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1. INTRODUCTION

In recent years, heavy~ion {HI) reactions induced by pro-
jectiles of mass number A5;30 have already been studied with
good resolution’!’. Eventhough the experimental data have been
analysed rather successfully in the calculations of phenomeho-
logical models, a microscopic. description of these processes
is of a great intérest for both experimental and theoretical
investigations Such a microscopic understanding of HI colli-
sions may be fourlded on the calculation of the HI' ifiteractidn
potential using a realistic' nucleon-nucleon (N~ N) interac-
tion’3/ Note that for this purpose the folding model /4 has
proved to be a very convenient formalism, where the potential
for HI scattering is obtained by averaging an appropriate N-N
interactipn over the nuclear densities of two colliding ions.
In such an investigation the nuclear structure information is

embodied in the nuclear wave functions that determine the: ground-

state apd transition densities, and it is possible to calculate
not only diagonal but also nondiagonal matrix elements of HI
interaction, so, one can consider either elasti¢ gr inelastic
scattering. )

In the present work, within the folding model, elastic and
inelastic scattering of 3-%He, ®Li and 160 from heavy spherical
nuclei has been studied with the ground-state and transition
nuclear deénsities calculated by the method of hyperspherical
functions’®’ and the quasiparticle- phonon nuclear model
for projectiles and target-nuclei, respectively.

2. DETAILS OF CALCULATION ) .
UsuafLy, in the folding calculations there are always two
basic ingredients . One is the construction of nuclear ground
state and transition densities within the microscopic modelsy
and the other is the choice of an appropriate effective N-N
interaction between the prOJectile nucleons and the target
nucleons. At first we give a brief description of the nuclear
density calculation in the method of hyperspherical functions
MHF) and the qua51partic1e phonon nuclear model (QPM). Note
that MHF and OPM have been applied to investigate HI scatter-
ing within the folding mpdel in refs./®- 84 More details of this
approach can be found_ig/8/ ~LOr. _example.
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2.1. MHF and the Projectile Densities

. / .

In the K-harmonics method 8/ the total wave function of

a mucleus with A nucleons is usually expanded in terms of K~
harmonics polynomials YKy(Oi) -

¥ A ¢ A—4)§1
1.2,...,4) = ¢ Kyyxy(f) Yx'y( 6,), (1)

_/5/ . . .
where y=[f]eLST 5. With the wave functions calculated in ‘the

K-harmonics method’®/ one can obtain the ground-state and tran-

31t10n densities for a considered nucleus of A nucleons, In the

present work we only consider the case of a-single excitation

of the nucleus—target, so the projectile is supposed to be in

its ground state before and after the collision. Therefore, only

the ground—state density of the nucleus-projectile of the form
_bA-—18

_16D (5A-11)/2) 2Ry 2
° val (5A-14)/2) r §5A—13

xi(‘f) a¢+
5A-18 (2)

A _ ) 2,2 2
8ArHI((GA-1D/2) £ 1%(£ - x x2(6) d¢g

37 I(GA-16)/2) ©  g°o~18

{

is included into the folding calculations of this “work.

2.2. QPM and the Target Densities

ft is well known that in the inelastic HI scattering at bom-
barding energies ~10 MeV per nucleon, usually, the low-lying
states of low multipolarities are excited Lfor example, 2, 37,
4%, 57... states of vibrational type in a spherical nucleus),
so one needs to calculate within QPM,'bes1des the ground-state
density, the transition densities corresponding to such exci-
tations in the nucleus—target. The general form of the QPM Ha-
miltonian is the following

HcHav .+H +HM+HSM , ' 3)

pair
where H , is the average field describing 1ndependent single-
partlcle motions; Hpa" describes the monopole pairing interac-
tion between the neutrons of protons'W{M and Hgy are separable
multipole and spin-multipole interaction terms generating the
nuclear excitations. The explicit form of the QPM Hamlltoplan
is given in refs. , for example. 'In the 'single-particle basis
calculation, the average field is taken as a Woods—Saxon po-—

tential. The potential parameter set used in the QPM and the

2
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pairing constants are given in detail in ref./lo/
bov”s transformation

- j—m
jm = ey, + (=) v a;_m , (%)

After Bogolu-
a

+ : :
where @ and a;, are the quasiparticle creation and annihila-
tion operators, one can obtain the ground-state ‘density for
a heavy (spherical) nucleus in the form: »
®=1_3 @+1) IR @©2v2.
0 4n ¢ VIR © vy (5Y
Here RIC) is the radial part of the wave function for a single-

particle state j=(n, £,j). In further calculations the nuclear
densities are normalized to

2
4n | po(,r)r dr TA' P (Y

where A is the mass numbér of the nucleus. For the calculation
of the wave functions. of var1ous excited states in the nugcleus-—
target the OPM Hamiltonian is' transformed into the ﬁhonon repre-
sentation. In contrast with some other microscopic models where
the phonons are introduced in a phenomenologlcal way, within

QPM the structure of phonons is calculated microscopically

in the random phase approxlmatlon (RPA), and the phoncns a;e
superpositions of various two-quasiparticle excitations

a5, v —zw Plat et 0y, -()A“‘ a2 1. ¥

i'm RIC U 1 ST 73
where Wb is the phonorr vacuum. In the one-phonon approximation,
i.e., in the RPA, the contribution from the term describing the
qu351part1c1e phonon interaction’® ig absent, and one has' for
an excited state in the nucleus- target.,X">-—Q+

Farther, if we define the nuclear transition ens1ty as

with the multipole expansion of the form
p(t) = 2 C, <y, MAuld, M, pAU)Y ©.4) (9)
/44

where the normalization constant CA is that defined in ref. .-
we get

py () =<3, ,\Er 8(r~r )1 Y)‘(Ok.sbk)HJ-,% (10)

In the case of single excitation of an even—even nucleus target

(Jg=A2 and J;=0 ), after some transformations one obtains
-~
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\ rized by the strong absorption’3/ i.e.,
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2.3. HI Interaction Potential

There are various types of the effective N~N interaction which
can be used in the folding calculations. In the present work
we have chosen the so-called M3Y effective N-N interaction”!l’
hased upon a realistic G-matrix. The HI scattering is characte-
the data is sensitive
only to the tail of the HI potential in the vicinity of some
strong absorption radius

T2y (tmy. 112)

'

173
R, ~15(A"° +A

In such an approximation the double~folded potential may be
written as

g -5 > - e 3
Up(R) = [ drydrgp, (1) ) py (r )V (T =R+1y —1, o . (13)
where p, and p, are the nucleon densities in the nucleil A
and.A respectlvely, V(r1 ),the effectlve N-N interaction bet—

ween nucleons in‘A, and nucleons in A2 The calcylation of six-
dimersional integral ’13) is very complicated in the coordinate
space, but if we work im momentum space, this 1ntegra1 1s re-
duced to a product of three one-dimensional 1ntegrals/ - With
the multipole expansion 9) on€e obtains, in the case of single
excitation of a spin-zero target, the following expression for

doubleé-folded potential (13) \ \
where
Uy R) = Lo f KBk, R) 0 35 (0 5170 (14)
and
g * z
f,\(}\c)=4n fr2drj, (kr)f(r). (15)
- N \
4

TN A R

e

v A

o

The M3Y interaction is *

B exp(—4r)_ exp (—=2.51)_ g
v(r) = 7999—217-—- 2134 5 5r 2625’(r12) y (16)

i

The inclusion of an explicit energy and density dependence into

(16) generally leads to a better consistency of the calculatlonal
results with the experimental data {see ref. /12/y | The elastic
scattering corresponds to A=0 in thése formulae. Further, Uy (R)
i{s taken as a real part of the HI potential into the cross—sec-
tion calculation. The imaginary part of the HI potential is in-
cluded phenomenologlcally so as to fit the data for elastic
cross—section. Usually/ / the imaginary optical potent1a1 is
supposed to have a Woods-Saxon form

Wy
W) = — B . a7
1+ expl (1-R v)/a 1’
A%
1 .
where R (A/3 1;3) Wy s Ty and a; are defined from the

best f1t to the elastic scattering data, In this case the ima-
ginary transition potential is defined by deforming the Wood s~
Saxon potential (17), i.e.,

Wy =gk O / (18)

The deformation parameter B - is obtained from the B(EA) values
scaled according to BR = const/4 In some cases considered in this
work, for the sake of simplicity, the imaginary part of the HI
potential is supposed to’ have the same shape as the real part
(in both élastic and inelastic channels). In such a simple ap-
proximation calculations have been performed with one adjustable
parameter a equal to the ratio of the imaginary and real ampli-
tudes of the HI optical potential.

-

3. RESULTS OF CALCULATION AND SOME DISCUSSIONS

The transition folded potentlal U(R) (14) must, generally,
be used in the coupled channel calculations for the descrlptlon
of inelastic HI scattering. However, as it has been shown in
other folding calculations’34/ a qualltatlve agreement with the
experiméntal data can be reached in the distorted-wave Born ap~
prdximation (DWBA), espec1a11y,1n the description of the lowest
2+, 37 excited states in the nucleus-target, which have a strong
one-phonon "structure 1,29/ In the present work all calculations
have been performed within the.DWBA using a modified version of |
the code pwuck /13 The imaginary potential parameters have been
defined from the best fit to the elastic data using an optical

»
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model program with the search package MfNUIT/lyiThe phonon am-

plitudes ¢ and ¢ have been calculated by -the .code RPAS/IG/
which performs the RPA calculations within QPM.

. 3,4 !
3.1. Scattering of ' He

Although the true heavy ions have mass number A>4, it 1is

of interest to study 2'*He scattering by using mictoscopic nuc-
lear densities for both the projectile and target. It should
be noted that in.recent years alpha scattering has been success-~
fully investigated in the folding model with different type's
of effective forces, sed, for example, ref /18’ The possibili-
ty of the application of the M3Y iﬁteractioRh;o the elastic
alpha scattering has been discyssed in ref. ~, The inclusion
of the energy and density dependence into M3Y interaction leads
to a better consistency with the elastic and inelastic ,da-
ta/17:18/ (In ref.’/!8 ap experimentsl nucleon density was used

for the alpha particle). Since in the first stage we are inte-
rested in a possible qualitative description of %'*He scatter-
ing, the energy- and density-~independent M3Y interaction {(16)
has been used in our folding calcubations. The results of our
calculation and experimental data’?0’ for inelastic cross—sec-
tion of system °He +2%8Pb at 43.7 MeV are shown in fig.1, The
structure of the first 2+, 37, 4% and 57 excited states in
has been calculated with the, set of interaction constants which
reproduces the excitation energies and transition probabilities
shown ind table 1. As one may see from fig.l, our calculation
gives”a gqod-description for the inelastic data excepting the
case of 4y excitation in 298Pb when the calculated cross-section
was multiplied by.factor 0.67 to reproduce the data. On the
whole, our results describe this reaction better than the fold-
ing calculation % with an effective interaction between the
helion and target nucleon and the microscopic”?! transition den-
sities for 208py target. (The results of this calculation re-
quire strong renormalization factors for all the considered
cases, for example, this factor is equal to 5.3 for the Aﬂ case;
Epd the calculated 5; cross—section cannot fit the data at for-

ard angles). Further, our calculation gives a rather good fit
to the elastic and' inelastic data’?2’of alpha scattering on
203Eb at 42 MeV (see fig.2) in such a simple approximation that
the imaginary potential has the same shape as the real one { X2
‘is reduced by a factor of about two using a volume Woods-Sagon
imdginary potential {(17)). From the two cases considered above
one may. conclude that the 3%e demsities calculated in the MHF
Are quite adequate to 'be used ip the description qf\elastic and
inelastic 3*He scattering within the folding model.
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Fig.1. The calculated inelas- Fig.2. The calculated elastir
tic cross-sections for *He#%8Pb and inelastic cross-sectiong
at 43.7 Mel. for ‘He+208pb qat 42 MeV.
' Table. 1

The structure of the low-lying excited states in the =
nuclei-targets calculated in the RPA

Target a Wyn(MeV) . B(EaD) (e*b™ < -
arge y - .
expt. calc. expte. calce RMS (fm)
_ A .
28y1 2* 1.45 1,75 0.066,0.099 0,083  3.823
604 2* 1.33 1.87 0.092,0.12 0,092 d
3" 4,04 4,27 0.016,0.,024 0,023 3.836
90zr 2t 2.19 2.63 0.06, 0,072 0,074
37 2,75 2.72 0,074,0.108  0.071+ 4.313
208p,, 2* 4,086  4.64 0.30 ¥ 0,02 0.301
3" 2.61 2.64 0.69 £ 0.05 0.695
a* 4.323 4,817 0.14 2 0.01  0.141  5.588
57 3.194 3.2 0.046%0,006  0.054 ‘




3.2. Scattering of 5Li

The scattering of ®Li is of a special interest because bLi
appears to be "anomalous' within the framework of the folding
model, where the folded potentials mpust be reduced in strength
by a factor of about two 423-25/i1 order to fit the dita. It
also has been noted that such an "anomaly" could not be
due to an unwise choice of density distribution fo? 5Li  and
it may be associated with the weak blndlng of that nucleus
(in ref.’2%/ the Fold;ng analysis using an experimental /28/ den-
sity distribution for ®Lj shows the same effect). In the MHF,
calculation with the N-N potential B7/27/reproduqes the mean
squared radius RMS=2.325 fm.and minimum in the form factor of
elastic electron écatteringgs/ q=5 fm~! compared to 'the ex-
perimental data (RMSexpt = 2.353 fm and Qexpt, = 5 fm~t ) for
61i nucleus. The nucleon den51ty of 8Li calculated in this way
w1th1n MHF has been used in the folding calculation??’ for elas-
tic 8Li scattering from different targets at not large bombar-
ding energies, and a qualitative description of these processes
has been obtained without renormalizing the strength of the
folded potential. In the present paper we con51der the elastic
and inelastic scattering of ®Li from 29Zr and ®®Ni at energies
34 MeV and 71 MeV, respectively. The structure of excited states

n %07 and 98Ni - - target's shown in table 1 has been calculated
w1th1n the RPA. Our calculatlon shows {see fig.3) that elastic
and inelastic data for -system 81Li+90Zr at 34 MeV 29/ can be
fitted rather well w1thout introducing a renormallzatlon coef-
ficient N. However, thé data for system 8Li+58Ni at 71 MeV
/80,31/ can be described only with introducing the coefficient
N (see flg 4). The fit to the elastic data gives ReN=0.53 and-
ImN=0.48 in the case when the shape of the imaginary potential
is the same .as for the real one. If a volume Woods-SaXon imagi~

nary potential (17) is wused, ¥” is reduced by several times,
and a best fit to, the elastlc data is obtained with N = 0.51,
Wy = 17.57 Mev, TV .198 fm, ay= 0.832. Note, that these

parameters are quite close to the ones obtained from folding
analysis in ref.’24/ Qur calculations have shown that inelas-
tic data can be reproduced only with introducing the same coef-
ficient N for the transition folded potential as for the opti-
cal folded potential. This is consistent with the conclusion
made by Satchler in ref.?*/ The imaginary transition potential
is obtained by deforming potentlal (17) with the value BR =

= const for the lowest 2" state in 38Ni taken from ref. /3“/Thus
the renormalization of the folded potential by a coeff1c1ent

of about 0.5 is also necessary in the calculation with °Li den-
sity from the MHF. (This is confirmed also in our calculations
of SLi elastlc scattering from different targets at 99 MeV /837y,
We note that the conclusion made in ref.’7{ from the descrip-
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tion of "Li elastic scattering’cannot be takén as ‘correct, and
some attempts to explain microscopically such an aﬁomalous Be-
haviour of the nucleus ®Li within MHF are now in progress,

°LiP7r

Fig.3. The caZcuZat\ed cross—
sections of 8Li scattering

34MeV

from %°7Zr at 34 MeV.
Fig.4. The calculated cross— "
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3.3. Scattering of O

The results of calculations and elastic.and idelastic data
for systems 100+80N; at energles 61.4 MeV /93  and 114 MeV 734/
160, 208Pb  at 104 MeV/3% aré shotm in figs.5-7. As one may
see from these figures, our calculations give a good qualita-
tive description for these teactions except for the case of 31
excitation in ®ONi ifduced by idn 180 at 114 MeV (see fig. 6).
(In this case the calculated cross=-section overestimates the 3
data by a factor of about two and it is not qnderstandable from
the folding-model point of view). It is of interest for calcu-
lations with the nuclear densities from the MHF to stﬁdy the

influence of different types of the N-N potentials on the cal-
culated cross-sections. An example of this is shown in fig.7,
where the cross—sections are calculated with two dlfferent
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Table 2

The binding energy (Ey), excitation energy of the monopole
resonance (Eg+), mean squared radius (RMS) and minimum

in the elastie form factor of electron scattering (1)
calculated in the MHF for some light nuclei-projectiles

Nucleus [y (MeV) Eo+ (MeV) RMS (fm) C{(fmd) llilzﬁepgit,en—
tial used

expt. calc. expt. calc, expt. cmlc, in MHF
*Ho 28.3  29.3  20.2 26,4 1.482 1.728 5 5.4 B1/32/
611 31.99  19.8 14,7 2.353 2,325 5 5 vi/?l/
%o 127.2 122.2 29.1 2.541 2,46 4 4.4 84732/
106,3 22.9 2.66 4 Bl

densities for 1%0. The ground-state density obtained with the

N-N potential B17/32/ £or 18g gives a better fit to the data (the
solid curves) than the density obtained with potential B4 /the
ashed curve). (Some nuclear properties of 80 calculated

with these two types of the N-N potential are shown in table 2).

4. CONCLUSION

The microscopic nuclear models (the method of/ hypersphericail
functions and quasiparticle-phonon nuclear model) are applied to
study the elastic and inelastic heavy-ion scattering within the
framework of the folding model. Results of our calculations re-
produce the experimental data in most considered cases and this
indicates the validity of further application of the MHF and
QPM to the HI scattering.

The influence of the microscopic structure of the wave func-
tions for considered nuclei on the calculated cross-sectlons

is discussed.

The authors are indebted to Prof. V.G.Soloviev and F.A.Ga-
reev for useful discussions.
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Nlao Tuew Kxoa, WnTukona K.B, EL-85-384
MukpocKonMuecKoe ONUCOHWUE DPOBCCOAHMA IErKMX MOHOS8
H2 TAMONLIX COEPpUNOCKNX AQPaXx .

MoToa runepchepuUsCrX GYHKUMMA U KBA3NMYACTUUHO-HDOHOHHAA Moaens npy-
MEHMIOTCA ANA MUKPOCKONMUOCKOrrO M3YUEHWMA YNPYrOro WM HEeynpyroro pacCeaHWus
TAKENWX MOHOB. MNOTEHUMAN B3AMMOAGHACTBUA TAMENWX MOHOB PaCcCUUTHBAETCA
D pamKax QonauHr-monenu ¢ a¢dexTuaHum M3Y HYKHOH'QYKHOHﬂﬂq asauﬁgaeﬁcrauen.
WayuawTcn paccennmn i , ®Li w 180 na waotonax N1y, 80Ny |, 90zp |
: Pb, flockonbry uHOOPMBUMA O AJEPHON CTPYKType COAEPHATCA 8 AQEPHMX BONHO-
BUX GYHKUMAX, KOTOPHE MCMONb3YNTCA ANA BHUMCNEHWA AfEpHBIR nNOTHOCTER cTan-:
KMBAKUMXCA AAEP, UCCNEAYETCA HEKOTOPOe NPOABMEHWe MMKDOCKOHM%éCKOM CTPYK-
TYPb BONHOBLIX dyHKUUit anep s Msyqaenuﬁlpeakuunx. PesynsTaTh pdcuetos

B uenoM xobowo BOCNPOM3BOAAT 3kchepuMeHTanbhue, AaHHBE ¢ YT ykasusaet Ha ,
xop

“HaaexddtTe ncgohbaoaaHun'Me76aa rﬁneﬂcwepwueqkuxnéyﬂxuuﬁ‘H“Kaaauuacruuud-

; 7 R ¥ [N

méuouubn moaeni AnAa MMKPOCKONMUECKOr O ONMGaHMA pacceaHns TAKENHX MOHO8B .
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e a The method of hyperspherical functions and the quaslpartiole-phon9n
. nuclesr mbdel are applied for migrosgoplc study of elastic and inglastic
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Mitroséopic’ Descriptioft of tiqght-lon Scasterina
from.He¥vy Spherigal Nuctei

Heyyy-ion 4cattering. Tho hoavy-lon Interaction potential Is calculated
Mithin the foldino-modol using tha M3Y effectivo nucleon-nuclea& interac-
‘tion. The scatterina of 3.4He Stiland ‘%0 jons from 98.60NI | 99Zr 5n4 .
208py has been studled. Since tha nucloar structure Information is embgdied
in, the nuclear wave functions that detormine the nuclear densitles of the
colliding igns, spome infludnce of the migroscopic nuclear wave functions
Qo the calculatod cross soctions has been Investiqated. Resylts of
cakculations reprodute the experimontal dats in most conslderedd cases and
this indicqtes tha validity of Furthor application of the method of hyper-
spherical functlions and tha quasiparticle-phonon model to the microscopic
desgription of hanvy=ion pcattaring.

The investigation has baon parformed at the Labaratory of Thearetical
Phystgs, JINR,
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