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1 Introductioi1 

The discovery of n.uclear rainbow effects in direct nuclear re~tions [1J-[4J opened 
new pOBB:ibilities to investigate internuclear interactions at shorter distances. Contrary 
to the elastic scattering, a reaction crOBB section depends not only on the nucleus­
nucleus potential, but ~ on the reaction form factor. This gives a chance t6 test the ., . 
wave functions of the nuclei participating in. a reaction at small distances corresponding .. ' '-

. to the rainbow trajectories. The form factors themselves on ·the other hand, also 
influence the contribution of the various partial waves to the cross sectioq, so that 
the reaction becomes a supplementary tool for exploring the nucleus-nucleus potential. 
Both aspects were do~umented in our studies of the reactions (3 He, t) and (6 Li,6 He) 
on carbon isotopes (2; 3; 5, 6J. . . . . . . . 

One of the simplest processes in which rainbow effects could be expected is inelastic, 
scattering. Rainbow-like behaviour of the differential cross sections both of elastic and 
inelastic scattering, beyond the oscillations of the Frauenhofer forward-angle diffraction 

\ has been 'observed in some studies, such as [7]-[11], although there was no special 
analysis of rainbow phenomena in th~se works. . · ' · 

Results have however been reported (4J where the nuclear rainbow was observed in 
the elastic and single-nuclt,on transfer angular distributions of 12•130 on 120 at E=20 
MeV /A; but.not seen in the inelastic scattering of these nuclei for'the 2+ (4.44MeV) 
state. For some reason the inelastic excitation· was reduced in the interior. As an 
explanation the author~ (4J suggested that inelastic form factors for 12•130+120 are more 
narrowly surface localized than form factors taken proportional Jo the first derivative 
of the optical potential. 

In previous publications (3, s; 6J we have analyzed the character ofrainhow effects 
in the interaction of 3 He with carbon nuclei. A strong dependence of the measured· 
angular distributions on the radial behaviour.of the form factors in charge-exchange . 
reactions (3 He, t) was established .. This leads us to expect that for inelastic. scattering 
the cross section should be sensitive to the radial dependence of the form factor ioo. 

In spite of the presence of a nuclear 'rainbow, potential ambiguities remained in our 
previous analysis of elastic data, hut appeared partly ·eolv'ed w.hen a fii to both. ~laetic 
and charge-excliange data was required. With the aim of exploring these questions· 
further special experiments were carried out to measure the.inelastic ecatteriug cross 
sections of3He +12 Cat 72 MeV. 

2 Measurements· . 

The measurements with a beam of72 MeV (lab) helions were carried orit at the 
ieoclironous cyclotron of the Kurchatov Institute of Atomic Energy. The inelastically. 
scatter.ed particles ~~re detected with a (b.E-E) telescope. Self-supporting targets 
of carbon were used .. The conditions of the experiment were sinillar to those of the , 
previous study of elastic scattering of 3 He on carbon isotopes [3, 6]. A brief report on 
the experimental data was given in (12]. . 
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3 Analysis .. of 3H e +12 C inelastic scattering data 
and the role of a nuclear rainbow 

3.1 Conventional analysis with the A2 potential . 

Figure 1 gives the measured differential cross sections of elastic and inelastic scat-· 
·tering 3 He +12 C with excitation of the low lying 4.44 MeV (2+), 7.65 MeV (o+), 
9.64 MeV(3-) states of the target. The angular distributions of the elastic and inelastic 
scattering have similar features: a diffraction structure at small angles, followed by an · 

· almost exponential fall-off with approximately· equal slopes· in all cases and finally. the 
region at very large angles in ·which rather strong oscillations reappear. In the diffr~­
tion region the data satisfy the well known Blair phase rule. In our recent analysis of 
the ela..,tic scattering [6] we showed that the behaviour of the cross section a.tangles 
beyond the diffractive oscillations, corresponds to rainbow scattering. Fig. l shows the 
elastic scattering calculation with ·the potential A2 from (6]. Thus the very shape of the 
angular distributions for the 4.44 MeV 2+-state indicates qualitatively that inelastic 
scattering oe' He on 12C at E/A~25 MeV /A contains distinct features 'of the nuclear 
rainbow. . 

To substantiate this. inference'we have carried out quantitative analyses of inelastic 
scattering 3 He +12 C with excitati~n of 2+ and 3- states, both within the DWBA-a.nd 

. , coupled channels approximati~~ (CC).~. · · · 
The relative motions were described with standard form Wood~Saxon and deriva­

tive ·optical poten.tials. · The be.st c.me-chanel fit pa.ramet.ers (A2) to the elast..ic scattering 
a.re given iri table· l .' For. tlie imaginary pa.rt a combination of volume and surface ab-
_s_orption was adopted~ the most.adequateforni [2, _6r. · . . .. 

Table' 1. Parameters for Woods~Saxon type optical potentials used for describing 
the elastic scattering data 3 He +12 Cat E3He = 72MeV.. ·· · · 

N ~V rv*> 'av' -W rw" aw · Wv· rv av 
A2 · 112.5 0.860 ·• 0.830_ ·3.50 ·. 2.69 0.452 · 5.65 1.1_6 0.411 
A4 112.8 · 1.103 0.831 4.58 2:17 0.98 9.90 1.268 0.550 

N u · .!!L.. , k < 2 >1/2: < 2 >1/2 x.: , . vso rso .aso . 3A 3A . rv . rw . . · N CTR 

A2 0.31 . 1.40 0.191 275 125. · · 3.44 . 5.05 3.8 · 962 
A4. _0.39 '1.264 . 0.107. 437 161 3.65 4.64 6.4 • 1065 

*) D. . Al/3 , f . f r A .... ,. = r; T , re= 1.4 m; re= 1.25 m 1or. 4 
. - " - - . . 

As a starting point we' choose inelastic fonn factors· (for the 2+ · ~d 3- states) 
proportion to derivatiyes of the optical potential . . . 

, FLd(U;R) = PL!LdW;_R) = UhRv/~~) (1) 
' • • ' C ~ "., / ' 

Thia is, ~ ~- well known, the lea.ding t~rm if i,;. collective ~odel description were appro-. . 
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priate. The transition to the mor~ complicated o+ state was left out of our analysis in -
this paper. 

The deformation para~eter ih was taken as a free parameter. The values of (32 

and /33 as well as deformationJengths f3LRv obtained_below (see tabl.2) are in good 
agreement with the results of other authors; for example [9, 13]. The authors· of [13] 
found for the scattering a +12 Cat Ea=l04 MeV the value {J2 Rv = 1.07 ± 0.05 fm. In 
our case the corresponding values fall between 1.02 to 1.41 fm for different choices of 
the potential. · 

Table 2. Renormalization of optical model parameters for elastic and inelastic scat-
tering 3 He +12 C from DWBA to coupled channels analysis. · 

J7' V W Wn /31 f31Rv p~~Y · ~ 
o+ 112.5 3.50 5.65 - - 3:9 

DWBA 2+ - - - 0.56 .1.10 · 1.33 14.8 
3- - - · 0.35 - 0.69 0.83. 23.8 
o+ 113.1 2.72 ·. 5.58 · 10.0 

cc 2+ - - - . 0.52 1.02 1.23 11.7 · 
3- - - - 0.33 0.65 0.78 20.5 
o+ 112.8 ' -4.577 9.904 6.4 

DWBA 2+ - - - 0.56 1.41 1.70 · 6.3 
3..:. .- - - 0.35 0.88 1.06 24.9 

The results of DWBA ·calculations with optical pot~ntial A2 and form factors 
FLd(A2; R), for the inelastic scattering to 2+ ·and 3- states are shown in Fig.2a by 
solid lines. The potential A2 proposed by us in (6] reproduces very well the _elastic 
scattering 3 He +12 C, and its analogues B2 and C2 also the (3 Ii e, t) reactions on 13G 
and 14G. The fit to the inelastic scattering data is not quite as good as for the elastic 
(see discussion below). ·• _ . . _- .. 

To reveal the presence of the nuclear rainbow effe~t in the inelastic ·scattering, we 
'used the standard decomposition of the scattering amplit~d~_into nearside and farsid~ 
compon'ents and as a test we also put _the imaginary part_ of the. potential equal to 
zero in the farside component. As can be seen in Fig. 2a the cross sections at a~gles 
~ 30° - 100° are ma.inly connect;d with the farside ~omponents (long-dashed lines· 
in Fig. 2a). If the absorption is removed, the cross sections in this region increase· 
significantly and form broad shoulders. A remnant of this is present in the experimental 
data. In the near-far d~composition of ihe elastic ~c~tteririg [6], a p;ominent bump in 
the same domain of the elastic ang~lar distrib~tion was identified with a rainbow Airy 
maximum. The Airy maximum in the farside components of inelastic cross sections 
as W-:-+0 turns out to be less prominent than for the elastic scattering .• This reflects 
the influence of the form factor on the contributions of different partial waves to the 
rainbow maximum. 

Thus, the analysis of-the experimental data: on ihe basis of "standard" DWBA 
calculations substantiate our previous qualitative conclusion: The inda.stic scatterings 

:;; 
;..,; _-4,' 

I 

J 
l 
J, 

·J· 
:,\ { 

l 
.l 
1 ' 
'1 ' I 

t 

l 
\ 

! 
:1 

I 
! 

....-... 
,.0 

E.-10-1 

C 10 -:-2 

'"d_ 
-~ -3 
b 10 

'"d 

3
He+ 12C E=72 

•• • -~. . ... .. , .... .... 
•• 

• ·~. .. • • 

•v 

\ .. ,. .......... . 
......... . 

~.;.. 

• •• 

.... 
• •• 

• 

.. 

•• • 

••• 

• ·• 

•• 

•• •• • 

. ·· ... 
• 

• • •• • 

•• 
• . . • 

2+ * 

•• 
• • • • 
ff''.* 

• + • • 
. .... 3~ * 10-15 . . . . '•• 

•••• 
10 -B - 1,,,,-.-,----.,- -Q . I I I JI I I I I I I I I I I I 

50 100 150. 
®cm 

li'ig _1. Ex~eri111ental elastic and inelas~ic cross · · 
_sections He+ C at E=72 MeV. Theoretical . 
cross section for optical potential A2 are shown 
by solid line. · · · ' 

5 



1
0

° 
lf

T
"T

T
"T

"T
"M

''T
"T

--
,-

,r
,-

n-
.,.

.,.
.,.

,.-
,-

.,.
...

,..
,.-

r,
--

.-
,r

,-
,..

.,.
.~

~
..,

;.
...

 

10
 

I I I 
<T

F 
(W

=O
) 

/ 

··. 
, ..

...
. •

·•
···

···
···

· ...
. / 

~ 
...

. 
3

-
* 

1
0

-•
 / 

10
 -

I 
h-

T
T

"T
"T

"M
''T

"T
""

T
""

,..
.,.

.,.
..,

..T
'"

T
'..

,..
.,.

..,
...

...
.,.

..,
...

,..
.,~

,..
.,.

.~
~-

-
0 

50
 

10
0 

E
le

m
 

15
0 

· F
ig

 
2a

. 
D

W
BA

 
In

el
as

ti
c 

an
g

u
la

r 
d

is
tr

ib
u

ti
o

n
s 

fo
r 

th
e
 o

p
ti

ca
l 

p
o

te
n

ti
al

 A
2 

(s
ol

id
 l

in
es

) 
co

m
p

ar
ed

 
w

it
h

 d
at

a.
 

N
ea

r-
an

d
 f

ar
si

d
e 

cr
o

ss
 

se
ct

io
n

 c
o

m
p

o
n

en
ts

 '
 

ar
e 

sh
ow

n 
b

y
 s

h
o

rt
-

an
d

 l
o

n
g

-d
as

h
ed

 
li

n
es

 .
. 

. 
co

rr
es

p
o

n
d

in
g

ly
. 

T
he

 
d

o
tt

ed
 · 

li
ne

 · s
ho

w
s 

th
e 

ta
rs

ld
e 

co
m

p
o

n
en

t 
ca

lc
u

la
te

d
 l

ea
vi

ng
 o

u
t 

th
e
 i

m
ag

in
ar

y
 p

a
rt

 
of

. o
p

µ
ca

i 
p

o
te

n
ti

al
. 

T
ri

an
gl

es
 

co
rr

es
p

o
n

d
 t

o
 

th
e 

n
ea

rs
id

e 
co

m
p

o
n

en
t 

ca
lc

u
la

te
d

 w
it

h
o

u
t 

th
e 

im
ag

in
ar

y
 

p
a
rt

 o
f, 

th
e 

ex
it

at
io

n
 f

o
rm

 
fa

ct
o

r.
 

· 

-.!:l s --- C
: 

. '
"O

 

'­ b
 

10
 

I 
r 

I I
 

I 
I 

I 
I 

I 
R

eF
=O

 

\ .. \ 
\ \ 

\ 
\ 

\ 

'"O
 1

0 
_, 

•.
\ 

Im
F=

O
 

10
 _

, 

10
0 

15
0 

0
cm

. 
Fi

g 
2b

. 
T

he
 

se
p

ar
at

e 
co

n
tr

ib
u

ti
o

n
s 

fr
o

m
 

re
al

 
· 

(s
h

o
rt

-d
as

h
ed

 l
in

e)
 

an
d

 l
m

ag
in

C
ll'

Y
 

(l
o

n
g

-d
as

h
ed

 
li

ne
) 

p
a
rt

s 
of

 
th

e 
in

el
as

ti
c 

fo
rm

 
fa

ct
o

r 
(p

o
te

n
ti

al
 A

2)
 

to
 

th
e 

· i
n

el
as

ti
c 

2•
 c

ro
ss

 
se

ct
io

n
. 

· 
' 

d
a/

d
O

 
(m

b
) 

.....
 

.;
.,

. 
_

. 
·_

. 
.....

 
_

. 
.....

. 
0 

,o
 

0 
0 

0 
0 

0 
0 

.....
 

.....
 

.....
 

.....
 

I 
0 

0 
0 

0 

"' 
0 

(
)
 

0 ~
 

1-
d 

\ 
.....

. 
(t

) 0.
. 

t:c
:l 

()
 

II 
P

" 
-'1

 
'p

) 
rv

 
:::1

 
:::1

 
~
 

(t
) .....
. 

(D
 

t/
l 
~
 



40 

--- f:82 
H 

----~ 
~-10 

.,.,;""-·-',?~ 
... ,?' 

/"-

,-...... 
S-i 

----

A2 '\:_;,.J'/ 
A4 Rs.a. 

.._,..._.__.._.._.__._,__,__._.._'-'-'-'-'-'---''-'--'-..L..J--60 
o· 

50 

25 

_: 

-· "- ·. FBl 
\ . 

FB2 ·. \ . 

\ 

4 8 

~ 0 s 
I--( 

A4 
.c_ 25 

Rs.a. 

8 
r 

Fig. 4. Comparison · of derivative . inelastic . . 
form factors for potentials A2 and A4 (short-dashed 
and solid lines respectively) with model independent 
form factors based on A2 potential. Dotted and long 
dashed lines correspond to first FBl and second FB2 
way of including Fourier-Bessel series. 

8 

~ 
1\i• 
, l 
;.,' 
:, 
( 

1 
I 

i 
d .i'~ 

"Y 
i 

of 3 He +12 C ~-t E=72 MeV with the excitation of severalkiw lying states;of th~-taig~t 
contain the presence of a nuclear raiub~w. The general d~scription'~f the inelastic 
cross se~tion's obta.iited with. the A2 p~tent.ial and a 'derivative excitatio~n .forlri :f~tons 
satisfactory, but. looking at. details there is room for improvemrints in particufai'at sni~ 
~ngles. Compared wiih both the exper11i1ental data. and the· calculated el~titangclar 
distribution, the· diffractive oscillations of the calculate.cl inelastic 'dos~ ·sections are 
too pronounced and rapid: Moreover, the oscillations cover _the whole angular rang:. 
This disagreement niay be cured by (i) replacing the DWBA by 'a. CC treat;;.Jni; 
•(ii)modifying tbe recipe for the inelastic forn~ factors, (iii) replacii1g :A2· 'l;y'~i~th~r 
o·ptical potential, ·or·some combination of (i~iii). We have explored thes·e possibilities. 

3.2 .· Co~pled ~hannels ~alculations . ,, ;.; 

Coupled'channels calculations of elastic and inelastic cross ;e~tioiis··were·d6ne for 
the o;.,:;2+ and 3-: states. The-results are shown in Fig. 3 in•comparison with th_e 
experimental data. The same rcnorinalization of optical potentials was performed ih hlf 
-t.he included channels. · As a result, the real depth of the potential was alm~t unchanged 
but the imaginary part was decreased' due· to the explicit' inclusion of''t.-wo 'inelastic:' 
states '(see table 2). This results in a slight difference between tbe DWBA'a.n~ CC 

-form factors, using ( 1 ). In comparison with DWBA, the coupled channels calculations' 
dampe1{ed the micillations somewhat, thus slightly improved the description for the 2-+: 
state (the x2 value.decreased, see in table 2). For the 3- state the agreement. did not_ 
bec01ne noticeably better. Thus the coupled channels calculations practically did not 
improve the description of i1iclastic cross sect.ions. We obtained similar resiilts for the 
other. elastic-equivalent. potentials· of• [ 6]. · The main· disagreement, the high frequency 

· oscillations,-was not removed. · · · • 

3.3 , ·Deficiency of the A2 'derivative form 'rac~Ol" 

:. · The imaginary form factor •part derived from the A2 potential by· ( 1) becomes 
nonmonotonousiu the region of the strong absorption radius (R,.a.. ~ 5.5fm) (short,· 
dashed line. in Fig .. 4): This leads to a modification of the distorted .waves by the 
form factor in the diffraction region which consequently lead to the appearance of the 
enhanced oscillations; absent in the elastic scattering cross section. This is illustrated . 
in· Fig. , 2b where individual contributions from the real and ~1aginary parts of the 
form factor to the inelastic 2+ cross section are shown .. At small angles the imaginary 
part is dominant, which becomes immediately clear from direct comparison of the form 
factor parts in the vicinity of R,.a.. (Fig. 4). 
. The enhanced.oscillatory structure can be understood from- the fact -that the far 

and. near• colllpon~nts. of. the inelastic cross. sections interfere although with· varying 
sirength, .throughout t~e. whole angular range. The crossover takes .place at:.about 
0 ,=.20° :(Fig: 2a) b.ecause: the nearside component of the inelastic cross section falls 
d<>i.;._IU~re . .slo~ly}hlln)n-,thc elastic; usually the_crossover angle for the reactions lies 
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near 0° if the Coulomb t?Xcitation is riot included into the form factor ... If we take 
out the imaginary part of .the inelastic form factor from the calculations, the nearside 
component of the cross section. will decrease more rapidly (triangles in Fig. 2a) and 
the crossover points _move close to 0° .. 

Thus the simple. recipe of the potential. A2 together. with. the derivative form fac­
tor (1) does not quite give the correct (asymptotic) behaviour at and beyond R,.;,,. 
which shows up in an unsatisfactory reproduction of the inelastic scattering diffraction 
structure. The rainbow bump in the. inelastic scattering is however well reproduced 
implying that at smaller distances the forn1 fa:ctor is quite adequate. 

Potentials with larger real part volume integrals than A2 were less favored in [6] 
because of lower quality reproduction of the (3He,t) reaction data although they also 
gave high quality fits to the elastic scaUering. We have tried. to possibly trace the 
lack of a fully satisfactory agreement with inelastic scattering data at small angles to 
a deficiency of the A2 potential, i.e .we reconsidered other sets of paran1eters. 

The existence of several potentials• which, though being considerably different in 
the radial region relevantfor "rainbow" effects, reproduce the elastic scattering data 
not only in the diffraction region but also in the rainbow region, has been attributed . 
to. a new kind of the· optical· potential· ambiguity discovered by us (5, 6} and called 
the "V-W" ambiguity .. Refractive and absorptive power can outbalance each other, so 
that if the ratio V(r)/W(r) is nearly the same in the "rainbow" region the positions of 
rainbow maxima remain nearly. t.he: same for all potentials .... 

We have found an alternative potential A4 starting from the real part of a potential 
[8] which reproduces the angular distributions of elastic and inelastic scattering 3 H e+12 

Cat E=82 MeV (table 1). The A4 potential gives a somewhat inferior detailed fit to the 
elastic scattering compared with the A2 po_tential,_thus is not quite elastic-equivalent, 
but gives the same position of the rainbow bump in the far-side component without 
absorption as is shown in Fig. 5. To make the slope of the cross section steeper, a 
stronger absorption than that of the A2 pot~ntial was introduced .. The insertion into. 
Fig. 5 shows the ratio V(r)/W(r) for the A2 and A4 potentials; 

Fig. 6a gives the results of DWBA calculations of the inelastic cross secti011s us­
ing formula (1) with·the potential A4, including the near-far decomposition.· The A4 
potential gives an improved· description of the inelastic scattering with • the same de­
formation parameters as chosen for A2.' For the A4 potential the farside and nearside 
components are separated considerably and the crossover point has moved to very 
small angles. The contribution frorii the ima.ginaiy pa.rt of the form fa:ctor becomes 
both weaker and less oscillatory (see Fig: 6b); The.role of the real part of the· forni 
factor becomes more significant not only in the rainbow region; but also at small angles 
compared with the A2 potential (Fig. 2b ). · · 

It is useful to compare form factors derived from· the A2 and A4 potentials.in order 
to understand better the origin of the improvement 'of the theoretical inelastic cross 
sections in the latter case. Fig: 4 shows that the imaginary p'art of the form factor 
derived from A4 is monotonous and less. significant tha~ the real one in the. regioii 
near R,.a.. compared with the case of the A2 potential.· As a result;· the' modification· of 
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the inelastic scattering amplitude by the for~ facttir derived from A4 does not lead to 
additional oscillations in the cross sections. · ·· 

Thus in the framework of the simple derivative form factor, the A4 potential may . 
be preferable for a simultaneous description of both the elastic and inelastic scattering 
a.a compared to the A2 potential, although it is somewhat a matter of taste. The two 

· 'potentials are definitely not elastic-equivalent. 
We have mostly discussed the excitation of the 2+ state. The case of the 3- state· · 

gave the same qualitative results. 

3.4 Model independent inelastic forin factor 

A m~del independent analysis of inelastic scattering has bee~ discussed, for example 
in [101, where a Fourier-Bessel series was added to the real collective f~rm factor. An 
analogous investigation of the complex inelastic form factor is carried out l1ere by 
adding Fourier-Bessel series {for generality) to both the real and imaginary·parts of 
the derivative form factor, · 

N N 

FL(R) = {h(ff(U;R)+ Lani£(qnR)+iLb,.i£(q,.R}). (2) 
n=l n=l 

Her~ jL are spherical Bessel functions, gn = mr/ Rcut and Rcut a cutoff radius beyond . 
which the correction to the derivative· form factor vanishes. The coefficients a,., b,. · 

. 11.nd the number N of Fourier-Bessel terms were determined by least-squares fits to the 
experimental data. The deformation parameters flr, were kept at the values found in 
the previous conventional calculations. 

· In Fig. 7 the inelastic cross sections calculated in DWBA using both the derivative 
_and model independent forrn factors are shown for the A2 potential. The _model in­
dependent calculations were done with two ways of including Fourier-Bessel series. In 
the first procedure (FBI) the imaginary part of the form factor was fully ca'nstructed 
as a Fourier-Be.ssd series (putting tl1e imaginary part oft.he derivative form factor to 
zero); while a Fourier-Bessel series was added to the real part of the derivative form 
factor. The second procedure (FB2) consists of adding Fourier-Bessel series to both 
the real and imaginary p'arts of the derivative form factor. . . 

·- As might have been expected the use of model independent form factors very well 
reproduces the inelastic cross section {see dotted and dashed lines in Fig. 7 for the 
first and second way of including the Fourier-Bessel series, respectively). The real 
and imaginary parts of the I?,odel independent form factors are shown in Fig. 4. Using 
different ways to include.the Fourier-Bessel series; we have also observed that the radial 
shape of the model µidependent form factor depe~ds on th~ calculating procedure but 
that the cross sections obtained a_re· essentially the same. Next we investigate which 
aspects of the form factor are responsible for the agreement with experiment. 

The first type of form factor modification nearly kept the derivative real form factor 
unchanged, but' gave a very different in1aginary one giving an increased imaginary form 
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factor contrib~tion to the ii\elastic cross s_ection (see •a long dashed line ~ Fig. 8a), 
thus improving the description. 

For the second procedure of form factor modification, the model independent real' · 
part practically coincides with the derivative of the A2 potential in the rainbow region · 

! thus providing the adequate reproduction of the rainbow maximum, while it is close 
to the derivative of the A4 potential around the strong absorption radius .. (Special 
numerical fuvestigation~ suggested that this could n~t be connected with a nonoptimal 
choice of the number N of Fourier-Bessel tenns as in the case of (141)., This provides 
the necess·ary suppression both of the nearside component ~f the cros~ section and is · 
equivalent to the role of the·imaginary part of the form factor.in the first procedure. 
The imaginary form factor,·as is seen from Fig. 4, remains nonmonotonous but its 
contribution is much less important than that of the real part of the form factor (see 
a long dashed line in Fig. 8). The rather large inner parts of the form factors do not 
influence 'the scattering, due to strong absorption. · 

Thus; we come to the conclusion that the inelastic scattering 3 He + 12G(2+), also 
in very fine details, can be reproduced by the A2 potential obtained in a simultaneous · 
study of.elastic scattering and the {3 He,t) reaction, if an appropriate form factor mod­
ification is done in the region of the strong absorption radius. This change requires us 
to go beyond the simple recipe of calculating the ~elastic form factor as a derivative of. 
the optical model potential. This result confirms the well-known sensitivity of inelastic 
scattering to the surface and tail of the form factor. The insensitivity of the (3He,t) 
data (6] to the behaviour of the potential at large di.<itances could be connected either 
with the special form of the charge-exchange form factor which is volume concentrated 
or with the fact that the (3He,t) reaction cross section was not'measured at very small 
~b. . . 

Adding Fourier-Bessel series to the derivative form factor based on the A4 potenti;;.i, 
leaves it practically unchanged. .. ·•·· .·· · "· 

The necessity to abandon the derivative form factor recipe was' also demonstrated 
by Bohlen et. al., [4] in the case of 12G + 12G. inelastic RCattering.' The difference for 
heavier ions from· our work'is that the form factor in that case had to be changed at . 
smaller distanc~. · · · 

4 Conclusion 

Inelastic scattering 3 He + 120 at E=24 Me V / A with excitation of low lying states 
of 12G has be~n studied in a wide angular range. Our results seem to ~ontain the·-
following information. . .. 

I. The nuclear rainbow phenomenon is present also in this process .. It has the .. 
same general features that characterize the nuclear rainbow in the elastic scattering. 
This result is also suggested by qualitative comparison with other existing data on 
inelastic. scattering of )ight nuclei in the same energy range, but in contradiction with 
the 120 + 120 measurements (4] where the nuclear rainbow was not subst.;,ntiated in 
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the inelastic cross section. 
2. A convcntim;al DWBA inelastic scattering analysis based on an opticalmodel 

potential found from fitting the elastic sratt.ering data and an excitation fonn factor 
taken as a derivative of this· potential, was perforn1ed. The potential A2 obtained 
from a simultaneous analysis .of 3 II e elastic scattering and (3 He, t)-reaction data [6] 

·· and which describes the rain how features well, a.lso reproduces the general features of 
the inela..-,tic 2+ and :1- d~ta. It ·cannot, however, reproduce the details of the angular 
distributiom, giving to rapid oscillatory Rtructure. Coupled channels do not improve 
this i-;ignifica~tly. · · · , 

3. Some modification of the excitation form factor beyond the simple derivative 
... recipe docs, hmyever lead to improvement. A model independent Fourier-Bessel anal­

ysis enable us to obtain a nearly perfect agreement with the inelastic data. The study 
of 12G + 12G ii1rlastic scatt.ering [4] led us to a similar conclusion though it refers. to a 
different. spatial 'region: 

· 1, We also tried to find out if a potential could we found which reproduces both the 
elastic and inelastic.data, keeping the simple derivatives recipe for the excitation form 
factor. A candidate for such a potent.ial A4 was found, bi1t a significant improvement 
of tbe fit to the inelastic was obtained at the expenise of a reduction iii' the quality of 
the elastic fit. .. 

· The study · ~f inelastic scattering 3 If e + 12G ha.-, added to our previous findings 
[2, 5, 6], and. a. consistent Rimultaneous analysis of·e\astic, inelastic scattering and 
reaction data hru, been obtained. This i.-; vitally important for the determination .of 
the uucleu1M111rleus potential. The charge-exchange reactions data have demoustrat~d 
their sensitivity to the' behaviour of the· potential at short ,distances. Inelastic scatter-

. iug seems to be tiensitive to the slope of the potential in· the strong absorption"radial 
region and beyond. . · · 
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~=~~==~== .!H;·H: ~~c H Heynpy~H ¢OPM¢aKTOp / 
E4-92-138 

npeACTaaneHw pe3ynbTaTw H3MepeHHR ce4eHHR Heynpyroro pacceRHHR. 3He 
Ha 

12
C npH E~. = 72 M38 C BO36YmAeHHWMH HH3Konema~HMH COCTORHHRMH 2+, 3-, 

o+. ~aHHwe aHanH3HpoaanHcb MeTOAOM HCKameHHWX BOnH H MeToAOM CBA3aHHWX 
.KaHanoa, nocneAHHH He npHBOAHT k cy~eCTBeHHWM 0 113MeHet1HRM peaynbTaToB, 
H MW nPHWnH K BWBOAY; 4TO npH HeynpyroM pa.cceRHHH Ha6nl0AaeTCR RAepHWH 
paAymHw<i a¢¢eKT, OcHoaHwe.4epTw Heynpyroro yrnoaoro pacnpeAeneHHR AnR 
cocTORHHH 2+ H 3- MoryT 6wTb aocnpoHaaeAeHw npH HCnonbaoaaHHH onTH4ec­
Koro MOAenbHoro noTeH~Hana, paHee ·aw6paHHoro AnR peaK~HH (3He, t) Ha ' 
MHWeHRX 13 • 14C,TOnbKO B TOM cny4ae, ecnH H3MeHHTb ¢OPM¢aKTOp, aaAaHHWH 
a BHAe npoH3BOAHo<i, a oKpecTHOCTH paAHYCa cHnbHoro norno~eHHR. Teope·­
T11<iecKoe on11caHHe 'aocnpOH3BOAHT 3KCnepHMeHTanbHWe AaHHWe B AeTan~x H 
MomeT 6WTb n04TH HAeanbHWM, ecnH HCnonb3OBaTb 6onee rH6KHH MOAenbHO -
HeaaBHCHMWH ¢opM¢aKTop. O6cymAaeTCR Tai<me anbTepHaTHBHWH ,noAXOA,. 

·Pa6oTa awnonHeHa B Jla
0

6opaTOPHH TeopeTH4eCKOH ¢H3HKH OHRH_. 

CTpenpHHT.06be.lHHeHHoro HHCTHTyTa !l,lepH;,.x ~cc.1~.:1osaHaii. lly6Ha 1992 

Dem'yanova A.S. et al. 
Scattering of 3He on 12C and Inelastic Form Factor 

E4-92:-138 

Measurements of inelastic scattering of 3He ·on 12C at E»e = 72 MeV 
with excitation_ of low lying 2+, 3-, o+ states of the target are repor­
ted, The data was analyzed both. by DWBA and coupled channels, app.roxima­
tion, :the. latter leading to.only minor changes, and we are argue .. that 
nuclear rainbow effects are present. It is possible to.reproduce the.· 
main features of the 2+ and 3- Inelastic angular distributions by means 
of the optical model potential previously selected for the reaction 
(3He, t) on 13 , 14C targets, only If the.derivative excitation form fac-· 
tors are modified In the vicinity of .the strong abso'rption radius. The 
flt is, improved ·in.detail and can be made nearly

0

perfect If more 
flexible model-independent form factors are employed: An alternative 
potential is a 1 so d I scussed. · 

The investigation has been performed at the laboratory of Theoreqr · 
Gal Physics, JINR: . 
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