan-
ces and states lying lower by (1-2) MeV.
The experimental results of Popov and col-
laborators/2?%show that there are relatively
large components in the wave functions of
these states.

I should like to emphasize that for the
study of the state structure at interme-
diate and high excitation energy the answer
to the question whether there are large
many-quasiparticle components in the neutron
resonance wave functions is of fundamental
importance.
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