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I. INTRODUCTION 

In the last years many experiments have been perforôed with
 
heavy ions where the nuclei ~et very highly excited in deep

inelastic coilisions. One of the resplts of these investiga

tions is the fact that macroscopic nuclear properties change
 
with varying excitatíbn energy and that this modification in

fluences the reaction process (fission). On the other hand,
 
various theoretical attempts have been undertaken to descr~be
 
the temperature dependenc~ of such nuclear characteristics like
 
density distribution, size and shape of the nucleus, going out
 
from the nucleon-nucleon interaction where the temperature is
 
equivalent to the excitation energy of the nucleus. This change
 
of the nuclear properties is assumed to'be a consequence of the
 
washing-out of shell-effects with irtcreasing heating. ~n h{ghly
 
excited fragments the number of available singl~-particle states
 
and their width become ve r y T a r ge , Hénce, i t is not -po s s i.b I e to
 
character~ze the properties of separate nuclear states. But, as'
 

"it was pointed out by Bozzolo and Vary recently/l/, a realistic 
nuclear equation o f ' state for finite nuclei, which has been de
rived mictoscopically, would be of great inlportance for inter
preting physical phenomerta in heavy-ion scattering and high
energy particle-nucleus Golljsions. A first step in this direc
tion has been done by Bloch and di Dominics/21, who have intro
duced a theoretical framework to explain the .t he rma l behav i.ou'r 
of finite nuclei in the mean-field theory. This model has been 
extended to include the effects of super~onductivity by Hosel 
et a I . /3/, On the basis of this refined formalism Saue r et a l , /4/ 

calculated average properties self-consistently using a pheno
P.1enological Hamiltonian with a Skyrme force fOI th~ nllcleon

-,
nucleon ~nteraction. In a very recent paper Bo&zolo and Vary /1/ 

employed a real~s~ic microscopic effective H~miltonian with the 
spherical finite-temperatureHartree-Fock approximarion (FTHF) 
to evaluate .the thermodynamic behaviour of the nuclei 16 0 ,. 
and 40Ca . They found that the the~m~l respopse of these nuclei 
is substantially greater than that obtained with zero-range 
phenorneno Lo g i c al forces, and that t h í s e f f ec t is much more í m
portant for li~hter than for heavier ions. Generalizing the re~ 

sults of the numerical calculations they gave a parametrization 
of the temperature dependehce of the excitation energy and the 
rms-radius for each nuéleus considered. 

ü: --,:! 
'1 \' ,.::.lJ. 1 

J' ~~Uiq,lAti - . '" ..... >"( ",iA~ ~1::.1,'h , f" . 



In the present work we propose a quite other w'ay' to expl9re 
!I:~ 

thedependence of the density distribution and the nuclear ra
dius on exçitation energy without explicit introduction of the 
temperature parameter Tinto the calculational 'me t hc d . A col
leetive Hamiltonian with a realistic nucleon-nucleon interac
tion describes the nucleus as a many-particle system consistin~ 

of A nucleons. The solution of the corresponding Sçhrodinger 
equation can be utilized to investigate the variation of col
lective nuclear properties with increasing excitation energy. 
Of CDurse, it i8 necessary to point out that in such a type of 
calculation alI the energy of tqe nucleus is concentrated on 
one degree of freedom, especially the nuclear radiu8, while in 
the Thomas-Fermi-Model, by which the temperature has been intrb
duced in'to nuclear phys ic s, and in the Hartree-Fock approxima
tian the excitation energy is distributed over a lot of single
particle degrees of freedom. Consequently, one has to expect 
a stronger energy dependence of the nuclear size than 1t i5 
given by the mean-field theory. This distinction will be, dis
cussed when the results obtained by the two approaches are com-O 
pared in Sec.3. Besides,there will be presented an example for 
ths co~struction of the interaction potential of two exc~ted 

nuclei and for the application of this formalism to' t he Ln t é r-: 
pretation of inel~stic scattering of ions lending to high exci
tation of one of~hem. ~he main results of this paper ·are sum
marized in Sec.4 ..But before, the cheo re t í.ccf method used for 
the calculations is described briefly in Sec.2. 

2. TRE CALCULATIONAL METROD 

In this work the investip,ation is restricted to light nuclei 
up- to A = 16. In this range of nuclear masses it is possible 
to describe the nuclear properties in the framework of the hyper
spherical-function method/ 5

/ , Utilizing this approach the wave 
funct{on 'li of a nucleus with mass number A can be expanded 
in standard hyperspherical polynomials according to 

-t 3A -4)/2

'li = p L XK / P) YKy( 8 i ) (I)


Ky
 

~ith the no rmal i za t i.on condition Jx 2~P)dP = 1, where K is an 
analogue of the ang~lar momentum cal\ed the global momentum. 
The value of K characterizes the cho sen approximation used 
for the numerical calculation. In the present paper only the 
lowest order K = K . = A - 4 is taken into account . The sub

~ rnln 
s cr i pt y = [rJ f LST denotes a l l, o t he r quantum numbers of the 
'degenerate single-particle states. The ~ollective variable p 
is the hyperradius and the 8 i refer to the hyperspherical 
angles. The hyperspherical harmonics YKy(8 i) are the eigen-! 
2 

funct.Eon s of the angular part o-f t.he Lap.I ac.í.an for the many-: 
particl.7 s.y~-tem •.They 'obey the e~~at:ion A.~-lYKy(®')=-K(K1- !}YKfE}i)., 
TIle rad1al par t, of the wave funet on O} z s g1:yen by t'he, e-1r-ení 

functions of t he folJ,.owÍn-g operator eqaa t í.on ., 

ct2 LK(LK +1) 2m Ky _ 2m K'V·., _
 
~--.- -'-- -''- {E.+ Vi .. (p)Jtx . tp-)= '-- X W .. ~p'}X }.e-J.

dp2 :p 2 h Ky Ky R~ '- / Itr' K

i 

y. 
,. K)' i Ky (2 J 

w:fl~re the e-í genvaIues E are t he corres.pauding ener gy Level s 
of t.he nucLeus , :J:n eq, ~i) tfie mat r ix élements o-f ehe po t ent i a.I 
energy o-f t.he- nucFeorr-nuc Eeon. Lnter.act i oa are denoted by W~'y.êp).,
'.	 ~. y

the value o.f the angular momen t um L K 1.S de t'e rnri ned .hy t he re-

Iation L K=='K + 2~(3'A - 6}. .'Fhen,. -t.he radial wave func:.tions·x . €~r 
.. , Ky 

are used to, ea Lcu l at;e t he. ma t r í x elements .of the derrs i t y- opera~ 

t o.r. In the h.)lp~Tspherical-;f'unctiçmme t hod the raétial densi ty 
distrihucion takes the 

rr 5A.:- ,l!, )- oc 

2P: (R) _ 16 
lJ - -- --'---- J 

{" l~( 5A~1~_) R 

2 

rç&A .... l1 ) 
,g fft - 4) 2' .

·t 3" ----- --- 
'v'r; e, &A-..!?\ 

2 

where. the 'density e f 

fo-rm 
_\iK.--·16
 

(V 2:,.. R2) , i-
X.(p}X.~PJdp 

5A- ta r J 
P' 

.(JJ
.5A.-18

00 2 ----- 

r~ .!!.'~'P'~- R 
2

} 2 
-, 

x . ~ p) x) (J ). d {f • 
~ -;A=:t~~----- r	 .l

(J , . 

nuclear s t a t e s (díagonal '~~Flx e lement.s 
ío f t he dens.i t y oper ator ) s normal í aed accordi.ng t:,q / 

41lfp ~R)R 
2
dR=A	 (4 ) 

. jj: 

and t he rrps-rad~\;lS of each cstate canrbe obta i ned as f'eLkows 

4 
(P (R} R dR

R,2 h	 • (5J
'ij	 -----2--

Í't1i (RtR d'E
 

In t his way one ge t s t he nuclear sí z-e .as a ,funetion of t he exc i r 

t a t i on ene r gy of t he nuc l eus , and t i s. po.s s i b l e ta t e s t, t heí 

validi ty of the c.aLeuLa t.i on by comparing the resul t s for ' the ~ 
ground s t a t e wíth exper i rnerrta I da.t.a . FimIre 1 shows the effec"
tive. po t en t í.a.l 

2 h.	 (L 1;:U Kyh	 K. KV	 (P)=2m ~----- T w (p).
eff 'p2 Ky 

the energy leveis, and the 'first tfiree radial wave hmetions . 
fo';nd lJy sol,ution of eq,.i (2.) for the çorifigur;:{ti~n. ~~ép 1-2;,. or' 

'-	 3 
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Fig.l~ Effec.ti1~ potentiaZ fY'om eq, (2) f C?r' the nucl.eue 10U\" 160 
H)O -and the corceepondinq. radial. wave [unet-ione of
 
the-fiY'st thY'eeenergy leveZs. The horizontai Zines
 

lO0f/
150 Jinàicate the ~alculated eneY'gy states. 

110t.	 I f, 
I 

I 
1&	 . 

the nucleus O emp Loyi.ng the realistic nucleon-nucleon inter
60L I /
ac t i on potential B4 proposed by Brink an:d Boeker 1i}/. It í.s seBn f 

Ithat the shap~ aÍ the potential gets broader automaticaily for I 

40~ higber-lying energy states .. In the mean-field theory where OS-' I/~
'~{llator potentials ~re used for an effective descriptian of pl
the interaction this behaviour ,is sim~lated by perfoI.mbng a 'set 20 

o f numericaJ: ca l cul.a t í.ons for íncreasing' pacame t e r 'T wh í ch 
.co r r e spond s to a h í.ghe r exc í t'a t i on of the nuc Leus , Be s i.d e s , 

10 T(Mevl8 Rltml o 4 6 6 . {this	 formalism gives the correct shape of the radial wave func-
Ition	 r e la t ed t-o -the· var í ous exci ted stat'es. : )./ 

Fig.2. RadiaZ density disFig.3. EXQitation enepgy as 
tY'ibution of 16 0 computed with a function Q f nucl-ear tiempeva-: 
thenuc7eon-nueZeon interacture foY' the nucl.eue 16 O. I The·3.' RESULTS OF CALÇULATION 
tiçn Bl at: -uar-ioue excitation daehed 'tine pefeY's toeq. (6):J 

eneY'gies: t.he eol.id one «to fDY'rrlU La (7).In.,th:is· 'sec.tion the nume r caI r'e su l ts obtained for the micí 

leus	 16 0 are presented and -compa r ed with that of -ref. 111, At 
first it is of interest to have a look at the change of ~ije 

Then, the temperature dependence o~ ~he rns-radiu~ is. cqn'density distribution when the exc i t a t í.on energy var.i.e s , Fi 
sidered for two parameter sets (Bl a~d B4} of tbe nucleop-nucgure 2_shows that this distribution gets broader. and broader 
leon interaction and it s compared with, t hat descr i.b ed by t.heíwhen	 E * ihcreases. Due .to the no rma l z a t i.on condi tiori '(4) i t sí 

equationmaximum valu~ decrea~es simultaneously. In thé case of the t,.
 

fighest exc í t a t.í.on the density in the 'central r eg i on (R ~ R )
 -3 -2 2	 ~ 

nu c rms (T) = 2. 74 fm (.l *, 5. Ú, 1OMeV T) ,	 (-8 ).
is sosmall t.hat the nucleus no' 'Longe r ex í st s . r'ts ma't t e r is 

\
dissolved in. space what s char.act.e r í.zed õy a very La r ge tail'í 

which r e sul r s f-rQIU the ~ini te t ernpe r a t ur e Har t r ee-Tock met hodof the densi ty distribution func t i.on , Becaus e. the ne t hod desc
In either case the calculation perfo~med in the frameworkribed.above does not contain ~h~ parameter T explicitly it 

o f the hype r spher i.c a l.r f unc t i on method g i.ve s ·a more r.ap í d in';is necessary to convert tbe exc i t a tí.on e ner gy E * into t he tem
crease of tqe rms-radius for increasing temperature tnan 'it isperature T - for the aim of comparison with .the resul ts of other 
predicted by F:THF. This is dernons tra t ed in fig.4. The distíncauthorsr TÍlis cbnversion wa s dane in ·qvo ways us í.ng the pheno
tiort	 between our- two calculations consists in different' groundmeno-logicaI formula r e su'l.t i ng f r'orn" the Thpma.s:'Fern1i-}1o~el/71. 

4 .. 5 

2 3 ~ .~ ~ 
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, 
accoY'ding to formulas (e) 6.nd 

, (7)3 Y'espectiv.ely (comp~fig.3)$' .,.,,,,, in compar-i eori ioit.h that of 
Y'eJ. /1/ ( t hick- daehed l ine ) . 

Fig.S. Dependence of tne ~s~· 

radi i. on exei tat.ion cnerçnj j'op, 
t.he nucl.ei. 12C (i , l ' ) -' 150(2rZ' J, 
mui 16-0(3,3'). Thc dash-dotted 
l.i.nc reprceent:e t.he ,'i"'esul t (l! 

o 20 'O 8l ~ lO 100 E"U"V .;,'o:,::;olo and Fur?J /1/ 

state- radii:(for compa r í son . rms = 2.54 fm ) an~ inthe t e x p 
strength df the energy dependertce of the nuclear Slze. In par
t i.cu l a r , the po t e rrtd á l- BI cause.s a .s t r on ge r increase of the 
radius with energy than B4. . 
, In principIe, the same tesult is obtained if the phenomeno
logical formula (4) is used to convert E* into t. The most im
portant outcome which can be reported here is the f ac t t hat 
for the temperature corresponding to the binding energy of the 
nucleuseq. (8) determines a finite va l.ue o f the rrns-e r ad í us , 
whí l e' accor d i.ng to t he caLcu l a.t i.on pre s en t ed here the nuclear 
s i ze goes to infinity. This is equivalent to the di.s so l.v í ng 
of the nucleus mentioned at the beginning of this section and' 
reflects the' physical situation in a more realistic manner. 

6 

í' 

, 
s 

\'
I 
!' 
I 

\ 

The reáson for this õehavi-our is the treatment o f 'the probLem 
'5-0 t hat a l.l. excítation energy' is as sumed to. be ccincen.trated 
only ori one 'degree of freedom - the nuclear ràdiu~. A~though 

this assumpt i on means a very strong r es t-rí c.t í.orr on t.he Lot -ef 

1· possible excitations of single-particle degrees of freedam in 
i 

~~ 
the chaotic p-rocess of nuclear excitatíon, the final. result 

'~," '" :: 

is in .good agreement with the xeaLí t y . Finally, fig~5 shows 
the dependence of the rms-radius. on the excit.é,1.tion energy for 
the nuc Lei, 12C, H>D and 160 in comparison with the resu,lt for 

\, \ 16(} fo l.l owi.ng from t.he r e l ation 

rms(E*)= 2.-74 frn (I.Q056 + 6.51 
_ -1/2--

10 3- UeV v'E*+ 

r 
}, 

+ I. 89 I0-3- Be V-1 E *) /1/. (9) 

I' 
I 

The curves 1(131) and l"€B4) correspond to the nuc l eus 
func-tions 2(31) and 2'Ú34) re f e r 'to 15 0 , and t'he' curves 

12c,. 'the 
3(Bl) and 

3'éB4) repr es ent; the behaviour of the nuc l eus 16 0 . The b.racke t s : 
contain the ~hosen parameter set of the nucleon-nucleon inter

I' 
actioh. In either case the the~mal response of the nuclear ra
d í us ge t s substantially gr ea t er when the mass number A de.:... 
cre~ses. This is in agreement with th$ prediction foliowing 

~, from the calculation with a realistic'microscopic effective 
Hamil t on i an in, the mean-field theory. 

. 'I', 
'1 

" l of 
Asa neKt step it is interesting to consider the influence 
t he change o f the nuclear prope r t i e s -due to exe i t a t i ori -on 

r the í n t e r ac t i on "pot ent i.a I o f. two heavy nuclei .and on the t heo-: 
?I retical cross.sections for inelastic nucleus-nucleus scatter\fl[';. 

F'i r s t of a I L t.h í s éffect is expec t ed to pl ay ian í.mpor t arrt role 
for t he de scr í.p t i on of sueh processes in which g i ant r e soriances 
at abou t 20 'MeV ge t exc i t ed 'in t he nu~leus-nucleus collision. 
To inves~igate the modification of the int~~action po~ential. 
of 16 0 + 1{>,O at various t o ta I excitatión ener g-i.es o f the 'sy~tem 
and for d í f f eren t .dí.s t r i.bu t í ons oCthis ene.rgy,between the frar.
ments, the fo Ld í ng potential wi th Skyrme forc.es /8,9/ was ,cÓn

.'o 

structed using the calculated radial density 
180 . The result is presented in Fig.6. It is 

distributions of 
seen th~t the inT 

teraction potential Vo o for both the nuclei being in the ground 
state is the deepest orre. In principIe, it gets flater wiih in

<~ creasing excitation energy of the system, but the potential 
V01 + 01+ for 'both the f r agment s being in t he first excited state 

t, 

f-
I 
1 

is deeper than Vo O'T for the combí.nat i on in wh í ch one nucleus 
• 2 

is in the ground state and the other is i~ the second excited 
state, although the total excitation energy of the system is 
higher in the first case. This beh~viour may be explained ,by 
the different ,struct'ures .o f the wave functions charact e r i.z í.ng 
seyeral nuclear states which determine the radial density dis

7 
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system 1ôo + 16 0 • Dotted Irine: V-o o,solid line: V ü o t
 
dash-dot:ted l.ine: Vo + '()+ , daehed' line: Vo ()+. '1
 

1,' i ' ' 2 

-t r í.but i.on of the nuc l.eus and -consequently the f o I'd.i ng .po t ent.i a L, 10-2 

TheSB í.naerection po t ent í a l s weze c.a.Lcu Lat.ed for two t yp es of 
nucledn-nucleon interaction (Bl,B~) where in either ~ase the 
same 'd-ependence bn exc.i.ta t i.on ene r.gy was ob t.a-íned, ' 

A first attempt LO desériôe .rnicroscopically the angular
d i.s t r í.bur í.ou of inelasticnucleus-nucleus sca.t t.ez i.ng Laad'i.ng 
to the 'high excitation of one nucleus was undertaken for the .... ,
 

systems 12C(3He. 3He) rl~CO~ E 12 '0+ = 20.3 M~V at the Lnc í.den.t -3
10 I 

_ 1 C 4: 4 0+ 12 _ 30, zo 2 

: 

4910 20 SOElc.m: 10ener-gy E 3. - lD8 -MeV, and 2c ( He, He ) C, E 4 0+ -20. I HeV
 
H-e / fIe
 

at 'E 4 = "65 MeV 10~ 'lhe r e sul ts shown in figs. 7 and 8 are in
 
~e 

good acc0rdanc~ with the experiment~l data. This means that \
 
i t- ís' neces sary t o take intó account the ef;fect of nuc l-ea r ex Fig. 8. Croee eeet-ione of the ,~ 

: 
I 

c ita t í.on in .e rde r to calcu'late cross sections of i ne l as t í.ç inelasÊic sca~tering Df ~
 
í 

12C at E 4 = 6-5 MeV/ 12~ ,
 fnucleus-nucleus sca t t er ng, 4He + 
1 
I" He I 
I/ The curves have iihe some mean- 10-31 ! ! , ,I 1 

" 10 20 30 ze 50Sem,ú:tg as in figo 7.
4. CONCLUSIONS' 

I' ". ;;nThe predictinns for the nuclear behaviour at e~citation 'gi  method gives a greater thermal response of lighter than f~r
f~ 

ven by the approach described above differ f rom r e suI ts hased I.', heavier nuclei.' The consideratioR of ~he modification Qf nuc

9n mean-field t~eories. E~pecially, the present calculation :" lear properties for excited nuelei allows us to describe in

leaqs to a dependence of the rms-radius on excitàtion energy e l a s t i c nuc Leus-rnuc l eus s ca t t er í.ng "processes microscopically 
so t.ha t the 'nuclear size goes to i.nf i.n i t y when t he excitation in good accordance with experimental data. ~ 

energy of the nucleus reaches its b1.nding energy, while the The authors are indebted to J.P.Vary for stimulating dis
mean-field theory predicts a finite value. In agreement with cuss ion at the beginning o f t.h í s work . l-lé wish to thank R. V. Jo
'FTHF using a realistic microscopic e Ef e c t i.ve Hamiltonian this los and Nguyen Dinh Dang for uae f u-ls.cornmen t s , ' 
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8 06~eAHHeHHOM HHCTHTyTe RAepH~X HCCfleAOBaHHH Ha~an 
B~XOAHTb c6opHHK "Kpam?<ue coo61.4eHU.R OH.HH", B HeM 
6YAYT noMe~aTbCR CTaTbH, COAep~a~He OpHrHHaflbH~e Hay~H~e, 
Hay4HO-TeXHH~eCKHe, MeTOAH~eCKHe H npHKnaAH~e pe3yflbTaT~, 
Tpe6yiO~He Cpo~HOH ny6nHKal.IHI-1, 6YAY~H ~aCTbiO 11Coo6~eHHH 

OH~H", cTaTbH, eoweAWHe a c6opHHK, HMeiOT, KaK H APYrHe 
H3AaHa.~R OH~H, CTaTyc o$HL.1HanbH~x ny6nHKal.IHH, 

C6opHI-1K "KpaTKI-Ie coo6~eHHR OH~H'' 6yAeT B~XOAHTb 
perynRpHo, 

The Joint Institute for Nuclear Research begins publi
shing a collection of papers entitled JINR Rapid Communi
cations which is a section of the JINR Communications 
and is intended for the accelerated publication of impor
tant results on the following subjects: 

Physics of elementary particles and atomic nuclei. 
Theoretical physics . 
Experimental techniques and methods. 
Accelerators. 
Cryogeni cs . 
Computing mathematics and methods. 
Solid state physics. Liquids. 
Theory of condensed matter. 
Applied researches. 

Being a part of the JINR Communications, the articles 
of new collection like all other publications of 
the Joint Institute for Nuclear Research have the status 
of official publications. 

JINR Rapid Communications will be issued regularly. 

Cayne r., WHTHKOBa K.B. E4-85-44 
3aBHCHMOCTh CBOfiCTB RAeP OT sueprHH B036Yllt,tleliH.II 
B MeTOAe rHnepc~epHqecKHX ~yHKUHfi 

Uen:&JO pa6oThl .RBJIReTCJt HsyqeHHe saBHCHMOCTH pacnpeAene
.HHft nnOTHOCTH H cpeAHHX KBaApaTHqHbJX P8AHYCOB nerKHX RAeP OT 
SHeprHH B036~eHH.II B MeTOAe rHnepc~pHqeCKHX ~yHKUHA• TeMne
paTypH&R saBHCHMOCTh 3THX CBOfiCTB AnR · l~ c~eCTBCHHO 6on:&me 
qeM Te pesyn:&TaTY, KOTOpble nonyqeHbl B TeopHH cpeAHero nonR. 
B qacTHOCTH, pasMepbl RAep CTpeM.IITCR K 6eCKOHeqHOCTH, KOrAa 
3HeprHR B036~eHH.II 6nH3Ka K 3HeprHH CB.113H, B TO BpeM.R KaK 
B APYrHX TeOpHRX 3T8 BenHqHHa HMeeT B 3TOH cnyqae KOHeqHoe 
saaqeHHe. J~AepHo-.fiAepHhlfi noTeHUHan B3aHMOAeAcTBHR, nonyqeH
Hbdi C yqeTOM HSMeHeiUIR CBOACTB B036~eHIIbiX RAOP, nosBonReT 
onHcaT:& yrnosYe pacnpeAeneHHR Heynpyroro pacce.RHH.II HOIIOB 
B paSYMHOM cornaCHH C 3KCnepHMeHT3nhHhiMH AaHllbiMIIo 

Pa6oTa BhlnonHena B na6opaTOPHH TeopeTHqecKoA 1\)HSHKH OIDUl 

0peap11111' <Mhoe,q~~BeBHOro HHC:'I'IIT}'TA QePHWX HC:CJie,QOBaHIIA, JlyfSHa 1985 

Saupe G., Shitikova K. V. E4-85-44 
Excitation-Energy Dependence of Nuclear Properties 
in the Hyperspherical-Function Method 

The dependence of the density distribution and the rms
radius of light nuclei on excitation energy is investigated 
in the framework of the hyperspherical-function method. The 
thermal response predicted for 1~ is essentially greater 
than the results from mean-field theories. Especially, the 
nuclear size goes to infinity when the excitation energy of 
tbe nucleus reaches its binding energy, while other theories 
give a finite value in this case. The construction of nuc
leus-nucleus interaction potentials taking into account the 
modification of the properties of excited nuclei allows us. to 
describe the anp,ular distributions of inelastic nucleus-nuc
leus scattering in reasonable agreement with experiment. 

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