


1 Introductlon

The drstorted wave methods (we use this termmology for dlfferent versions o{ the drs-< '
5 torted wave Born approxrmatlon coupled ‘channel methods, etc.) have been very useful

- forthe descrlptlon and 1nterpretatron of elastic, inelastic and direct reaction experimen: -

"tal data at low projectile energies. - The elastrc scattering data in such methods play |
" in some sense an auxiliary role to establish the parameters of the optical potential.
" Further the distorted waves, calculated with the best fitted optical model parame-

i ters, are incorporated for the calculations of the correspondrng amplitudes for different

. processes. Therefore the interplay between the elastic scattering and different direct

processes in such calculations is hidden. It is well known that the reactions depend not
only on the nucleus-nucleus potential which determines the relative motions, but also
on the reaction form factors, This means that the structure of amplitudes for elast\rc, )
scattermg and inelastic scattering are nonidentical. GE

With' increasing the projectile energies the theoretical treatment of strongly cou-
pled collective states can be srmphﬁed because the energy of the collective states is
small as compa.red with the incident projectile energy. This gives strong arguments for
applyrng the adiabatic approximation at intermediate energies.. Drozdov [1] and Iu-
opin [2] introduced the adiabatic approximation for the inelastic Fraunhofer diffractive -
scattering from strongly absorbing nuclei within a sharp radius R with the quadrupole
surface deformation or quadrupole surface vibration. Further Blair {3] extended this’
method for deformations of arbitrary multipolarity and obtained his ‘well-known pha.se
rule explortrng the asymptotic properties of Bessel functions. The Blau' phase rule
was exploited very successfully to establish the parity and the: angula.r momentum for
~ collective states from the experimental cross sections. At Rofk > 1'one can get the
relations between the cross sections of the elastic and inelastic scattering data ({urther,}
data-to-data relations in accordance with terminology from [4]).

Data-to-data relations have been derived for proton-nucleus scattering in [4] at‘
intermediate energies and for large momenta transfer starting with an eikonal expres-
sion for the amplitude and exploiting the asymptotic properties of the corresponding
integral and the nuclea.r property via the method of statlonary pha.se neglectlng the
Coulomb interactions, ' :

Data-to-data relations have been established (5] for the isovector giant dipole res-
~ onances and isoscalar glant quadrupole resonances in the Coulomb rainbow region of

the angles and a very good agreement with data is obtained.

In this article we will investigate the question of validity of the data-to-data rela-
tion between elastic and inelastic scatiering cross sections in the Fraunhofer diffractive -
region of angles and for grea.ter angles in. the presence of nuclear ’ ra.mbow-hke” phe- -
nomena. Qur aim is to investigate the problem: how the presence of the form factors
in inelastic amplitude modifies the corresponding cross sections and does the presence
-of the pronounced nuclear ”rainbow-like” effects in the elastic scattenng ensure that
the same eﬂ'ects wrll be observed in the rnelastlc scattenng
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2 General rélatic)ns

i)Here we have summarized the results obtained by Amado et al {4] flsing 3
distorted wave impulse approximation with the eikonal treatment Q{ the dxst(?rhm}r z;ln
stationary phase method exploiting the asymptotic fprm‘o_f the B?ssel fun.ct;c);n. bus

ihe inelastic scattering cross section in terms of the elastic scattering one 15 given by
AL Iz EE'_I | b, P(L—-z) bezp(21ra§>/R)(| bat | q)zod(Hq +9), (1)
4 : :

,’ 'Uin,L(Q) =l ",_'7,"

'» ﬁhere b,; is the impact parhmeter‘ at the stationary point given by
' byl bu|c* = R+ima, @)

| w1th R the nuclear radius and the skin thickness parameter approprate to a Fermm
distribution , S .

| By, o )

: wl;ere ®=(L- 1)¢> 4+nandn=0 foi‘ odd L ‘a‘nd' /2 for even L. "I‘.his is the g‘eng;;al
- result of [4] as we will show below. It relates the inelastic cross sechion for ex;\f.atan

“of a collective state of spin L at angle §.to the cross section for glastlc scattering }a{t

the ‘a'ngléﬂ +<I> J/ERin terms of purely kinematic factors and the overall strength of the

p(r) = Po[1‘+ eap(

o

~ excitation | Ap 1%, determined in the Tassie model {6]. In ref.{4] it has been shown that .

in the cases of 28 Pb(p,p’). and ** Fe(p,p') at E,,:SOO-Msz data-to-data asylllnptoi.xc

" formulas (1) reproduce the data shape and general 1nagmtudev‘.exc¢p@ at sma a;;gﬂ es

~ where the Coulomb interaction is dominated and the asymptotic apprqx.lmatlo.u st;-
‘ii)In the framework of the Drosdov-Inopin-Blair model {1, 2, 3] the inelastic sca

" tering cross section, under the condition Rokf = Rog > 1 (Ro is a strongly absorblflg

B sharp radius), can be rewritten in terms of the elastic scattering cross section:

2L+lfz_:_ui

i) = B gpou(Reg ), @

'--,.,f,\.n;ﬁére = n/4 for even L and ¢, = —7/4 for odd L. oo .
k ﬁi)ﬁ'L\ve c!nsider the elastic and inelastic diffractive scattering from the potential

.“V(r)

' V(‘r)w: Vo, r< R=Rs(1+ ZHLMYLQ);
: - LM ’ .
V(r)=6, > R, . : (5)

‘in the Born approxim#tion with plane-wave initial and final wave functions, then we

' can re-express the results of ref{7] in the following way

onsl8) = 2 3 1< EM e [ 005 (RoaoalRog + 4. (©)

MM

We would like to stress that expreséions%(l); (4) and (6) are quite similar. They are

obtained for the strongly absorbing case except (1) where a more flexible model is used.

. 2.

All formulas show clearly the geometric origin of the elastic and inelastic scattering. -
We see the connection between cross sections of elastic and inelastic scattering and can
understand why the use of optical potentials which accurately fit the elastic scattering _
is expected to give good fits to inelastic angular distributions. An accurate fit of
elastic scattering gives accurate distorted wave functions, both in the outer region
of the nuclear surface and at larger radii, and in these rtegions the wave function is
fully determined by the ny, (S = nrezp(:26.)) parameters of elastic scattering, rather -
than by details of the optical potential. It is generally assumed that the Fraunhofer
diffractive eclastic scattering is not sensitive to the detailed shape of the absorption
potential W(r) for distances smaller than the radius of strong absorption R,,, and

that W(r) here is more or less arbitrary, as long as it gives the necessary absorption.

Moreover, the period of the Fraunhofer diffractive oscillations is determined by the -
radius of strong absorption: A@ = 7/kRqp,. It iz possible to introduce the corrections
[8, 9] due to the Coulomb interaction and the diffuse edges of the nuclei, the latter -
correction leads to the additional factorized damping factor into the expression for the .
amplitude and makes the cross section fall more rapidly as the angle § increases. ' :
In the derivation of formulas (1), (4) and (6) we used g | b, | and qR, large.
Therefore they might be expected not to work for forward angles. ' )
Amado et. al. [4] show that the asymptotic formula (1) gives an excellent descrip-
tion of the data shape and general magnitude (for the excitation of the 2.6 MeV 3~
and 3.2 MeV 5~ states in 2% Pb by 800 MeV protons) except in the forward direction

- as expected. The authors write that ”we have also seen that data-to-data formulas .

do even better job of fitting the details of the data and remove some inadequacies in
the simple asymptotic data.” We believe that this conclusion is true for.a wider class -
of processes, where strong absorption and refraction will concentrate theexcitation

_mechanism on the surface. It means that it is very interesting to use the data-to-data

formulas for different probes in a wide region of projectile energies.

3 Surface reactions

In this section we will follow a Glauber-like {eikonal approximation for the distorted -
waves) approximation to analyse the excited states in heavy-ion collisions at interme-

diate energies {10]. In this approximation the amplitude for transition from the ground
state | 0 > to the excited state | LM > is given by '

fre(®) = ’——-—2:;1!) / PN < 7 LM | Uyo(A) | 700> dF,  (7)

" where

() = % A U (VIET )+ Un(VIE T E)dz. | _ ®)

The authors of ref.[10] used the tpp approximation for the nuclear interaction and
parametrized the nuclear densities by Gaussians

= @)



which are sufficiently good for our purpose. We can now rewrite the result of {10
slightly modifying the notation (using (Fo 7) = (Jeb) = gbcos):

‘ (=2 (=] ]. d Y, . )
fni8) =i/cBL/0 dbbJur{gb)e™>® .[_wder-;-Z;p(r)PLM(G)z , (10)

where By, is the excitation strength and p is the effective nuclear density obtained in
the folding procedure

B Y (3) el
e(r) = 213/2—_(1;32/7(01)/7(02)3 I, (11)
o? =aol + a3, (12)
() = 1) = ¥ /_ o(VEF BYdz. (13)

We may conclude that the transition amplitude (10) has th.e.sa.me form as mhref.
[4].except. ihat we used the Gaussians (9) for the nuclear d.ensmes while the aut or:
in [4] used the Fermi distribution (3). Therefore all conclusions of [4] are also co?r;c
for data-to-data relations in our case provided that R — Reb,, and ma — Imb,.- For
the case of a 1~ state we obtain an extremely simple result exactly asin 4}:

S2p Ly - (19
)=l 1P e
@ = 2 ou@

‘We do not expect the eikonal approximation to be correct for the (?escriptim‘) of t:he
nuclear rainbow scattering where the conditions of applicability -'Qf thlSﬂ apprgm;xatnon
do not fulfill.  Nevertheless we can use the eikonal approx1matlor'1 for quah'tatlve es-

 timations to establish the data-to-data relations in the nuclear rggbow region at the
angles where the far-side amplitude is dominated over the near-side one. It is easy to
et formulas similar to (1). o ' o
8 It is very interesting to stress that the data-to-data relations for the excxtatlc{ns of
_ isovector giant dipole and isoscalar giant quadrupole resonances have been established

" in the Coulomb rainbow region of angles.

Therefore we can expect that for a wide class of surface reactions, if the transition

densities can be approximated by the Tassie-like form,. the data-to-data relations ;vﬂl
fulfill in a wide region of angles except the angles involving ?.he strong Coulomb-nuclear
interferences. 'We will below restrict ourselves to the cpns1dera:t10n of the cases when
nuclear rainbow-like phenomena are present in the elastic and inelastic scattenng.

4 Test of data-to-data relations from experimental
‘data |
In Fig.] the ;:ross sections of elastic and inelastic scattering 20 412 ¢ at different

projectile energies (the experimental data are taken at E=240 Me\{ {rf>m gn] and at
E=360. 1016 and 1449 MeV from ({12]) are shown. The angular distributions of the

elastic and inelastic scattering have similar features: a diffraction structure at small '
angles, followed by an exponential fall-off-with increasing slopes when the projectile
energy increase. It is interesting to note that these slopes are different for elastic and
nelastic scattering: the exponential fall-off is faster for the elastic scattering than for
the inelastic one. In the diffraction region the data satisfy the well known Blair phase
rule. In our recent analysis of elastic and inelastic scattering of *He on ?C at EfA~
25 MeV/A [13, 14] we have shown that the behaviour of the cross section at angles
beyond the diffraction oscillations corresponds to rainbow scattering (this question will
be discussed below). '
The data were analyzed by DWBA and the best fit parameters to the elastic scat-

_ tering are given in table 1. The analysis has been carried out by using a six-parameter

Wood-Saxon potential including volume real and imaginary parts. ‘The inelastic form
factors for the 2% state were chosen proportional to derivatives of the optical potential,
the coefficient of the proportionality being equal to the deformation parameter B4
taken as’a free parameter (see table 1). The calculations reproduce 'both elastic and
elastic scattering very well. SR , o L
Table 1. Parameters for Woods-Saxon type optical potentials used for describing
the elastic and inelastic scattering data 2C +¥* C. K LA e

E(MeV) .-V r} ay -W rw aw 2—{-‘;—,’, A—{ﬁ;

240 260 1.012 1.016 29.00 2.060 0.753 272 111

360 170 .1.333 0.836 29.57 2.058 0.663 245 = 108

1016 130 1.368 0.889 49.34 1.767 0.692 208 122

1449 100 1.221 1.171 59.99 1.757 0.633 176 142

EMeV) %(01)/5(2) B o &
240 4.2/13.0 0.4 03 0307
360 3.0/2.9 0.4 0.3 0.327
1016 ].3/3.7 0.4 0.5 0.381
1449 3.7/7.8 0.45 1.25 0.455

*)R; = riAp'?,rg =19
Let us return to the data-to-data relations and rewrite formula (1) in the simple
notation

Gimild) = arouly +8q) : J (19) ‘

in which the quantities oz, and §g will be extracted from comparison of the experimental
data for elastic and inelastic scattering (see table 1).. The results of these manipulations
are shown in Fig.2 where the full lines correspond to the genuine inelastic scattering
data with excitation of the 2* state; and the bullets, to the calculated ones from
(15) by using the elastic scattering experimental data (the elastic cross sections were
multiplied by a normalization factor s and shifted to &g, see table 1). One can see

. that the genuine inelastic cross sections and calculated ones from (15) (we will further

call the calculated elastic cross sections according to (15) as modified ones) coincide

very well with each other.

-Therefore the abdve-men@ipned facts tell us that the form factors of the 2% state
in 12C have the surface character and are equal to derivatives of the optical potential.



m of excitaﬁon of the 2% state is the same as 'for ei)la:stlc
scattering, the presence of form factors in the amplitude of inelastic scattering brings
ca . .

;,n additio?nal factor q multiplied by the strengt_h of 2* excx‘tatlo.u. e neas.

The decomposition of the elastic and inelastic cross sections into the neh end for
ide cross sections is shown in Figs.3-4. The solid curves correspond to t ;'ahmelm('ic
mcait(;;ing cross sections, the short dashed curves m F}gs.3a, 3c,‘ 4a, 4c,' to s ::hz -
. ttering cross sections multiplied by the normalization coefﬁcxent: gy axixf e o
ficalie:nognes in Figs.3b, 3d, 4b, 4d, to elastic scattering cross sectlon:' sh ti._e 1(;8 (t(i]é
ot ' ' - and far-side cross sections lor e
: lied by or2g®. One can see that the near- an T |
mu(:{t;i]:fa(,isti(:)’ sc;iter'mg are very different ‘while ihe corresponding dz(l:lom;;)sedr [c‘:lrlce):z
” - es.
i 1 i lose except at small an
) the inelastic and modified ones are very ¢ .
ﬁ;::};czrat zma.ll angles are due to the Coulomb+nuclear mfterft;lrence eifzc.tin ot
g j in Figs.5-6 for the case "4, ,
: Its of the same calculations are shown in ' ; '
'—"21‘1}1(; \;e:;a:d 318 MeV [16]. The parameters of optical potentials were take}l fr:)}r:;
[l; 16] (see table 2). One can see that we can make the same conclusmns‘as or
) A .
case 2C +1 C.
Table 2. Parameters for Woods—Saxgn .ty;:z
the elastic and inelastic scattering data Li+ C. ; .
E(MeV) Voo ay ~W rw aw A4z
210 113.5 1.305 0.793 :34.2 1.682 0.784 298 160

; This means that the mechanis

and far-

e optical potentials used for describing

ApAp _

318 1225 114 0.902 27.6. 1.706 0.914 .280 148
E(MeV) %(0%) fo o & \

210 3.9 034 02 045

318 2.7 05 04 045

*)R; = T‘;ATIIS,T‘C = 1.9

The results for the case ‘
parameters of the optical potential were t

" -extreme in the sense that data.-to—datt? 1€ o
nevertheless, the data-to-data formula gives reasonable co

3He +12 C at E=72 MeV are pictured in Fig'.7. Th'e
aken from [17] (see table 3). This case 15

" and inelastic scattering at the rainbow angles. It is desira
system at higher energies.
_Table 3. Parameters for Woods-

" {he elastic and inelastic scattering data 3He 4% C at E=72 M?YT

aw Wp- TD ap. .
1.268 0.55.

* . -W rw
N E MeV) -V N rv ay
o (72 1128 1,103 0.831 458 2.17 0.98 - 9.9

%(oﬂ/%(z*r) B o &g

- i Tw
Vso. Tso 050 Fpir ApAz
"70.39 1.264 0.107 4PB7 161 . 6.4/6.3 0.5(’5‘ 0.3 0.391‘

. *)R‘ ='1".'AT113,T‘C =1.25 o

‘We hope that the data-to-data relations
surface nature will be held too. I
to-data formula for the ,expgrimental

lations are hardly applicable (A=2.4 fm.),‘
rrespondernce between ela.stl'c ’
ble to é@ﬁdy collisions of this .

Saxon type .optical potentials used for describing

between elasti¢ and the direct reactions a
n Fig.8 the results of calculations by using3 the»daﬂ.a—
data of charge-exchange reactions HC(He, t)N

(0%,2.31MeV), *C(®He, t)* N(1¥,3.95MeV) and elastic scattering are shown (=0.012
and 6g=0.493). The correspondence between the elastic cross section and charge-
exchange ones is again reasonable at the rainbow angles (the similarity between the -
elastic scatiering and charge-exchange reactions was considered in [13]). If this cor-
respondence is not accidental, then it gives good chances to extract the information *:
about the form factors of charge-exchange reactions at intermediate energies.

5 Conclusion

.- Elastic scattering of *He, ®L7 and 2C on '2C and corresponding inelastic scattering of

these systems with excitation of a low-lying 2* state of 12C have been studied in a wide
region of angles and energies. Our results seem to provide the following information.
We demonstrate that the strong absorption and refraction will concentrate the
excitation mechanism of 2+ on the surface, and due to this surface nature of the
excitation, thesc phenomena should be geometric in nature, therefore it gives arguments
for establishing the data-to-data relations between elastic and inelastic scattering cross -
sections containing the inelastic coupling strengths, some geometrical factors. The
presence of form factors in the inelastic amplitude brings an additional factor for' the
inelastic cross section which is equal to ¢* = (2ksin(1/26))?. This explains why the
slopes of exponential fall-off for ¢ > 1 are smaller for the inelastic cross sections:thvé\.n
for the elastic ones. ) S R ST
Impressive success of the data-to-data relations for ¢ > 1 in the description of -
inelastic scattering confirms the well-known sensitivity of inelastic scattering to the -
surface and tail of the form factor. This gives additional criteria to establish the
presence of rainbow phenomena in the surface-dominated inelastic scattering. If the
rainbow criteria are fulfilled for elastic scattering (see {17] for a detailed description
of these criteria), then the rainbow-like phenomenon has to be observed for inelastic .
scatiering with the excitation of collective states. We suspect that this conclusion
will be true for direct surface reactions too. At least, one example of charge-exchange
reactions seems to support this expectation. We come to the conclusion that the
inelastic scattering and direct surface reactions data at intermediate energies will give

+ further evidences for discriminating some ambiguities of optical potentials and the

corresponding form factors.

The data-to-data relations were obtained within the eikonal approximation while |
the analysis was carried out at sufficiently low energies (F/A >20 MeV/A) by using ihe
DWBA approximation and existing experimental data. It seems that either the eikonal
approximation has a wider range of applicability, or the data-to-data relations could
be obtained from more general approximations for the surface-nature direct reactions.
The impressive success of the data-to-data relations clearly shows the usefulness of this
type of relations. Further application to other systems is in progress. ‘

The authors are grateful to profs. M. Buenerd and H. Bohlen for providing exper-

_ imental data. .
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