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1. Introduction

. The low-lying states of medium-weight and heavy nuclei

- are rather well described by approximate solving of the problem

with, the following Hamiltonian defining the interactions of the

nucleong in the rucleus:

R TERNT . - ’ (1)
H- /?{W '/_{amz '7:” .’_ et fﬂa "/7{,0*/‘/ .

Here /, = 1s the average field of the neutron and the proton

systens, f&,il the interactions leading to superconducting .

pairing correlations, Jrez . - the kinetic energy of rotation,

A/ﬁ,z the Corlolis interaction descrlbing the relationship

between the internal motion and the rotation, Ha:.the multi-
pole—multipole interaction, /éu the spih-multipole-spin-
-multipole interactlon, /{' some other types of interactions
including, e.g.,the Gamov-Teller-type 1nteractlon. We note
that this divigion is somewhat conditional, as ;ar as,  for
example; thoraverage field is sepafated after averaging - A
over the ground~state.

In the present report we analyse which terms of the
Hamiltonian (1) are 1mportant at intermediate and high excita-
tions, what are the causes of complications of the state struc-
tdre with increasing excitation energy and whaf are particular."'
features of the wave functions of highly exc;ted-statesrcomparod

with:the wave functions of'iowlyvexcited states.



2, The Average Field of Spherical and Deformed Nuclei

The -decisive stepé iﬁ'the description of‘thé low-lying
states of nuclei are the following:'firstlj, we separate the
average nuclear field and, secondly,.we postulgté.that for .the
ground states of doubly even nuclei in a given region with -
requct to A the average field is chosen so that the density
matrix is diagonal, and- the correlation function assumes &

canonical form ( see refs.- 1'2 ),

This implieszthgt'in treating
the ground states we should take into account in addition to the
average field only one kind of residual interactions, the in-
‘teractions leading 'to superconducting pairing correlationsf_ﬁ“
The:conception of the aVerage~field is found to be ugeful
in the analysis of the state structure at- excitation energies-
_ exceeding the neutron hinding energy Zgn j.‘Pﬁysical grounds
for the use of the:average field:-in the description of highly -
excited states.are the large effect of-the shells onithe density

and the widths of neutron resonances and their display in nuclear

reactions in which levels of an energy of (10—20).M9V are:
excited,"

. When'the number:of nucleons in unfilled. ghells increases -
there occurs a transifion from sphérical to defgrmed'ngclei.‘
Beqause of .deformation the subshell étrength is distributed

-over some- single-particle'levels of the average field:potential
. of a deformed nucleus. Fig.l gives the energies of the single--
particle states with K™ %" and the components of the 5.5,/2 _
and 4 SV: subshells ip the expans;lqn of the single-particle wave

functions in thé’spherical basis. It is seen that the strength
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Fig..l. Distribution of the strength of the 33y, and 45,
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subshells over the single-particle states with K~=2?‘
in the neutron system with A=239 at f,= 0.23,
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The numbers labelling the .levels indicate the values - ‘
of the components 38y, and 4-5,/2 in the expansion of
" the wave function of the deformed Saxon-Woods potential

in the spherical basis.




of the 3§,, and 4 S,, subshells is distributed among many

single-particle levels. The subshell splitting due to deformation

is one of the first manifestations of the fragmentation process.

Of much importance ig the problem-of the nuclear shape in
excited states. On the bagis of a large amount-of‘experimental
data (behaviour of the strength functions for the s- and p-wave
neutron resonances, probabllities of the alpha and gamma
transitions from highly ‘excited states, sp}itting of the EI giant
regonance and so on) it may oe concluded thatvthe shape of
spherical and deformed nuclei for the majority of states does
not change essentially witn increasing excitation energy. The
problem of the.shape of the excitedlstates of the transition-
-region nuclei is more complicated. Among excited states there
are states the equilibrium deformation of which differs strongly
from that for the ground states. These are spontaneously figsio~
ning isomers 3 and some quasiparticle states 4 5

Thus we can draw the’ conclusion that the description of the
states of an excitation energy somewhat exceeding B, should
be based on the game average field potentials which are used
in the description of the low-lying states. The problem of
applicability of the conception of the a#erage field is tight-
1y related to the problem to what excitation energies the shellg
are displayed. It is veryvimportant to answer the latter question

in order to understand the nature of highly excited .states.

: particle production operator. Por the level 7 with f'(9)<<

3. Superconducting Pairing Correlations
The interactions leading to. superconducting pairing.correlaa
tions strongly affect the structure of low-lying states. In the

excited state description use is made of the following quasi-

part1c1e operators

{ A 0 . : o
+ + ~
dor = Uy 0gpC U G- £q) ‘-Ef
« ‘-'U " / : . .

For a single-particle level 7 lying much ‘above the Fermi

level the quasiparticle production operator transforms to the

the quasiparticle production operator transforms.to the hole

production operator.v
The pairing correlations become less 1mportant with' 1ncrea—
‘sing excitation- energy. “The’ qu851part1cle energy é(y) JE77?55:U7
for /E(q)—A[>> C. -transforms to the’ s1ng1e-partic1e energy
/EC)-A | . At high excitations. pairing should be' taken tnto
consideration, because it affects noticeably the state structure-
and presents a convenient mathematical tool. Troubles connected .
with the. application of the .theory of pairing correlatlons to .
-highly excited gtates are due to the necessity of taking into-

account the blocking effect.



4.'Mu1tipole4Multipole and Spin—Multipole—Spin-Multipole

Interactions
———

‘There are two types of low-lying nonrotational states:
quasiparticle for which the density matrix is*diagonal and
collective connected with the nondiagonal part of the density
matrix. To describe the collective states we introduce the

residual interaction
V(I'z—_i'l)‘\/(,z’_z‘)(glﬂot(u) ’ . (3)
1 2 a 1 2 b

- which is presented in the form of the multipole-multipole and
spin-multipole-spin-multipole expansions. The angular part of
this interaction is determined while in the radial dependence-
there is an ambiguity.vIt 1s essential for mathematical treat-
ment that the radlal part is taken in a factorized form.,

In all the nuclei .there . are obgerved low-lying collective
quadrupole (A:2 ) and octupole (A 3 ) states. The wave
functions of the coilective,one—phonon states are a superposi—A
tion of a large number_of“two-quasiparticle components. . The
presence of the nondiagonal part of the density matrix. leads..
to a distribution of -the two-quasiparticle state strength. over
the collective levels in spherical and deformed nuclei. This is
the second type of fragmentation. ) )

Among highly excited ‘states there. are collective . .states
commonly called giant resonances. The giant resonances must have
different multipolarities and different isoscalar and isovectori
parts. There is sufficient information about the EI giant reso—
nances, some data are also obtained on the E2 and MI giant )
resonances. Of much interest is the problem of monopole states _ )

with lLigh multipolarities.

The presence of .the quadrupole and octupole collective

" low-lying states and high~lying states of the'type of giant

resonances is the universal property of all nuclei._

Consideration of the multipole-multipole and spin-multipole-
spin-multipole interactions is 1mportant when one treats ther

excited states in a large energy 1nterva1.

" 5. The Density of Excited States

.

A correctvdescription of theﬁdensity of -the highly excited

. state serves as a criterion of a wide use of a given model. -

The general laws of-the density behaviour are _given by the
Fermi-gas model. An essentially improved description of the
state density is obtained in the independent quasiparticle model .
6 .

e Good EPTC

with the use of the methods of statistical averaging -
description -of the. density up - to the neutron binding energy B

vls also obtained in the framework of theksemi—microsccpic approachu

" to the'superfluid~nuclear model 7,, accounting for guasiparticle.

and phonon:excitations.. e e s

-The wave'functions of the independent quasiparticle model

f,xand the wave functions in»the form of the product of<the quasi-

particle and phonon operators do not describe the structure

- -of states of intermediate and high energies. ‘The correct descrip-

.tion of the gtate density provides only evidence that.this modeli_

»may gerve as a basis for describing the structure of highly

excited. states as fas. as the configuration space of the model

- 1is large’ enough to cover the whole complexity of highly excited

. states. ) v -
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6. Complication of the Level Structure with

Increasing Excitations

If the nuclear states are considered as states’having
a definite number of quasiparticles and phonons then it is

impossible to explain a large amount of experimental facts on

the excited states of complex nuclei. For example, if a nucleus

in the ground or one-quasiparticle state captures aﬁslow neutron
this cannot result in the’production of a msny-quasiparticle
state, and in the framework of such an approach it is impossible
to explain the ‘density of mneutron resonances and their widths.

In the understanding of the structure of highly excited
states and the description of them in the language of quasl-
particles'and phonons in which the low-lying states are_also
treated, the main role is attributed to the process called ‘
fragmentation or fractionalization._By fragmentation we mean
meﬂﬂﬁmumofmeﬁm%mofeomftm-wmmwmp
ticle states over many nuclear levels. In other words, frag-
mentation is responsible for example, for the dlstribution of the
pingle-particle gtate being the sgolution of the Schrodinger -
equation with the Saxon-Woods potential over a number of nuclear
leuels. . _

bThere are two main causes leadiné to,complicatlon of the
state structure with increasing excitations: the first one.is
the intersction of the single-particle ‘and collective motions

described as the interaction of Quasiparticles with phonons;

10’

the second cause is the connection of the intrinsic- and

- rotational motions descrlbed via the Coriolis 1nteract10n.

' The interaction of quasipartlcles with phonons is of much
importance in the process of fragmentatlon. It leads to- m1x1ng )
of the components differing by one phonon or by two quasiparticles.
As a.result of consideratlon of the qu851part1cle-phonon
interaction the wave function has the form of a sum of one-,
two-, - three~ and higher phonon components 1n the case of doubly v
even nuclei. In odd nuclei the wave functlon conslsts of the
following components. one-quas1part1cle, quaslpartlcle plus
phonon, quasipartlcle plus two phonons,etc. These facts underlle
the model suggested in refs. 8.9 for descrlblng hlghly exclted
states. Much progress is: made in developing an approximate method
for reduclng the determlnant of the order lO4 to a secular
equation. . ‘ k

As investigations in the framework of this model show,dtﬁe
first quadrupole and octupole phonons strongly affect the’processﬁ
of fragmentation. The stéonger the collectivization of a one=~
phonon'stste the greaterfits effect‘on the process of'fragmenta-.
tion. -Fragmentation is ngticeably affected by higher _phonons.- Of
interest is the problem of .the 1nfluence of the collectlve states
of the type of giant resonances on the fragmentatlon process.

It seems necessary to study the effect of the collectlve phouons‘
describing giant resonances on fragmentetion‘and the complicstion
of the structure of highly excited states. 4

It should be noted that the compllcatlon of the structure

with 1ncreaslng excitatlon energy 1s un1versal, it oecurst

in all nuclei. Therefore much attention should be oald to the

investigation of this process.



In the-framework of the semi-microscopic epproach in the

10,11 the wave function

superfluid nuclear model :we construct
of a highly excited state. The wave function 1s presented in the
form of an expansion in the number’ of quesiparticles. The
complication of the state structure with 1ncreaslng excitations
exhibits in the fact that in the wave function the role of

‘pthe components grows as the number of quasiparticles increases
gradually. When constructing such a wave function we gtart from
the Hamiltonian (l) and use the single-particle states of the
average field potential and the mathemetical apparatus of the

theory of superconducting pairing correlations; We bear in mind

the residual interactions in (1) which are employed to describe

effects caused by the nondiagonal parts of the density matrix
and the correlation function.
The wave function of,e.g., the highly excited state of an

odd sphericel nucleus ig of the form

9—’([ “M) - - by ol 4/,,

:E::: t7 ( My f, 17, ﬂ;k% ' éé‘+
g O b i i,

+ b (/,m,/k ‘/Jm,i/,,mvsm‘)o[ oL t? + .
/IJ jijvJs / 72 J"’JOé.,m, 9/0 .

nm, amym, m;

We should add to this expreseion terms with the operators of

pairing vibrationel.phonone which .'replece the operetors

12

‘(‘4)

J_m)la - In addition, we can introduce explicitly in (4)

'the operators of any phonons. In (4) the summation is performed

over the single-particle states of the neutron and proton 8ys-

tem, 4” is the wave function of a quasiparticle or phonon

vacuum,

- When constructing the waye function (4) we assume that the
density matrix is d1agonal for the ground state of the nucleus.
In this representetion the wave function of a highly excited ‘
state must contein thousands of d1fferent components. The use
of th1s representation for the highly excited state waver
function 1is physicelly Justified. In the meaority of cases the
formation of a highly excited state occurs due to capture ’
of eziow neutron or a high energy il»rey by a target-nucleus
in the ground zero~quasiparticle or one-quasiparticle states.
Therefore “ the expansion (4) is made as 1f—1n the basis functions
of the target-nucleus. o ' ‘

The operator form of the wave function is used in refg, 10,11
to express the reduced neutron radiational and alpha widths in'

T . R . . . . A o .
neutron resonances in terms of the coefficients 57 . In ‘this

way there arises' the problem of experimental determination of ‘the

coefficients b; ."The coefficients b;"u can be found from
the spectroscopic factors of the reactions of the types (2p )"
and (¢ )'from the"probabilities of /6 decays, from the pro- -
babilities of o transitions between ‘the excited states etc.

_ . Consider, for example, one—quasiparticle components. The -
strength ‘of each single-particle state is distributed over -
several levels. At low energies this fragmentation is manifested

in ( [1/.7) and (& ¢ ) reactions when scme ‘levels are excited.



- With increasing excitation energy the level density grows

£f t to find them experimentally. Therefore,.in . ' . :
‘and 1;115 di 1cgl o fin e P 2 ¥y o ’ ) Our. interpretation of. the .highly excited gtate differs
. ) ' t e experimentally the strength : . .
ref it is proposed to determin p Y > engih from the conception of the compound state suggested by N.Bohr. -

i . ) i omentum transfer =/ . . )
functions n the (ctp) zeactignzw‘th o . ¢ - The latter is based on the smallness of the mean free path

jem w1 . tions for - wave neut- 3
and compare them with the strength functions P of the nucleon in the:nucleus and, according to it, -a.compound

t trength function R X X
rons. This way can’ be ut111zed to study the s eng nucleus is formed as a result of numerous collisions after

. t reactio cross
as_a function of the excitation energy The ( d¢) reaction penetration of the particle into-the nucleus..Our treatment of

trength functions -
aectlons can yleld 1nformation about the streng ‘ v the highly excited state is based on:the model of independent

« It 18 of
,aasociated with the fragmentation of hole states I 8 quasiparticles and residual interaction described by .the Hamll- -

ti of “the
particular concern to clarify how the fragmenta on tonian. (1), We start. .from the. fact that in our representation

hat the particle’
strength of the hole stategwdiffers from that of the parti the wave: function. is a many-component one. It enables all the

gtaﬁes. effects 1ntefpreted'by means: of - the compound state to be under-

- ’ o stood. It can be . used to explain the particular feature f
7. The Structure of the Highly Excited State and the Compound State Sl P avires o

excitation as a result of the capture of a nucleon or absorption

. . . : . - b

At excitation ehergies close to and higher than the neutron of a gamma ray. However, in such an approach we.do not put-the .
v binding energy the wave functions(4) contain thousands of different, "ﬁ«.f_ ‘ question as to how such a complex state is formed dynamically.
cL 'few-quasiparticle and many—quasiparticle components. These wave » from the simple state due.to a capture .of a nucleon ‘or. a- gamma
'functions possess ‘the propertles of the compound states. suggested . rayf o 4 s A R TR ST S
by N.Bohr. In fact, the formation of a highly excited state cen - T © - The experimerits, which study excitation.and decay of ‘inter-; .
| " proceed through eome components of the wave function and the o : mediate and highly excited states, involve, as a rule, only -
decay through some otheré. Therefore in the,hajority of cases, : few-quasiparticle. components.of the wave function..So,. for
the basic condition of the compound_stafe, independence of its . A example,. few-quasiparticle components amounting to 3,10-4'1°?Q
% decay of the method of formation, is valid. Bééauéé of a very - . : 7 part. of. the normalization of the wave functions of the neutron .
L, lerge nusber of the components of the Wave functioﬁ some few— - resqpances are displayed in the study of the neutron resonances. .
quasiparticle components must have, as a rule, small values. This . . It should be noted that it is just for these few-guasiparticle
.+ - . results in an essential h;ndrépce of the probébilitieé»of gemma . - - ’ components alone tpat the laws of the statieticgl nuclear -

trensitions to low-lying states. Thergfare the half-lifé"of a model are valid.

. highly excited state must be much]ongér than that of»a onefquasi- 7 - : e B L [ . . . N
s particle or two-quasiparticle state.

14 L g | s,




12 .
In ref. - the problem ig whether all the components

lof the wave function of a highly excited state are small or
whether among them there are relatively large components.
Experiments on gamma trangitions between highly excited states

capable of reveallng large many—quasi—componente in their wave
‘ functions are suggested.

In some cases experimental data make it possible to extract
evidence about eome components of the wave functione-(4). of
much convenience are the (]ﬁq) reectioos since the known
strocture of the initial state permits :econstruotion possible
components in the excited state. In’aome cages it is possible
to obtain information on three- and five- quasiparticle components
of the wave functlons of highly excited states. In this respect.
the ‘mogt favourable is the study of the EI traneitions in 177Lu

from the neutron resonances with I”=/#; and %, to three-
_quasiparticle states. v
The available experimentel data enable bs to give some
.conclusions about the main laws of the fragmentation proceee.
This;problem ig discussed.in detail in ref. 13 where it is noticed
that the degree of fragmentation is A-dependent. Fragmentation»is
strongly weakened in doobiy closed shell nuclei and in nuclei’
differing from the latter b& one nucleon. Certain approximate
laws make fragmentation less etroog which is observed in isobar
analogue statee.‘
In the collective states ofitoe type ofkgiant«reeonancee
the few-quasiparticlebcomponente to which there correspond
phonons of a definite multipolafity are of greater importEnce.

Because of the Quasiparticle-phonon interaction the strength of a

. nents.

collective branch is dietributed;o;er,many,nuoleer levels. The , .
wate functions of the .gtates ofuthe tyoe of glant resonances . .
contain a large number of different many-quasiparticle compo-. .
It should be noted that the division of the wave function .
into eimple and more complicated parte is widely used in the.
interpretation of the“excitation_end decay processes of highly/;
exoited states. However,’the methematical proceduoe of succes—.
sive introddction of'simpie‘and,compiicated components should
not be underetood literally. We cannot impart»t0~thie procedure
the physioal meaning of,the»transitiohs from " simple oonfigura-

tions to more complicated ones.

It follows from the analysis made here that the considerat-
ion of nuclear interaction in the foxm ‘of' the Hamiltonian (1) ‘
and the'edgéeetedkmethod of golving the:nuclear many;body'
problem may serve as a bagis for describing 10w,>intermediate"
and high nuclear stetee. It ig undoubtful that further gtudy of
excited states will lead to the necessity of adding to the
Hamiltonian (1) new terms, e.g.,corresponding to tensor forces
and to improving the mathematical methods. )

With increasing excitation energj the state density increases
and their structure becomes more complicated. This is the uni-
veisal property of all nuclei. The comblication of the etructure

is caused by the fact that with increasing excitation energy

the number of the degree.of freedom responsibie for the forma-

1tion of a given state incfeaeee, and the interactions of the

.
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noncoherent type become more and more important. It’is shown
that the coupling of the‘single—particle and coilective motions
presented in the form of the quasiperticle-phonon interaction
play the important part in the process of complication of the state
structure. of 1mportance ip also the reletionship between rota-
tion and 1ntr1naic motion. Searches for forces and mechanism
leadlng to complicat1ons of the structure with increasing excita-
tions are for -the time being-the principal task.

The detailed study of the. structure of intermediate and high
energy states is still in its initiel stage. Because of the comp-

iexity of'these-atates it is necessary to make a combined etudy

by varioue experimental methods. It is undoubtful that to determine .

many-quasiparticle components the informetion needed.can ber
‘extracted from many-nucleon transfer reections'in the interaction
of heavy ions with the nuclei., ‘

It may be concluded that at present there is a general
baais for describing low, 1ntermed1ate and high excltations of -

atomic nuclei.
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