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ABSTRACT

It 1s asserted that the effective nuclear forces and the
methods of solving the many-body problem may serve as a basls for
describing states of low, intermediate and high exciltation energy.
It 1s indloated that 1t 1s important to study nuclear structure
complications with increasing excltation energy and fragmentation
of single~particle and many-particle states. -

The foundations of the model for describing fragmentatiocn
which 18 based on the account of the quasiparticle-~phonon interac-—
tion are presented. The results of calculations of fragmentation
for the 6314 , 640} , 6204 and 6004 one-quasiparticle states
in ZBSU are given, It 1s shown that the state strength is distri-
buted over a wide energy interval, the distribution maximum 1s
shifted down with respeot to the single-particle energy. The degree
of fragmentation is shown to depend strongly on the position of
the single-particle level with respect to the Fermml level. A modl-
fied version of the model 1s given for treating highly excited sta-
tes of the type of glant resonances and for studying thelr influen-

ce on the structure of states of lntermediate excltation energy.

The general assumptions of the approach based on the operator
form of the wave function of highly excited states are presented,
and the oontribution of individual simple oonfigurations to the
neutron resonance wave funotions 1s estimated. It 1s shown in
which oase the valenoe neutron model can be employed. The compound—
~state structure is disoussed.

I. The general regularities of the behaviour of the exclted
states of complex ( medium-weight and heavy) nuclel are rather well
studied. They refleot the universal properties of the atomic nuclel
and are the following:

i) In all the nuclel there are low-lying quasiparticle and
vibrational colleotive states. In deformed nuclel they generate
rotational bands. These states are rather simple, they are well
studied and are correctly desoribed in terms of quasiparticles and
phonons, e.g.,ref. 1 -

11) The highly exoited states are very complex and are defi~
ned by a large number of degrees of freedom, The highly excited



state wave functions contailn thousands of various oomponents,
Random distribution of most degrees of freedom permits interpre-
ting these compound states within the framework of the statistical
model,

1ii) Among the highly excited states are states with rather
large few—quasiparticle and one-phonon components. These are the
isobar analogue states, the isospin of which is by unity higher
than that of the surrounding states and the colleotlve states
which are given the name of glant resonances. There is a large
group of glant resonances corresponding to different multipoles
wlth isoscalar and isovector parts. Among thed thezlant El-resonan—
ces are the most completely studied ones,

iv) With increasing excitation energy the level density
grows and the level structure beoomes more complicated. Thus, a
transition prooeeds from simple low-lying states to more compiica-
ted states with intermedlate excitatlon energy and then to very
complicated highly excited states. The structure oomplication
proceeds in different ways in magio, vibrational, transition and
deformed nuclei. However, in all the medium and heavy nuclei at
the neutron binding energy Bn the states are so complicated that
they are usually described within the framework of the statisti-
cal model,

One has long been showing an increasing interest in the study
of the structure of highly excited states. Progress 1s assoclated
with the construction of the resonance reaction theory 2 and the
development of neutron spectroscopy, e.g.,ref.3 ¢« 0f much importan~
ce 1s also the description of highly excited states within the
framework of the partiole—hole approach 4 and 1ts further develop—
ment. Valuable experimental information about highly excited sta-
tes 15 extracted from charged partiéles and heavy lon induced
reactions. Of a special importance are electron-nuoleus scattering
and photonuclear reactions, e.g.,ref. > .

One of the main universal properties of nuolei, namely compli-
cation of the state structure with increasing excitation energy, is
worst studied. The present report is mostly devoted to some attempts
to find a general approach to the study of this problem.

The detalled study of nuclear structure shows that theoretical—
ly the transition from low=-lying states to states of iuterﬁediate
excitatlon energy is predominant. However, the complex experimen—
tal study of intermediate states hy means of nuclear reaotions
and mass separators on partiole beam advances slowly. A large
amount of progress has been made in the field of neutron resonan-—
ces. A special situation with neutron resonmances 1s due to the

availability of complete and exact experimental data rather than
to their physical meaning, The wave functlions of neutron resonan-
oes are very complex, and therefore we may only hope to find some
of their few—quasiparticle components. The problem of extracting
from experimental data some information about a number of simplest
configurations in the neutron resonance wave funotlons 1s also
discussed in the present report.

2. The low=lying states of oomplex nuclel are rather well
described within the framework of the semi-microsoopic approach.
The Hamiltonlan describing the Interaction between the nucleons
in the nucleus 1s of the form

H = Hay* Hogoo THa *H . ()
In dther words, the effective nuclear interaotlion is represented
i1n the form of the average field described by the Saxon-Woods po-
tential, the interactions leading to superoonducting palring corre~
lations, the multipole-multipole and other interactions. In the
semi~mloroscopic desoription one calculates the relative values
rather than the absolute ones, for example, the energles of excited
states with respect to the ground state or ohanges of the nucleus
energy with increasing deformatlon parameters.

An analysis performed in ref.6 shows that the effectlve nuc-—
lear interaotions (I) and the methods of solving nuclear many—bo-
dy problem may serve as a basls for desoribing low, intermedlate
and highyexcited states of atomic nuclei,

In the understanding of the structure of highly exclted sta-
tes and thelr description in the language of quasiparticles and
phonons in which the low=lying states are also treated the main
role is attributed to the process called fragmentation of fractio—
nation., By fragmentation we mean the distribution of the strength
of a one-~, two— or many-particle states over many nuclear levels.
In other words, fragmentation 1s responsible, for example, for
the distribution of the strength of the single-particle state
being the solution of the Schrddinger equation with the Saxon-
Woods potential over some nuclear levels,

There are two main causes leading to complications of the sta-
te structure with increasing exoitation energy: the first one 1is
the interaction of the single-particle and collective motions
desoribed as the interaction of quasi-partioles with phononsj the
second cause is the coupling of the intrinsio and rotational mo-—
tions described via the Coriolis interaction.

The quasiparticle-phonon interaction is of much importanoe
in the process of fragmentation. It leads to mixing of the oompo-



nents differing by one phonon or by two quasiparticles. AS a ree
sult of accounting for the quasiparticle-phonon interactlon, the
wave functlon has the form of a sum of one~, two-, three— and
higher phonon components in the case of doubly even nuclei,

The quasiparticle—-phonon interaotion strongly affects the
structure of low-lylng states of deformed 1,7,8 and spherical 1,9
nuclel, It results in a fragmentatlon of the strength of one-~phonon,
two—~phonon and many-phonon states over nuclear levels, Some examp—
les of fragmentation of the strength of subshells due to deforma—
tion and fragmentatlion of two-gusipartlole states oaused by multli-
pole-multipole phonon~generating interaotlions are given in ref.lo.

The development of a unified desoription of low, intermediate
and highly exclted states and the study of the process of struotu-
re complication wlth lncreasing excitatlon energy are performed
by us along two lines: 1) a general semi-mlcroscoplc desoription
on the basis of the operator form of the wave function 0- ;
and i11) calculatlons on the basls of a model taking into account
the 1nteractions of quasiparticles with phonons 10y14-17 .

3. Let us conslder a model for the description of fragmenta-
tion in the case of an odd deformed nucleus, Originally in ref, 14
fragmentatlon was studled by the method applied for the calculati~
on of the structure of low-lying states. It was also shown that
this method requiressome modifications. In ref.15 a model for
descrlblng the nonrotational state structure at intermediate and
high energles and for studyiné fragmentation was formulated which
was then generalized in ref.l .

The model Hamlltonian is taken in the form (I) without the
term 4 . The wave function of a nonrotatlonal state with a
given KT is written as follows
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where 9{ - 1s the ground state wave function for a doubly even
nucleusy, 1 1is the number of the state. The normalization condi-
tion (2) is of the form
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since by imtroducing the phase faotors J and 5} 1t 1s possib=
le to get rid of the O dependence. We use the following notation:

©))

Qy s Wy and Y, are the operator, the energy and the phonon
oharacteristic; by g we mean &uj’,‘}7(g v') is the matrix
element of the multipole operator g =AM s / . 1s the number‘of
the root of the secular equation for a phonon; o, and £(»)
are the creation operator and the quasiparticle ene?gy, respective=
1ys SA(r )= Uy A /2YYy, Ve 2 U S

(ro) and 632/ 1is the set of quantum numbers of B,'—[ single=
particle level, (Po) the same for levels with fixed A -
The nonrotational state energles ;‘ and the functlons QP ’
D¥ and A7/%° are defined by the variational principle
/aﬂ Py
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After some transformations the system of basic equations 1s
written in the form
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The poles like P(7, 4, 4,) <& (V) rwy-uwy, are called funda—
mental poles. To find the energles Z. it 1is necessary to solve
eq. (6) with respeot to qg‘ and insert the obtalned expressiont
in eq. (5). After solving eq. (5), that is after finding the roots
4, 5 and using egs. (3) and (7) it is not difficult to deri;e
F#4:* and Q/ . The solution for eq. (6) can be represente

in the form

. 7
D}, = ZA’ , (8
where the denominator A 1s the determinant of the system, and
the numerator Af is the determinant whioh is obtained from A
by replacement of the coefficients for the unknown quantity :y th:
appropriate free temms. In some real cases, when a large num er(g)
single~partiole states and phonons are taﬁen into account, €qe
ocomprises determinants of the order of 10 and higher.

An approximate method of solving eqs. (5) and (6) was develo—



ped in ref.17 o According to this method, all the coherent terms
and pole noncoherent terms are taken into account., The obtalned
approximate equations which differ from each other by the pole
terms, are solved analytically. The expressions for z;i‘

are inserted in eq. (5) which 1s then solved numerically. In each
case the solutlon corresponding to the fundamental pole is soughte
An effective method of numerical solution of the secular equations
(5) was suggested there, and the secular equation derived by

this method contaln no superfluous solutions.

The accuracy of the approximate solution 1s investigated in
ref.l by the example of a restrloted basis. The oomparison of the
wave function components for the exact and approximate solutions
shows that their large components are olose to one another, while
very small components may strongly differ from one another.

The approximate method of solving the model equations is used
for the study of fragmentation of the one-quasiparticle, quasi-
particle plus phonon and quasiparticle plus two~phonons states
over many nuclear levels, as well as for the study of the structu-
re of the nonrotational states of intermediate excitatlon emergy in
odd deformed nuclei.

The study of the model shows that there is a direct and rather

simple method of calculating the level density at different
excltation energles and different spins. It i1s based on the calcu-
lation of the number of fundamental poles with fixed K* or I®
in a given energy interval. This method was used in refs.la’l9 to
calculate the density of a large number of spherical and deformed
nuclel. The aococount of vibratlonal and rotational motions has
resulted in a good description of the level density near Bn,

At Intermedlate exoltation energles, the energy and spin
dependence of the level density oaloulated by our method may
strongly differ from the statistloal model oaloulations. For
example, in 157Fe at &= Bn * 0.5 MeV the density of negative
parlty states I larger than that of positive parity states by a
faotor of 1.5 = 2,0, On the ocontrary, in ~°Fe the density of the
posltive parity states 1s several times larger than that of nega—~
tive parlty states. In both the nuclel the p(I) dependence is
olose to that obtalned hy the statistical model. At high exoita~
tlion energles the results of seml-miorosooplio oalculations oome
nearer to the statistical ones. At high energles troubles with
direot caloulations become muoh more serious while the aocouraoy
beoomes worse due to insufficlently oorreot acoount of the Paull
prinolple beoause of the negleof of degeneration of oertain states
in spheriloal nuclel and ambiguity in the expression of the many-

~quasiparticle configuration in terms of nonoollective phonons.
Therefore one should use the direct method for & < Bn and the
statistical one for & > Bn.

The correct description of the level density provides also
evidence for the fact that thls model may serve as a basis for
describing the highly excited state structure since the configura-
tional space of the model 1s large enough to cover the complexity
of highly excited states.

4, We give a part of the results on fragmentation obtained
in collaboration with Dr. Malov by means of an approximate solving
of eqse (5) and (6). The calculations are made for the states with

K* Y2* 4n 239y, mhe Saxon-Woods potential parameters, the
interaction constants and some particular features of the calcula-
tions are given in ref. 15 o In studying fragmentation, similarly
as 1n oalculating the level density, we use the parameters which
were fixed in the study of low-lying states. Fifteen multipolari-
ties Au , which are given in Table I, and 10— 70 solutions
of the secular equations for phonons are utilized in the calocula-
tions. The wave functlon (2) is seen to have a large number cf
different components and therefore it can describe the complex
structure of states.

Table I

The fa—yy‘ values and the number of  terms of the wave
function (2).

) ' Number of terms of
AF the type

20 22 30 31 32 33 41 43 ,. ¢ 0£+ aer

44 54 55 65 66 76 77 ""ung v &g gy
4

j =1y2y eee 10 870 . 9.10 6

J = 192y eeed3d 1.104 1.10

J = 1,2, sevece 70 5.10 5010

Finding of the solutions for egqs. (5) and (6) and calculation
of the wave function components require much electronic computer
time. Up to the present time one has obtalned a total of about
100 solutions for these equations and for the appropriate wave
functions. As an example, in table 2 we give a typilcal state
structure. The component values are calculated from the normali-
zation condition for the wave function and are expressed in per—
cent. This state corresponds to the 622! +Q, (31) + q,(31)
fundamental pole of an energy 2.07 MeV. For the phonon we use the



Table 2 notation & Ax) and for the
single-partiole state the Nilssm
Squared components ( in percent) model notation #,, A} and
of the wave function (2) for the w,, At o The root of eq. (5) 1is
1.9 Mev 1/2% state in 239U lowered by 0.17 MeV respeotively
to the fundamental pole, With
Configuration Components 1inoreasing excitation energy the
o roots drop down still further
6204 6.10'4 with respect to the fundamental
50L! + Q, (31) 28,98 poles quasiparticle plus phonon.
7614 + q, (31) 1.47 It 18 seen from table 2 that 52,.4%
7521 + q, (31) 0.15 of the state strength is conoenta
725¢ + Q, (55) 0,04 rated about the oomponent corres—
6241 + .$(44) 0,01 ponding to the fundamental pole,
6224 + Q,(31) + Q,(31) 52.42 Next, the phonon-contalning com—
7704 + Q,(22) + Q, (31) 6.66 ponents entering the fundamental
631t + Q,(30) + Q, (31) 2.14 pole are predominant., This appe—
6061 + Q,(31) . Q|(55) 1.99 ars to be due to the approximate
5014 + Q,(20) + Q,(31) 1.30 method of solving eqs. (5) and
7431 + Q,(22) + q,(31) o.88 (6
5031 + Q,(22) + q,(31) 0.69 In some states the value of
624t + Q,(31) + Q,(55) 0.44 the oomponent corresponding to
606! + Q, (31) + Q»(SS) 0.30 the fundamental pole reaohes 90%.
5031 + Q, (31) + Q, (44) 0,25 Insufficient fragmentation of
6331 + Q,(31) + Q,(Jl) 0.22 certaln states quasiparticle plus

phonon and quasiparticle plus
two phonons and great fluctuatioms
of the strength from level to level are due to the fact that,
firstly,aocount is taken of only the multipole colleotive states,
other oollective vibrations, €+2., glant resonances, are disregar-
ded. Secondly, the wave function (2) has no terms contalning three
and more phonons, thirdly, eqs. (5) and (6) are solved approxi-
mately. To get better description the approximate solutions for
eqs o (5) and (6) oorresponding to the one-quasiparticle and quasi-—
particle plus phonon fundamental poles should be improved. It 1is
also necessary to perform in the wave funotion (2) a summation over
one-~-quasiparticle stateqfk

Let us consider the fragmentation of the one-quasiparticle
states and look how it changes depending on the position of the
single—partiole level with respect to the Femmi level., We take
four one—~quasiparticle states with ;Kl=9%* s two of them are near
the Ferml level, one state 1s a high particle state and the other
is a deep hole state. To study the fragmentation of these states

i1t 18 necessary to find several thousands of solutions for eqs.(5)
and (6) and their wave functlons. The investigations showed that
the energles and wave funotions for the solutions corresponding to
the fundamental poles quasiparticle plus phonon strongly differ
in the two—phonon and one-=phonon approximations, 1.e.,in the oase
when the temms quasiparticle plus phonon are taken into account
or disregarded. In the one-phonon approximation the fragmentation
of states quasiparticle plus phonon 1s badly described, and for
many solutions the component corrésponding to the fundamental pole
exceeds 99%, However, the distribution of the single-—particle
strength i1s nearly the same in the one- and two—phonon approximat-
ions. For example, for the 631t state at the first level in the
one-phonon approximation the strength concentration is 90.1%, in
the two-~phonon one 85.,6%. The total 631t strength at all the le-
vels of an energy up to 1.9 MeV in the one-phonon approximation 1is
93%, in the two-phonon one 92.5%. For the 6204 state without the
solution corresponding to the one—quasiparticle fundamental pole
the total strength of the €20 state at all the levels up to an
energy 1.9 MeV i1s 16% in the one—phonon and 14% in the two-phonon
approximations. Therefore,to study fragmentation of one—quasi-
partiole states we use the one-phonon approximation. _

The caloulation results are given in Fig.l . The (C; )2 values
are oalculatéd frem the normalization conmdition (3), represented as
a sum over the states lying in the 0.2 MeV energy interval, denoted
as (Cf)2= Z:(C;)z and given in percent., The excitation energy is
plotted on ihe absolssa axis. The (Cbmp)z quantity is plotfed on
the left ordinate axis. The (Cf)" values for the 6204 , 6004 and
6404 states are plotted on the right ordinate axis. The compact
presentation of the data has given no possibility of following
firmly the soale for scme (qﬁ)z values, which are therefore marked
by appropriate numbers,

In the lower part of the figure we give the fragmentation of
the 6311 single—particle state placed below the 622!‘Ferm1 level
by 0.2 MeV, for it & (6311) = 0.8 MeV. At the first level
the strength concentration is 90.1% , at the levels in the 1-3 MevV
interval we have another 5,9% of the strength. A total of 96.6%
of the 6311 strength 1s exhausted up to an excitation energy 3.8 Me&¥
the remaining 3.4% relate to higher levels. Such a situation with
the main oomponent is typical of the low=lylng states of odd de-
formeéd nuclei, ref.8 . The partiole 6204 state 1s by 2 MeV higher
than the Fermi level, for it & (620¢) =2.1 MeV. At the lowest
0.8 MeV level the strength concetration 1s 60%, at the levels of
1-2 MeV another 16,5% of the strength is concentrated. Further the
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strength function has a minimum, after 3 MeV a rise is observed,
Up to 5.2 MeV excitatlion energy 90.5% of the 620! state strength
18 exhausted. The study of the fragmentation of the 631) and 620¢
state near the Ferml surface has shown that thelr strength distri-
bution has a long tail. By means of this tall it appears to be
possible to explaln the values of the s— and p-wave neutron strength
functions in the range of their minima,

The particle 600+ state 1s by 4,3 MeV higher than the Fermi
level, £ (6601) = 4.36 MeV. At the levels below 2 MeV there is
less than I peroent of the strength, in the Interval 2,4-3.4 MeV
there 1s 50% of the 600!state strength. Up to 5.2 MeV energy 64.5%
of the strength of this state 1s exhausted. It is unclear how the
remaining 35.,5% i3 distributed. It should be noted,that, in spite
of the common opinion)the particle state strength 1s dlstributed
in a nonsymmetric way with respect to the single-particle energy.
S0, 75% of the 6204 state strength is exhausted up to 2 MeV, 60% of
the 6004 state strength up to 4,3 MeV and 50% of its strength 1s
at the levels up to 3.2 MeV, Thus, for the particle states the
distribution maximum 18 biased in favour of low energles.

The 640+ hole state is by 3,04 MeV lower than the Fermi level,
E(6404) = 3,44 MeV, At the 1/2% levels of 1-3 MeV energy there 1is
45% of the 640¢state strength, between 3 and 4 MeV the distribu—
tion has a deep minimum, then a noticeable increase is observed.

Up to 5.2 MeV exoltation energy 72.7% of the 640} state strength
is exhausted. The fragmentation of this state 1s oharaoterized
by strong fluctuations of the strength not only from one 0.2 MeV
zone to another but especially from one level to another. So,

at excltation energles exoeeding 4 MeV there may be levels which
have 640} components equal to 3-5 % . It 1s unclear whether these
large fluctuations are due to specifio features of the 6404
state of to the hole=state fragmentation.

The account of the terms quasiparticle plus two~phonons which
is taken in the study of the distribution of the one-—quasiparticle
state strength results, firstly, in anincrease of the state density
due to the appearance of the solutions oorresponding to the fundamen-
tal poles quasiparticle plus two phonons and due to decreaslng ener—
gy of the states corresponding to the poles quasiparticle plus one
phonon, secondly, in an 1increase of the fragmentation of one quasi-
particle oomponents over the levels and in a decrease of the strength
fluctuation in the transition from one level te another.

The study of the fragmentation of the states quasiparticle plus

phonon and quasiparticle plus two phonons oontinues. As an example,
table 3 contains the fragmentation of six states quasiparticle plus

13



phonon over elght levels in 239U; We give only those components
which are larger than 0.01% . For the time being it is still
difficult to formulate the parficular features of the fragmentatl-
on of the states quasiparticle plus two phonons.

5. The model considered above 18 rather simple. It permits
describing the energy and the structure of nonrotational states
with a lower excitation energy than that at which there appear
fundaméntal quasipartid e plus three phonons. At excitation ener-
gles, at whioh the number of the fundamental poles quasiparticle
plus three phonons 1s large enough,'thé calculations with the wave
function (2) yield the strength functions rather the struoture of
4ndividual resonances,

The approximate method developed in ref. 17 18 found to be ve-
ry effective. Using it one has succeeded in obtaining approximate
solutions for more complioated oases when the wave function (2)
1s supplemented with the terms quasiparticle plus three phonons
and when the wave function consists of one-, two—, three-~ and
four—phonbn oomponents. Thus, there 18 a possihility‘of continuing
the study of the state structure at high excitation energies and
the fragmentation of components with large number of phdnons.

0f great interest 1s the study of the widths and the fine
structure of glant resonamces and the coupling betwegn these
collective statéq with different multipolarities. The model 1in
question and its modifications are found to be suitablé for solving
these problems. For example, colleotive states, such as giant
resonances in odd deformed nuolel, can be described by

W= 3 [0nd 8y« 3 R 0, )
YRZ: Jz 4 5 {2

+— 34245 + + - -

S Rw¥4.0;0;8; 1, .

.43

In this wave funotion we have neglected the one-~quasipartilcle
terms which little contribute to the wave funotion normalization.
The probabilities of - ray excitation for these states are
proportional to | Dz; it where Y. - oorresponds to the ground
one—quasiparticle state. The summation over J , . and g,
1s performed not only over oollective states of the type of glant
ragonances with different multipolarities, but also over low=lying
oolleotive states., The seoond and third terms 1in eq. (9) are
responsible for the width and the fine structure of the giant re-
sonance of appropriate multipolarity as well as for thelr mutual

influence, The model considered in ref. oan be used for the
study of the structure of glant resonances in doubly even deformed
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It 1s interesting to clarify how the giant resonmances affect
the process of fragmentation and thereby the structure of excited
states of energles lower than the energy of glant resonances, It
may be hoped that our model will be effective for answering this
question,

The suggested model cannpt cover the whole complexity of
highly excited states. Structure complications are, to a large
extent, due to the interaction of single particle motion with va-
rious types of ocollective and weakly collective motions, Therefore
it is neoessary to aocount for other collective states, such as
spln-multipole and Gammov—Teller states, glant resonances, eto.
Searches for other, not so clear-cut, collective branches at inter-—
mediate and high exoitation energies should be intensified,

Table 3

Fragmentation of states quasiparticle_plus two phonons over
eight levels of 3 U

State Comporents in peroent,
Configuration fund. Energy, MeV
pole,

eV | 1.52 2,02 2,09 2,20 2.32 2,52 2,53 2,54
6221 4Q(30)+Q(32) 2.49 | 12,1 - 75.9 - - - - -

6314 +Q(31)+a,(31)| 2.57 - 6l.5 -~ - 0.92 - - ~  0.16
6221 +Q(31)+0(32)| 2.74 - 1.0 = 58,6 0,06 = 0.80 -

6221 +Q(32)+q(55)| 2.90 - = = = = 79,2 0.44 20.3
6241 +Q(31)+Q(32){ 2,94 - - - = 0.38 5,75 0,97 55.1

6311 4Q(32)+q(32)f 2.96 0,38 -~ 0,06 0,15 0.64 0,01 40.4 6.16

6. We formulate the foundations of the general semi-micro-
scopio approaoh based on the operator form of the highly excited
state wave function aml estimate the contribution of some simple
oonfigurations in the wave functions of neutron resonances.

Within the framework of the semi-microscopic approach of the
superfluid nuclear model we construct 1171213 the wave function
of a highly excited state which is presented in the form of an
expansion in the number of quasiparticles. The state structure comp-—
lication with inoreasing excitation energy is seen from the fact
that in the wave function components with over-increasing number
of quasipartioles become more and more important. In construoting
such a wave funotion we start from the interaction Hamiltonian (1)
supplemented with other residual interaotions and employ the sing-
le-partiole states of the average field potential and the mathema-—



tical apparatus of the superconducting pairing correlation theory.
The wave function of the highly excited state of an odd—~A=-sphe-
rical nucleus is of the form

Yrmy=6d, ¥+ (10)
+ Z b; (d,m, 4,/ 57 )l_,':m, J.Lmzv‘j: ms Yo
JJads

A .
+ Fat g gt i) LS LT T e * +
L bl ,(J,, ,le Sy Mg Jy M, I "[J:MJJ,M;JJ;HTJ‘[JV'"'°Lj;/771‘ %
13 J3ydy

gy M

This expression should be supplemented with the terms having the
operators of palring vibrational phonons which replace the opera-—
tors (4. £/ mJz.0 + In addition, we can introduce explicitly in
(10) the operators of any phonons.

When constructing the wave function (10) we assume that the
density matrix 1s diagonal for the ground state of the nucleus. In
this representation the wave function of a highly excited state
must contain thousands of different components. The use of this
representation 1s physically justified. In the majority of cases
the formation of a highly exclited state occurs due to capture of a
slow neutron or a high—energy f*- ray by a target nucleus 1n the
ground zero-quasipartlicle or one quasiparticle state., Therefore the
expansion (10) seems to be performed in the basis functions of the
target-nucleus.

The operator form of the wave function is used in refs, 11,12
to express the reduced neutron, radiational and alpha widths 1n
neutron resonances in terms of the coefflclents b? « In this way
one formulates the problem of experimental determination of the
coefflcients b; . The coefficients b; can be found from the
spectroscopic factors of the reactions of the type (dp) and (at),
the B8 decay probabilities, gamma transition probabilities between
exclted states,etc.

Consider, for example, the one—quasiparticle components, The
strength of each single-particle state is distributed over several
levels. At low energies this fragmentation 1s manifested in (dp)
and (dt) reactions when some levels are exclted. With increasing
excitation energy the level density grows, and 1t 1s difficult to re—
solw them experimentally. Therefore, in ref.12 it is proposed to
determine experimentally the strength functions in (dp) reaction
with momentum transfer -1 and compare them with the strength

functions for p-wave neutrons. In thls way it 1s possible to study

s

.

the energy dependence of the strength function. The (dt) reaction
cross sections can yleld information about strength functions acco-~
clated with the hole state fragmentation. It is of particular
concern to clarify how the fragmentation of the hole state strength
differs from that of the particle state strength. There has appea-—
red first theoretical and experimental investigzations 0,21
study of (dp) reactions on unbound states. In ref.22 an attempt
has been made to obtain information on neutron strength functions
in deformed nuclei. In that paper one has not succeeded in obtaining
the values of the strength functions for fixed momentum transfers.

Let us comslder, for example a reduced neutron width which
can approximately be written in the form

ARV (11)

where the function &  indicates that the state J must he a
particle state. Knowing the experimental values of </;; > averaged
over a number of resonances it 1s not difficult to find / b!%.
For & ~ B, they are found to be the following: for nuolei Ca - Ni
1612 ~ 10> for Zn- Ba and certaln isotopes of Au and Hg /& /%~10°/0°
for Pb isotopes |b /%~ 10™=10~* for deformed nuclei /&%~ 10~0-10"".
Note that the values obtalned in refs, 12,13 are found to be under-
estimated by one-=two orders because of an incorrect interpretation
of the experimental data.

We now investigate in which cases the valence neutron model
1s valiq. The matrix element of the El1 transition from the highly
excited state described by the wave function (10) to the one-—quasi-
particle state JZny # 1s of the form

on the

' .t =Mt ' ‘ ‘
MUEL TN = f ) L (G M1 1y <1 P CED > -
- Qdgl. co . ) (12)
TIS‘_' Z (- 0 (J'm’.’zmz ] “)b:(-lfmj-lv’"rjlml)uj‘jl <Jz|[-(£,) [Jg>t )
J, Jz

where <j|/(E1)1i’> - 18 thesingle-varticle matrix element of the

El1 transition. The first term in (12) describes the El transition
in the valence neutron model, the remaining terms describe the

¥1 transitions from the three—quasiparticle components of the neut—
ron resonmance wave function.

Consider the E1 transitions from p-wave neutron resonances to
the low-lying states in 93!0 whioh 1llustrate the valence neutron
mod el 23 o Fig.2 gives the 9310 lowaiing stafes with the indica-
tion of the one—quasiparticle oomponent ocontribution and the three-~
quasiparticle states lying, aocording to the caloulations, in the

"



7.5~8.,5 MeV interval from which
Og,*Sys* Py, the T1 transitions can occur to
one—quasiparticle states. As the
d%’h"/’?% : shov bshells
— s, Ay, Py, calculations show, the su
T dsptdsyfg, 3Py, and 3Py,are relative to
5.06 eV and 6,81 MeV energies.
They are distributed over a large
3b-r——- Py, number of levels in a wide energy
interval, Due to this fragmenta-
tion the wave functions of p-wa-
ve neutron resonances near Bn =
= 8,067 MeV contain noticeable
one—quasiparticle components
3Py, or 3Ps;; , which are res—
/2% 0.32 Sy ponsible for the E1 transitions
in the valence neutron model.,

In addition, the E1 transitions
5/2t 0.12 dx@ proceed from three—quasiparticle
3/2* 0.51 dy, components which are due to
fragmentation of three—quasipart-
icle states { F1g.2). These com=
ponents lead to the violatlon
of the valence neutron model in
9o for the I” 3/2~ resonmances
which 1s confirmed by experimen-
tal data. It should be noted that
the violation is also due to
three—quasiparticle component

7.5~ 8.5 Mevy

2700

Y2* 0.64 Sy

5/2 * 084 d!/z

Fig.2 . ZI-transitions from
one-and three—quasiparticle
components of p-wave neutron

resonances to low-lying states
1a 220 admixtures in low-lying states.

The calculations show that in the
case of 99Mo near Bn there are no three—quasiparticle statgs from
which the E1 transitions occur to the subshells JFS#z ) 2a.,
and 2d, . Therefore in this case the valence neutron model
1s expected to show more clearly its validity.

According to ref.24 this model is quite valid for the El1
transitions in ( {7 ) reactlion on 36 3/2” resonances In the
(5-~225) KeV interval higher than Bn = 7.22 MeV in 1y,

A strong correlation (JD =0.59) between neutron and rggiational
widths is obtained. According to our calculations in Zry the
2p), subshell has an energy of about 7 MeV, and in the 6-8 MeV
interval there 1s not a single three-=quasiparticle state to

which the E1 transition from the ground state could occur. There—
fore in this case the valence neutron model 1s expected to work

well, However, in the 8 -3.4 leV interval we have the following
three—quasiparticle states: .

2dg, "2l * 15y, 25y, * 20y, * 2Py 20y \5;/2'2/772,211;/2’//7”:"3/4.}:0 which the
El transitions from the 2</;, state can vroceed. Therefore with
increasing exclitation energy the valence neutron model in (7 n )
reaction in 912r 1s expected to be less profitable.

In some cases experimentgl data on radiational widths permit
obtaining information about certain components of the wave function
(10). Of most convenlence are the ractions of the type (/%) ,
since the known structure of the initial state allowsone to get imdi~
vidual components in the excited state. In some cases it 1s possib-
le to obtain information about three-quasiparticle and five—quasi-—
particle components of the highly excited state wave functions. In
this respect the most favourable 1s the study of the El transitions
in 177Lu from neutron resomances with I 7= 13/27 and 15/27 to
three—~quasiparticle states.

Some simple oonfigurations were estimated in ref. 25 from the
experimental data on ( /7/* ) reactions by calculating the EI tran-
sitions from capture states to the low-lying ones, In these papers
the low-lyling states in 57Fe, 59’63H1 and in nuclei with N=28 and
82 are described taking into account quadrupole phonon admixtures.
It is shown that the components quasiparticle plus phonon in the
wave functions of the capture states are very important in the
ETI transitions to the low=lying states.

It 1s very intersting to clarify the problem about rotation
and the nuclear shape 1n highly excited states. On the basis of a
large amount of experimental information ( strength function be—
haviour for s— and p-wave neutrons, probabilitles for o and }*
transitions from highly excited states, spliting of the EI giant
resonance and others) 1t is possible to conclude that the shape
of spherical and deformed nuclei for the majJority of states does
not change essentlally with increasing excitation energy. The
problem of the shape of the excited states of transition nuclei
is more complicated. Undoubtedly of importance are direct measu-—
rements of the nuclear shape in highly excited states. Tp this
connection, the suggestion of Ostanevich 26 to measure isomer
shifts of neutron resonances is of great interest.

To clarify the particular features of nuclear rotation in
highly excited states in ref. 27 it is proposed to investigate
whether the KX forbiddenness in the J* transitions from neut-
ron resonances to low-lying states takes place or not. The study28
of the EI transitions in 177Lu from J[%= 13/2™ and 15/2~ resonan-~
ces produced as a result of S-wave neutron capture of Lu has not



shown any large enhancement of the EI transitions to low=lyilng
levels with large A compared with the transitions to levels with
small K , Hence it'may be concluded that A 1s not a good quan—
tum number 1n highly exclted states. It should be noted that
consideration of rotational motion in ref.19 has led to an increa—
se of the high-spln level denslty at €= mn by several times,
This points out that rotational motion 1s important in highly
excited states of deformed nuclel. However, 1t seems to be impossib-
le to distingulish it explicitly among other forms of nuclear motion

7+ At excitatlon energles close to the neutron binding energy
Bn and higher the wave function (10) contains thousands of vario—
us components., In many quaslparticle components of the wave funct-
jons the quasiparticles are distributed over bound single-particle
average fleld levels, and not a single nuclear of this configura-
tion is able to leave the nucleus. The few=quasiparticle components
are responsible for the nucleon emission. The many-quasiparticle
components of the wave functlion (10) correspond, to some extent,
to the quasl-bound state discussed in ref, .

Such wave functlons possess the properties of the compound
states introduced by N.Bohr. Our treatment of the highly excited
state differs from the Bohr conception of compound state. We are
based on the introduction of the average field and residual interac—
tions and use the representation in which the wave function of a
highly exclted state 1s a many-component one. In this way it is
possible to understand all the effects which are interpreted by
means of the compound state, However, with such an approach the
question does not arlse as to how such a complicated state is for-
med dynamically from a simple state due to nucleon or ¥- ray capture,

In ref.29 one puts the questlion as to whether all the compo~
nents of the highly exclted state wave function are small or among
them there are relatively large ones. The ways of experimental
discovery of large many-—-quasiparticle components of the wave funct-—
jons of neutron resonances are discussed in refs.lo’13 . At present

the most avallable way of clarifying the role of the many-quasi-
particle components is the study of Ely Ml-and E2-transitlons from
neutron resonances to states of an energy by (1.0-1,5) KMeV lower
than thelr energy. Possibly the probabllities for these transitions
can be estimated from the study of the subsequent alpha-decay of
the excited state ( e+g2s,1n ref.30 ), fission or neutrcn emission,
Observation of the §*- transition cascades, the reduced probabili-
ties of which are close to the single-particle ones,provides evi-
dence for the existence of large many-quasiparticle components in
the wave functions of neutron resomances and in states of inter-
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mediate excitation energy. Information about the magnitude of in-
dividual four— and six—quasiparticle components can be extracted
from the study of Y- transitions from neutron resonances to states
of intermediate excitation energy. For example, in ref, 1 {- tran-
sitions in Fe, obtained after capture of a thermal neutron, to
states of an energy higher than 5 MeV are studied.

It should be noted that the rresentation of the wave functe—
lon as simple and more complicated parts is widely used in trea-
ting excitation reactions of highly excited states. However, the
mathematical method of a gradual introduction of simple and more
complicated components should not be understood literally. It is
impossible to assign to this method the physical meaning of tran-
sitions from simple to complicated configurations.

REFERENCES

1) V.G.Soloviev, Theory of complex nuclei (Nauka,Moscow,1371)

2) Jde«E,Lynn, The theory of neutron resonance reactions, Claren-
don Press, Oxford, 1968.

3) I.M.Frank, Nuclear structure study with neutrons, ed.by Er¥
and SgWos, p.3, Plenum Press, 1974; I, Bergqvist, Nuclear
structure study with neutrons, ed. by Er8 and Szlcs,p.J,

Plenum Press, 1974.

4) V.Gilet, Nuclear Structure Dubna Symp. 1968,p.271,1AEA, Vienna,
1968; N.Clndro, 6th Intern.Summer School on Nyclear Physics,
pe. 600,1974; C.Bloch, Proc. of the Enrico Fermi School, Varenna,
Session 36 ( Academic Press, New York, 1966).

5) Proc.Intern.Conference on Photonuclear Reactlons and Applica-
tions, ed.by B.L.Berman, Oak Ridge, 1973; Proc. of the seminar
"Electromagnetic Interactions of Nyclei at Low and Medium
Energies® ( Nauka, Moscow, , 1973).

6) V.G.Soloviev, Izv.Akad.Nauk SSSR (ser.fiz.) 38 (1974) 1580

7) V.G.Soloviev, Nucl,Structure Dubna Symp. 1968, p.101, IAEA,
Vienna, 1968,

8) F.A.Gareev, S.P.Ivanova, L.A.Malov, V.G.Soloviev, Nucl.Phys.
AL71 (1971) 134; F.A.Gareev, S.P.Ivanova, V.G.Soloviev, S.I.Fe~
dotov, Particles and Nucleus 4 (1973) 134.

9) A.I.Vdovin, V.G.Soloviev, Ch.Stoyanov,Preprint JINR P4-~7814(0974).

lo)V.G.Soloviev, Second Intern.School on Neutron Physies, p.233,
JINR D3-7991 (1974); Preprint JINR P4-7046 (1973).

11)V.G.Soloviev, Yad.Fiz. 13 (1971),48; Yad.Fiz. 15 (1972) 733.

12)V.G.Soloviev, Particles and Nuoleus 3 (1972) 770.

13)V.G.Soloviev, Nuclear Structure Study with Neutrons, ed. by
Er% and SzlUcs, p«85, Plenum Press, 1974 .

21



14)
15)
16)

V.G.Soloviev, Izv.Akad.Nauk SSSR, (ser.fiz.) 35 (1971) 666.
V.GeSoloviev, L.AMalov, Nucl.Phys. A296(1972) 433.
V.G.Soloviev, Teor.Math.Fiz, 17 (1973) 90; A.I.Vdovin, V.G.So—

" loviev, Teor. Math.Fiz. 19 (1974) 275; G.Kyrechev, V.G.Soloviev,

17)
18)
19)
20)

21)
22)

23)

24)
25)

26)
27)
28)

29)
30)

31)

Preprint JINR E4-~7764 (1974),

L,A.Malov, V.G.Soloviev, Preprint JINR P4-7639 (1974).
A.I.vdovin, V.V.Voronov, L.A.Malov, V.G.Soloviev,Ch.Stoyanov,
Yad.Fiz, 19 (1974) 516; V.G.Sgloviev, Ch.Stoyanov,A.I.Vdovin,
Nucl.Phys. A224 (1974) 411. )

L.A.Malovy V.G.Soloviev, V,V.Voronov, Nucl.Phys.A224(1974)396;
Preprint JINR E4-7818 (1974).

E.Bang, V.E.Bunakov, F.A,Gareev, H,Schulz, Particles and
Nucleus 5 (1974) 263.

W.R.Coker, Phys.Rev. C7 (1973) 2426.

B.B.Back, J.Bang, S.BJornholm, J.Hattula, P.Kleinheinz,
JeReline. Nucl. Phys. A222 (1974) 377.

S.F.Mughabghab, R.E.Chrien, 0.A,Wasson, G.W.Cole, M.R.Bhat,
Phys.Rev.Lett. 26 (1971) 1118; O0,A.Wasson, G.C.Slangher,
PhyseRev. C8 (1973) 297

R.E.Toohey, H.E.Jackson, Phys,Reve C9 (1974) 346.

V.A.Knatko, E,A.Rudak, Yad.Fiz. 13 (1971) 521; Yad.Fiz. 15
(1972) 1132; V.A.Knatko, V.I.Nelayeva, E.A.Rudak, Yad.Fiz.

17 (1973) 262.

V.E.Ignatovich, Yu.M.0stanevich, L.Cher. Comm.,JINR P4=7296(1973)
V.GeSoloviev, Phys.Lett. 368 (1971) 199-

L.Aldea, F.Becvar, Huynh Thuong Hiep, S.Pcsplisil, J.Sacha,
SeA.Telezhnikov, Proc. Inter.Conf, on Nucl.Phys., ed. by

Je.de Boer and H.Mang, 1 (1973) 660.

Ve.G.Soloviev, Phys.Lett. 42B (1972) 409.

W.I.Furman, K.Nledzwlediuk, Yu.P.Popov, R.F.Rumi, V,I.Salatsky,
VeGePishin, P.Winiwarter, Phys.Lett. 44B (1973) 465.
Je.Kopecky, K.Abrahams, F.Stecher—-Rasmussen, Nucl.Phys.

A215 (1973) 45.

Received by Publishing Department
on July 17, 1974,



