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The near-side and the far-side decomposition following Fuller formal-
ism have been calculated for the interaction of 2C—'2C system at energies
1016, 1449 and 2400 MeV and for '0-'2C system at energy 1503 MeV.
Fraunhofer oscillations observed at forward angles in the total differen-
tial cross-section are due to the strong interference between the near-side
and the far-side contributions. The exponential fall off following the in-
terference pattern is due to the dominance at large angles of the far-side
amplitude and should thus be referred to as a far-side tail rather than a
nuclear rainbow effect.

PACS numbers: 24.10.Cn

1. Introduction

It has been [1] observed that the differential cross-section measured at
sufficiently high energies and at sufficiently large scattering angles when plot-
ted as a ratio to Rutherford cross-section exhibits a characteristic monotonic,
almost exponential falloff pattern at angles beyond those characterized by
diffraction oscillations. This exponentiallike falloff is a characteristic of the
nuclear rainbow [2| but not in and of itself definitive evidence of rainbow
scattering. The scattering will then be characterized by a maximum deflec-
tion angle ©, which will decrease with increasing bombarding energy. For
fixed bombarding energies, © increases with increasing A.

Many authors [3-5] have suggested the discovery of nuclear rainbows in
120-12C elastic angular distributions at various energies.

To study qualitative features of elastic scattering in the presence of strong
absorption, the scattering amplitude is decomposed into what the semiclas-
sical approach calls positive and negative deflection angle contributions [6].
For an amplitude obtained from partial wave summation, the decomposi-
tion of the scattering amplitude into positive and negative deflection angle

(697)



698 7. METAWEI

contribution is done by considering the two amplitudes corresponding to
the decomposition of each Legendre Polynomial into its two traveling wave
components [6]. Fuller [6] has concluded that the smooth fall in tandem
heavy ion elastic angular distributions arises from a diffractive shadow and
not refractive or Coulomb rainbow shadow.

The refractive effects on scattering in the presence of strong absorption
have been discussed by McVoy and Satchler [7] and they have concluded
that a residuum of a true nuclear rainbow has been seen only for light ions.
Such a rainbow seems to be unlikely for heavy ions because of their stronger
absorption. For light heavy ion systems such as '2C+2C, "0+™C and
1604160, it has been established that [7] the cross-sections are dominated
by far-side scattering [7]. In particular there is often the appearance of a
prominent (but damped) rainbow [7|. The angular distributions for elastic
12C-12Q scattering at bombarding energies between 70 and 127 MeV have
been presented together with the optical potential fit [8]. It has been found
that at each energy, the far-sides of the optical potential scattering amplitude
exhibit two or more Airy minima, which move forward in angle as the bom-
barding energy is increased [8]. The rainbows result from the interference
of the inner and outer components of the far-side amplitude. It is pointed
out that three conditions must be satisfied in the theoretical model and ex-
perimental data to fit the strong-interaction collision data [9], like 2C+12C
and 1°0+160 at laboratory energies below about 100 MeV /nucleon. These
three conditions are:

(1) The real part of their interaction is strong enough (Vj ~ 200 MeV) to
produce far-side or nuclear rainbow oscillations in their elastic ampli-
tudes, at certain characteristic bombarding energies [8,9].

(2) The imaginary part of this same interaction is weak enough (W, <
30 MeV) that these non-Fraunhofer oscillations are not “damped out”.

(3) The data available extend to angles well beyond the Fraunhofer cross-
over region, where the Airy or rainbow oscillations produced by this
interference can be seen unsullied by the higher frequency Fraunhofer
oscillations. This generally requires the measurement of very small
cross-sections [9].

In a previous publication [10], the elastic scattering differential cross-
section has been calculated for 12C-'2C system at energy 1016 MeV and for
160-12C system at energy 1503 MeV. These calculations were calculated in-
cluding Pauli correlation effect. The depth of the real potential was V ~ 200
MeV and the depth of the imaginary potential was 100 < Wy < 200 MeV.
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We can see that our results for the real potential agree with the three con-
ditions listed above, but the condition proposed for the imaginary potential
is not satisfied. These calculations were improved by considering the target
as deformed nucleus. In this work these calculations are extended to include
the elastic scattering differential cross-section for 2C-12C system at energies
1449 and 2400 MeV. The scattering amplitude has been decomposed into its
near-side and far-side components. It is found that the oscillations observed
at forward angles in the total differential cross-section are due to the strong
interference between the near-side and the far-side contributions. The ex-
ponential fall off following the interference pattern is due to the dominance
at large angles of the far-side amplitude and should thus be referred to as
a far-side tail rather than a nuclear rainbow effect. We have calculated the
defleétion function and the S-matrix. The formalism is presented in Sec-
tion 2, Section 3 is devoted to the results and discussion. The conclusion is
presented in Section 4.

2. The formalism

The elastic scattering differential cross-section for a symmetric system is
given by

aa(8) = [f(8) + f(m =), (2.1)
while for non-symmetric system is given by
cal0) = IFO). (2.2)

The elastic scattering amplitude considering the Coulomb effect is given
by

F(0) = fo(0) + (2ik) ™" ) (20 + 1) exp(2ing) (S¢ — 1) Py(cosh) . (2.3)
V4

fe(0) is the usual point charge Coulomb amplitude, n, is the point charge
Coulomb scattering phase shift, and Sy is given by

Sg = eXp(Q’L'(sg) y (2.4)

where dy is the complex nuclear phase shift, which is obtained from [11]
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with
U(b,z) = [2mAp Ar(Ap + A7)~ |Vopi (b, 2)

k is the incident wave number and Vi, (b, z) is the optical potential.The
nucleus-nucleus optical potential as derived by Wilson takes the form [12]

Vopt () = ApAg / Prrpr(rr) / Bypp(z+y—rr)t(e,y)[1 - Cw)], (26)

where A;(i = P,T) are the mass numbers of the projectile and target, p;
are the ground state single particle nuclear densities for the colliding nuclei,
t(e,y) is the energy dependent constituent-averaged two nucleon transition
amplitude obtained from scattering experiments, e is the NN kinetic energy
in the c.m. frame, y is the NN relative separation and C(y) is the Pauli
correlation function, given by

1
Cly) = exp(—k}y?/10) and ky = 1.36 fm " . (2.7)

t(e,y) has been derived from the Fourier transform of the two body scat-
tering amplitude [13]. We use the usual parametrization of the two body
scattering amplitude:

kno .
fle;q) = = ~(a+ i) exp(~Bq*/2). (28)
This form of the scattering amplitude yields

1/2 Yy
te,y) = —% / o(a+1)(2nB)~3/% exp % , (2.9)
where ¢ is the momentum transfer, ky is the wave number of the incident
nucleon, m is the nucleon mass, o is the average nucleon-nucleon (NN) total
cross-section, « is the average of the ratio of the real to the imaginary parts
of the NN forward scattering amplitude and B is the slope parameter of
the NN elastic scattering differential cross-section.
The near-side and far-side decomposition of the scattering amplitudes
have been performed by replacing the associated Legendre polynomials
Py(cos0) by [6]

szt(cos 0) = % Py(cos ) F i%Qg(cos 0)| , (2.10)

where @y is a Legendre function of the second kind.The recurrence formulas
for P, and @ are used in this equation. The far and near components of an
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amplitude obtained by partial wave summation are then given respectively
by

Ir(8) = (2ik) 71 Y (20 + 1) exp(2ine) (Sp ~ )Q (cos ), (2.11)
l
and
Fn(0) = (2ik)™" > (20 + 1) exp(2ing) (S, — 1)Q; (cos 0) . (2.12)
l

The Rutherford scattering amplitudes for the near and the far sides are
given by [6]

il gl (O "o o

frrp(0) _ —e7 21 — 2™~ 4 a [sin2 <Q>] o s0), (214

fr(0) 2 2
where
5(6) = kgo (12#)’“ [lI/(k +1) — (k41 + in) — Incos? <§)] cos?k <g) .

3. Results and discussion

Near-side trajectories are the positive-angle ones (like Coulomb trajec-
tories) corresponding to a repulsive interaction or reflection; Far-side trajec-
tories are negative angle ones, passing behind the target, caused in general
by a combination of diffraction and attractive interaction refraction [14].
The scattering amplitude can be written as a sum of near-side and far-side
components

f(0) = fn(0) + fr(0) (3.1)

whose most important property is that the Fraunhofer diffractive oscillations
occur in neither fy nor frp but only in their interference; other types of
interference, such as rainbow minima, occur in either fy or fp alone [14].
The contributions of the near-side and the far-side components to the
elastic scattering cross-section have been calculated for the interactions of
2C-12C system at energy 2400 MeV. Fig. 1 shows the near-side and the far-
side decomosition of the elastic scattering along with the total differential
cross-section for the interactions of two spherical nuclei and the interactions
of spherical projectile nucleus with deformed target nucleus. We can see
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Fig. 1. The near-side (short dashed broken lines)and far-side (long dashed broken
lines)decomposition of the elastic scattering differential cross-section are calculated
for 12C-12C system at energy 2400 MeV. The elastic scattering differential cross-
section is presented (solid line). These calculations are performed for: a — the
interactions of two spherical nuclei and b — the interactions of spherical projectile
nucleus with deformed target nucleus.

from Fig. 1 that considering the target as deformed nucleus improves the
agreement of the total differential cross-section with the experimental data.
The value of the near-side and the far-side components decreases by con-
sidering the target as deformed nucleus. At angle 0., > 6 the near-side
cross-section calculated for two spherical nuclei decreases than that calcu-
lated for the interactions of spherical projectile with deformed target. Then,
it increases again to have a larger value at 6., > 8. The behavior of the
near-side and the far-side componants is not changed by considering the
target as deformed nucleus. The crossover of the near-side and the far-side
components occurs at the same point for the two cases considered. This
shows that the modification of the Optical Model Potential by considering
the target as deformed nucleus does not change the behavior of the near-side
and the far-side components. We can see from Fig. 1 that the reactions are
far-side dominated. The oscillations observed in the far-side distributions
are due to the beating of the two waves belonging to the different negative
branches of the deflection function. Also, we can see that the refractive
contribution associated with the Coulomb rainbow is dominated at extreme
forward angle, and its fall-off is steeper than that of the diffractive contri-
bution. The oscillations in the near-side is caused by the interference of the
refractive-diffractive decomposition of the near-side cross-section [15].
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The contributions of the near-side and the far-side components to the
elastic scattering cross-section have been calculated for the interactions of
2C-12C system at energies 1016,1449 and 2400 MeV and for the interactions
of 10-12C system at energy 1503 MeV. Fig. 2 shows the contributions of the
near-side and the far-side components to the elastic scattering cross-section
along with the total differential cross-section for the interactions of spheri-
cal projectile nucleus with deformed target nucleus. These calculations are
compared with the experimental data [16-19]. Fig. 2(a) shows the contri-
butions of the near-side and far-side components to the elastic scattering
cross-section along with the total differential cross-section for the interac-
tions of 2C-12C system at energy 1016 MeV. We can see from Fig. 2(a) that
the oscillations observed at forward angles in the total differential cross-
section are due to the strong interference between the near-side and the
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Fig.2. The near-side (short dashed broken lines) and far-side (long dashed broken
lines) decomposition of the elastic scattering differential cross-section are calculated
for (a) 12C-12C system at energy 1016 MeV, (b) '2C-12C system at energy 1449
MeV, (c) 12C-12C system at energy 2400 MeV and (d) '80-'2C system at energy
1503 MeV. The elastic scattering differential cross-section is presented (solid lines).
These calculations are performed for the interaction of spherical projectile nucleus
with deformed target nucleus.

far-side contributions. The far-side and the near-side crossover occurs at
angle 0. = 2.6°. The minimum in the total differential cross-section is due
to strong far-near destructive interference [6, 14]. The exponential fall off
following the interference pattern is due to the dominance at large angles of
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the far-side amplitude and should thus be referred to as a far-side tail [16,
20] rather than a nuclear rainbow effect.

Concerning the interference between the near-side and the far-side com-
ponents, Eq. (3.1) implies that the corresponding cross-section can be writ-
ten as

[FO)17 = 1O + [ fr(O) + 2Re(f(0)fF(0)) - (3.2)

The term 2Re(f}/(0) fr(6)) represents the interference between the near-side
and the far-side scattering amplitudes. Fig. 3(a) shows the elastic scattering
differential cross-section for the interactions of 2C—12C systems at energy
1016 MeV along with the interference of the near-side and the far-side scat-
tering amplitudes for the same reactions. We can see from Fig. 3(a) that the
positions of the minima and the maxima are the same for the elastic scatter-

:-uu.vu LALALIN 0 e e
0.00 5.00 10.‘00 15.00 20.00 25.0C

O... deg

T
16.00




706 7. METAWEI

3.00

2.00

1.00

d0/d Q,,

0.00

-1.00

e e b b b |

—-2.00
6]

0.00

-0.50

14
o
SO e v b e

—~1.00 TS M o ! s
0

Fig.3. The interference of the near-side and the far-side scattering ampli-
tude(dashed line) are presented along with the elastic scattering differential cross-
section (solid line) for (a) 12C-12C system at energy 1016 MeV, (b) 12C-12C system
at energy 1449 MeV, (c) 12C-12C system at enegy 2400 MeV, (d) 160-'2C system at
energy 1503 MeV. These calculations are performed for the interaction of spherical
projectile nucleus with deformed target nucleus.

ing differential cross-section and the interference between the near-side and
the far-side scattering amplitudes. This shows that the oscillations observed
at forward angles in the total differential cross-section are due to the strong
interference between the near-side and the far-side contributions.
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It is seen from Fig. 2(a) that the far-side distribution shows oscillations.
Oscillations will show up only if we have the beating of two waves belonging
to the different negative branches of the deflection function [20].

The deflection function for the scattering by a real potential is

do()

o) = 2=, (3.3)

where §(£)is the total (coulomb + nuclear) phase shift. Fig. 4(a), (b) shows
the deflection function for the reactions of 12C—2C system at 1016 MeV along
with the S-matrix for the same reactions. The deflection function and the
2.00 E
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Fig.4. Deflection function (a) and moduli of the S-matrix (b) for the interactions
of 12C-12C system at energy 1016 MeV (solid lines ). Long dashed broken line
represent the calculations for two spherical nuclei. Short dashed line represents the
deflection function for the Rutherford scattering.
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S-matrix are calculated for two spherical nuclei and for spherical projectile
with deformed target. We can see from Fig. 4(a) that the rainbow scattering
angle value decreases by considering the target as deformed nucleus. The
values of the nuclear rainbow angle #,, rainbow angular momentum L,,
grazing angular momentum L, and the value of the modulus of S-matrix at
the rainbow angular momentum |Sy, | are given in Table I and Table II. We
can notice that the nuclear rainbow, minimum of the deflection function, is
shifted toward the small S-matrix elements, lower L value than the grazing
one. Our analysis indicates that |Sz| = 0 for L < 29, which show the strong
absorption for smaller L values for the system of deformed target nucleus.
We can notice that the residual rainbow feature has moved forward in angle
that it overlaps with the far/near interference pattern. A result which is
obtained by McVoy [7]. This shows that the nuclear rainbow obscured by
the strong absorption [21]and cannot be recognized. The absorption for
L < L, is strong enough to make a true rainbow pattern unobservable, but
it is not strong enough to destroy the pattern of the far-side dominance due
to the partial waves with L between L, and L, [7].

Fig.2(b) shows the near-side and the far-side contributions to the elas-
tic scattering cross-section along with the total differential cross-section for
the interactions of '>*C—12C system at energy 1449 MeV. We can see from
Fig. 2(b) that the Fraunhofer oscillation in the total cross-section is due
to the interference between the near-side and the far-side components. A
matter which is confirmed by calculating the interference term in eq.(3.2)
together with the total cross-section as shown in Fig. 3(b). Fig. 3(b) shows
that the distribution shape of the total cross-section is the same as that for
the interference between the near-side and the far-side components. It is
seen from Fig. 2(b) that the near/far crossover occurs at angle 0., = 1.8°.
The exponential fall off following the interference pattern is due to the dom-
inance at large angles of the far-side amplitudes and should be referred to
as a far-side tail rather than a nuclear rainbow effect. We can see from
Fig. 2(b) also, that the far-side distribution shows oscillation pattern which
is due to the beating of two waves belonging to the negative branches of the
deflection function. The deflection function for the interaction of 2C-12C
system at energy 1449 MeV is calculated along with the S-matrix for the
same reaction. The calculations are performed for two spherical nuclei and
for the interactions of spherical projectile with deformed target and the val-
ues of O, Ly, Ly and |Sg,| are shown in Tables I and II. We can see from
Table I and Table II that the nuclear rainbow is shifted toward the small
S-matrix elements, lower L value than the grazing one. We have obtained
also for deformed target nucleus that |Sy| ~ 0 for L = 19 which is a value
smaller than that obtained for '2C-'2C system at energy 1016 MeV. This
shows that the absorption decreases with increasing the energy.
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Fig. (2.c) shows the far-side and the near-side decomposition of the elas-
tic scattering for 12C—12C system at energy 2400 MeV along with the total
differential cross-section. We can see from Fig. 2(c) that the Fraunhofer
oscillations in the total cross-section is due to the interference between the
near-side and the far-side components,as we can see from Fig. 3(c). Fig. 3(c)
shows a strong near/far interference. It is seen from Fig. 2(c) that the
near/far crossover occurs at angle 6., = 1.3°. The exponential fall off fol-
lowing the interference pattern is due to the dominance at large angles of
the far-side amplitudes and should be referred to as a far side tail rather
than a nuclear rainbow effect. We can see from Fig. 2(c) that the far-side
distribution shows oscillation pattern which is due to the beating of two
waves belonging to the negative branches of the deflection function. The
near-side distribution shows an oscillations and there are crossover between
the near-side and the far-side at two points at large scattering angles. The
oscillations in the near-side distribution are caused by the interference of
the refractive and diffractive components of the near-side cross-section [15].
The deflection function and the S-matrix have been calculated for this re-
action. The values of the rainbow angle 6,, rainbow angular momentum L.,
grazing angular momentum L, and the value of the modulus of S-matrix
at the rainbow angular momentum |Sy, | are listed in Tables I and II. We
can see from Tables I and II that the residual rainbow feature has moved
forward in angle that it overlaps the far/near interference pattern. Also,
the nuclear rainbow is shifted toward the small S-matrix elements, lower
L value than the grazing one. We have observed that |Sz| ~ 0 for L < 4
from the calulations of the S-matrix for the interactions of spherical projec-
tile with deformed target nucleus. This shows that the absorption for the
lower partial waves becomes weaker than that for '?C-12C system at ener-
gies 1016 and 1449 MeV. So the beating of the two waves belonging to the
different negative branches of the deflection function becomes stronger. The
absorption is strong enough to make a true nuclear rainbow unobservable
but it is not strong enough to destroy the pattern of the far-side dominance.
We can see from Fig. 2(c) that the oscillations of the far-side amplitude be-
comes smoother than that obtained for '2C-'2C reactions at energy 1016 and
1449 MeV.

Fig. 2(d) shows the near-side and the far-side distributions for the in-
teractions of '0O-'2C system at energy 1503 MeV, along with the total
cross-section. Fraunhofer oscillation observed at the forward angles in the
total cross-section is due to the near-side and the far-side strong interference
as shown in Fig. 3(d). Fig. 3(d) shows the distribution of the near/far in-
terference for the interactions of 1%0-12C system at energy 1503 MeV along
with the total cross-section. We can see from Fig. 3(d) that the distribution
behavior of the near/far interference is the same as that for the total cross-
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TABLE 1

Parameter characterizing the deflection function and the S-matrix considering the
target as deformed nucleus.

Reaction Energy(MeV) 6, L. L, S,

2e-12¢ 1016 -3.06 34 62 0.01
2e-12¢ 1449 -1.89 41 70 0.05
2e-12¢ 2400 -1.26 52 88 0.07
160-12¢ 1503 -3.25 41 80 0.01

TABLE 11

Parameters characterizing the deflection function and the S-matrix for two spher-
ical nuclei.

Reaction Energy(MeV) 6, L, L, |Sg,]|

ro-t2¢ 1016 -3.39 27 60 0.002
2o-12¢ 1449 -2.21 32 68 0.01
2o-12C 2400 -1.40 42 85 0.02
160-12C 1503 -3.62 34 78 0.001

section. We can see from Fig. 2(d) that the near/far cross-over occurs at
angle 0., = 2.7°. The minimum in the total differential cross-section is due
to strong far/near destructive interference. We can see also from Fig. 2(d)
that the exponential fall off following the interference pattern is due to the
dominance at large angles of the far-side amplitude and should thus be re-
ferred to as a far-side tail. The oscillations in the far-side distribution are
due to constructive and destructive interference between the contributions
from the two branches of the deflection function with L > L, and L < L,.
The deflection function has been calculated along with the S-matrix for the
interaction of '50-~'2C at energy 1503 MeV. These calculations are presented
in Table I and Table II. We have observed that the absorption is strong for
partial wave with L < 39. The absorption is strong enough to make a true
nuclear rainbow unobservable but it is not strong enough to destroy the
pattern of the far-side dominance. This is due to the partial waves with L
between L, and L,. We can notice from Tables I and II that the nuclear
rainbow angle is shifted toward smaller L values, also it is shifted toward
smaller angle as we can see from Fig. 2(d), which show that it overlaps the
interference between the near-side and the far-side components of the total
cross-section. Also, the nuclear rainbow obscured by the strong absorption
for L < 39.



A Study for the Nucleus-Nucleus Differential Cross-Section 711

We can see from Figs 2(a), (b), (c) that as the energy increases, the value
of the differential cross-section decreases and the scattering angle decreases.
Also, the values of the near-side and the far-side components decrease with
increasing the energy. Comparing Table I and Table II, we can see that the
rainbow scattering angle decreases by considering the target as deformed
nucleus. However the values of the rainbow partial waves L, and the grazing
partial wave L, increase by considering the target as deformed nucleus.
Also, the values of the S-matrix at the rainbow partial wave increase by
considering the target as deformed nucleus. We can see from Table T and
Table II that the values of the rainbow angles decrease by increasing the
energy. However the values of the rainbow partial waves , the grazing partial
waves and the values of the S-matrix at the rainbow partial waves increase
by increasing the energy. This shows that the behavior of 6, L,, Ly and |Sp,, |
do not change by introducing the modification of considering the target as
deformed nucleus to the Optical Model Potential.

4. Conclusion

The near-side and the far-side components of the elastic scattering have
been calculated according to Fuller formalism for the interaction of 12C-12C
system at energies 1016, 1449 and 2400 MeV and for '0-'2C system at
energy 1503 MeV. It is found that there is a strong interference between the
far-side and the near-side components of the elastic scattering. This strong
interference is responsible about the Fraunhofer diffraction pattern observed
in the elastic scattering distribution at the forward angles. It is found that
the near/far crossover is shifted toward smaller angle as the energy of the
system increased. The exponential fall off following the Fraunhofer diffrac-
tion pattern is due to the dominance at large angles of the far-side amplitude
and should thus be referred to as a far-side tail [16, 20| rather than a nuclear
rainbow effect. The oscillation observed in the far-side distribution is due
to the beating of two waves belonging to the different negative branches of
the deflection function [20]. The calculations of the deflection function show
that the rainbow scattering angle value decreases with increasing the energy
of the interaction. We also can conclude that the residual rainbow feature
has moved forward in angle that it overlaps with the far/near interference
pattern [7|. Calculating the S-matrix shows that the grazing partial wave
L, increases with increasing the energy and increases with increasing the
mass of the projectile. The rainbow partial wave L, corresponding to the
rainbow angle 6, increases with increasing the energy, however the absorp-
tion decreases with increasing the energy. Any residuum of the classical
rainbow phenomenon would be exhibited in the far-side amplitude. One
would expect an enhancement of the cross-section forward of the rainbow
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angle @ = 0,. This characteristic has not been observed in our work or in
the previous heavy ion scattering measurements [22]. Which show that the
reflection of partial waves with L < L, is too weak |Sg| = 0 to produce ob-
servable effect. This means that the nuclear rainbow obscured by the strong
absorption [21].

The author wishes to thank Prof. Dr. M.Y.M.Hassan, Head of Physics
Department, Faculty of Science, Cairo University, for numerous fruitful dis-
cussions.
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