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A model independent method, derived from the optical
theorem, valid even in the presence of nuclear forward glory,
is suggested for the obtention of total reaction cross section
AN from elastic scattering data. A new, graphical way of
interpreting the optical theorem is also presented.
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‘The precise determination of the total reaction
cross section % is of critical importance since it contains
all information about the colliding system, including all pos-
sible channels with the exception of elastic scattering. The
direct, angle-integrated measurement of all channels is very
time consuming and for this reason alternative methods have been
proposed, where SN is obtained from the elastic scattering.
Some c£ these methods are model—dépendent as the "quarter-point

ll[1]

recipe which uses the semi-classical model, or the optical-

nodel calculations of o .
R
A model-independent method[2'3'4] derived from the
optical theorem, relates o to the "sﬂmyof—differences"
integral where the difference Eéh&h‘a)" cet(ei} is integrated
from 60 to .

Recently it has been shownls'sl

that this method
may not be valid in the case of light heavy ion systems due to
contribution from the forward nuclear glory in the amplitude
fN(O). Butf: the inclusion of fN(O) in the calculations

turns again the method model-dependent, since in the absence of
the precise experimental knowlédge of fN(O), which by itself
would furnish precious infeormation about the nuclear interaction
at short distances, it can only be calculated in the framework
of a ﬁodel. :

One is still tempted, however, to ask whether it is
still possible to obtain Op in & model-independent way even
in cases where fN(O) is important.

The aim of this letter is to answer this guestion
and suggest that even for cases where the forward glory ampli-
tude is important, the reaction cross-section ¢ can be

R
obtained in a practical way from a modified version of the




"sum-of-differences" method for certain values of 80 , in a

model-independent manner.

If we take into account the possible contribution
of nuclear forward glory in the case of charged particle
scattering, -with screenad Coulomb poteatial, the optical

theorem.-can. be rewritten in the following way[jl:

T
AT =G, = ?-Tl"f [ (-0 (@]sin ©do (1)
| | A

where the guantity Ac is defined[jl as

b

a5, = FInd0) = I [{0-4.@] o

where £{0) and fsciﬂ) are total and screened Coulomb amplitudes
and where o(0} and csc{e[ are respectively the elastic and
screened- Coulomb differential cross-sections.

The integral in egquation (1)} will be decomposed in

two parts:

ST B D
2T JW [0 () -0 (6)]sin 6 de'- 2 TFJ[ %Ge(6)- (o) Jsintdo+

. m .
+ 2TFJ [Gfsctet)-— G(e')_]m o do' .

g

The first term of the RHS will be called

2] ' P
T(0) = 2T oy (6) - o°(6)]sin oo (&)
o ' '

For heavy ions, where semiclassical concepts have

meaning, the screening radius R can be related to a screening

16 12

&
s¢ % R. For the system 0+ "C at

angle esc by 2cotg—§— =

=]
ECM = 18.0 Mev, BSC - 0.137 . If &8> esc, the screened Coulomb
cross section in the second term of the RHS of egnation (3) can
be substituted by the usual Rutherford cross section ORu&Je)'

Then equaticn (1) can be writtén as:
m i 1 ' f i
I(e) =0, —2q —.zwj [, (6)-0(0)[sindd0"
: o) ' -

The screening effects of the integral 1I(8) are contained only
in AGT.
[71

According to Holdeman and Thaler , the residual

scattering amplitude f'{B} can be expanded as

2oy = P o) = (2ik) e 5 (2t4)

¥ -2¢
x[eu ‘. d] P lws®) = e 2n ]PN(EB) (6)

~ZEA

4 being the phase-shift due to screening A = n4&n2kR, Gy

and 32 the Coulomb and nuclear phase shifts respectively,

without screening.

Then £7(8) is the usual nyclear scattering

amplitude, multiplied by e 2 aue to the screening effects.

Then equation (2) can be written as:

AV = %{E Im[e HZLAAFN (0)] {7)

T

The phase. A is very large for a screening radius R eof. the




order of atomic radius (e.g. A4 =61.0 for 16O+12C at 18 Mev)
and makes no physical difference in any measurable gquantity.
A may take on any value and for convenience, as do Holdeman and

[7]

Thalexr r W& will take it to be zero in the following calcula-

tions. Therefore eguation {5) can be written as:

k

(7},

W
T6)- 6, 42T 4021 [ Ot
&

It is this equation which is used to calculate I(8). Both

Tn and fN(G) were calculated by an optical model code[IO]

up to 1°. fN(B) has a ﬁlow variation with angle[7] and was
extrapolated to zero degree. The third term in the RHS of

eg. (7) was also calculated using optical model elastic cross—
section instead of experimental data.

In figure 1 we present I{0} calculated for the

16 12
+

system o] C at ECM==18.D MeV , using the optical

potential of ref. [11], which gives Up = 289 fm2 and AoT =

=114 fmz. We can observe on figure 1 that I{0} oscillates
around a constant value in the small angle region (BSC<6<=6%).

It is clear on figqure 1 that this constant value is —AUT .
obtained by the substraction of g from I{w} . This is

expected from the equation (7) in the case of 8=
T(m ~g, = —AC, (5)

Figures 2 and 3 respectively present similar calcu-

180+ 58

lations for the systems Ni at ECM=:48.4 MeV l{optical

.6
potential of ref. {12]} and 164 +285i at E = 44.0 MeV

CM
[13}). These figures 2 and 3 show the

{optical potential E-18
same behaviour, nameiy the small angle oscillations in X (8)

are around I(nw) -~ Og = —AGT, which may take positive or

negative values. In the case of 18O+58Ni, this value is

rather small, AUT': -5 fmz, and the oscillations also have a

160 12

small amplitude, while in the case of + C the oscilla!iaons

have a much larger amplitude.
So the beshaviour of 1I(8) is the following: at

small angles (BSC< g < B%Q) it oscillates around —AGT due to
T

oscillations in the integral 21TJ [URch{B') - U(B‘):I sin &' 48°',
8

for increasing angles this integral decreases and I(8) increases
towards I(n) = GR— AGT.

A practical way of obtaining g from elastic

scattering angular distributions becomes evident in the light

of the above.

For angles where I(ei) = —AUT
T -
O, =2n‘f {c‘* [ (e‘)—w(a‘)]sinsole (9
L
O ,

If the elastic scattering angular distribution is measured in
forward angles, ‘where the oscillations fn I(8) are well
defined, the angles ei are those at which the function I{8)

crosses the mean value - AUT . In other words, inflection

points of I{8) are good candidates for ai, to initiate the
integration of equation (9). Giordanoig} suggested the same
criterium for ei, comparing 92np with %% obtained from

optical model caloulations,

In a real application of the method to experimental




TS Y0

data, the funccion I8} cannot be determined directly, since

only the integral

2T Jrr[gdm[f;)—(r(s')]sinéd@l: Tim=-I(8) o
e

is obtained with I(w) , an unknown constant. On the other
hand, the oscillations in the integral (10} are the same as
those in I{8) of equation (7}, in particular both have the

same inflection points ei. Accordingly Op, can still be

extracted in real data situation through the knowledge of Gi

and using equation (9). This, of course, leaves Ac undeter—

T
mined.
Optical model calculations were performed for the
systemns TGOnpqzc in the energy range ECM = 10 - 24 Mev ,
14,12 _ 16, 28, _
N+ C at ECM—9—25 MevV and O+ 5i at ECM_20-52MEV,

initiating the integral of equation {9) at the inflection point
before the last one (the last inflection point in some cases is
not a good cheice).

The—resulﬁé are presented in table 1, where the

third column is On calculated by optical model, the fourth

column N is the integral of equation (8) calculated from
i ’ ’ .

ai to w, the £ifth column AOT is calculated by optical

model £from eéuation (7 (with the restriction on A mentioned
in the text) and the sixth column is the angle Si. Comparing
the third and fourth columns one sees that this method gives

reaction cross-sections °n in good accord with the optical
model - Gp » even if AUT is important,

The main result of this work was a better under-

standing of the optical theorem through the study of the function

LB
I(8) of equation (7). The graphical decomposition of 1I(0)
into o and Ao shows clearly that

R T

T(0)- 2rrJe[g~Sc (6) ~0(6") [sin O do’
0

does not have a zero mean value for small angles, as it was
generally suggested, and for this reason I(®)} is not ap
but UR-AUT.

When this work was completed, we received a preprint

from J. Barrettz and N. Alamanos where they give a different

interpretation to AGT.

The authors are pleased to- acknowledge M.S. Hussein

for stimulating discussions.
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FIGURE CAPTIONS
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calculation of functien I(0)
160-+12C

using

the system at E = 18 MeV,

CM
potential of ref, [11]. %20D ¢ indicated

defined as %sop = ZNJ Escfe_)-ote):lsinade.
: 0

calculation of functioh I (6) uéing_

the system 1904+ 9%Ni at E

cm = 48-4 Mev,

is defined

potential of ref. [12]. ®sop

calculation of function I(8)
160_F28

using

the system S5i at E "= 44.0 Mev,

C.

potential of ref. [13]. o ig defined

50D




TABLE 1

The results of optical model calculations for the

systems: 160 +12C using optical potential parameters[11]

v = 100.0 MeV , Iy = 1.91 fm, aV:0.48 fm, W = 10.0 MeV,.
Ty = .26 fm, ag = 06.26 fm , 14N+12C using optical potential
paramei:ers[141 W o= 30.0 Mev, L 1.02 fm, 2y = 0.57 fm ,
W= 7.1 MeV , rW = 1.20 £m, aw = 0.79 fm , 1Go-a-ZSSi using
optical potential para.meters“ﬂ vV = 10.0 Mev', rvr = 1.35 fm,
a; = 0.618 fm, W = 23.4 Mev, Ty = 1.23 fm, ap = 0.552 fm .
Ty is optical model reaction cross section, cRi is calculated
from eg. {14}, AUT is calculated from eg. (11) and Bi is the

inflection point used to calculate Op . -
i

TABLE 1
System ECM %z GR% Agg ei
{MeV) {fm™) {fm<) (£fm=) {degrees)
10.0 194.5 208.4 - 19.09 24.4
iz-o 231.9 222.0 - 54.77 15.9
14.0 257.4 248.7 - 13.56 12.9
165, 12 16.0 275.6 273.7 76.82 11.0
18.0 288,9 296.7 114.30 9.6
20.0 299.1 318.3 46.04 8.5
22.0 307.3 336.6 - 64.93 7.7
24.0 313.4 357.4 -150.26 7.1
9.0 41.8 42.4 0.0 37.7
11.0 67.0 68.6 0.85 27.7
13.0 84.4 87.2 - 1.18 21.7
15.0 96.5 100.5 - 8.07 17.6
Ty 1%¢ 17.0 105.3 | 109.6 | - 16.79 14.4
19.0 111.8 109.5 - 22.74 11.1
21.0 116.8 110.0 - 22.82 9.1
23.0 120.7 111.4 - 15.30 7.8
25.0 123.8 112.2 - 2.54 6.9
20.0 41.1 43.3 0.0 61.2
24.0 75.3 79.0 g.0 43.3
28.0 99.0 103.1 - 3.41 33.1
32.0 116.1 120.6 - 2.39 26.7
%04 2831]  36.0 128.9 | 135.0 10.50 22.6
40.0 138.9 147.7 2.67 19.6
44.0 146.9 155.3 - 18.67 17.0
48.0 153.2 153.9 - 7.3 14.4
52.0 158.5 159.5 23,11 12.9
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