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The paper analyzes the elastic scattering of a-particles on heavy 2%Pb nuclei at energies 26-175 MeV/nucleon using the original six-parameter
S-matrix model, taking into account the strong absorption and pronounced effects of refraction of scattered waves. By fitting experimental data
from the literature, measured in a wide range of energies: 104, 139, 166, 172, 240, 288, 340, 386, 480, and 699 MeV, the diffraction and refractive
patterns of scattering have been investigated. The behavior of the found parameters of the model, as well as of the total reaction cross-section,
the angles of crossover of the near and far components of the scattering amplitude (Fraunhofer intersection), and the angles of the nuclear rainbow
have been studied and a comparison with the differential cross sections calculated according to the optical model is presented.
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Investigation of hadron interaction with nuclei is an important source of information about the nuclear structure
and mechanisms of the nuclear interaction. Approaches based on different potentials (optical model) or scattering matrix
(S-matrix) are used for the theoretical description of appropriate experimental data.

In the intermediate energy region, it is possible to consider the nucleus (by analogy with optics) as a drop of liquid
which strongly absorbs incident particles. The most common approach is the optical model of nuclear scattering, which
uses the model complex potentials with an imaginary part describing the incident hadron absorption by nuclei. Such an
approach demands to solving the Schrodinger equation numerically to calculate different scattering characteristics and
analyze their physical properties.

An alternative approach is the analyzing of experimental data based on a model S-matrix specifically parametrized
in the angular momentum or impact parameter space. In this case, it is often possible to obtain analytical expressions for
the amplitudes and cross-sections of the analyzed processes, which makes it possible to study their dependence on different
parameters of the S-matrix, and to understand deeper their physical meaning. Moreover, a reasonable parameterization of
the S-matrix, containing a minimal number of parameters with a clear physical meaning, allows one to analyze experimental
data in relatively wide ranges of energies and scattering angles, where different physical phenomena (Fraunhofer and Fresnel
scattering, rainbow scattering etc.) are observed. In this case, certain difficulties of the optical model (uncertainty of the
choice of parameters of the potential, non-Hermiticity of the Hamiltonian) are present. Besides, this approach allows one to
understand certain features of the behavior of the differential cross-section of nuclear processes.

When 100-700 MeV alpha-particles are scattered on heavy nuclei, we obtain rapidly decreasing Fraunhofer
oscillations of the elastic scattering differential cross-section in the region of small scattering angles. Further, we obtain
a broad maximum, after which the cross-section decreases smoothly in the region of large scattering angles. Such a cross-
section behavior is typically interpreted as a rainbow scattering [1-3]. However, while the energy of incident alpha-
particles is increasing, the rainbow maximum becomes less pronounced, and the cross-section in the region of large angles
is rapidly decreasing because it is determined by the far-side part of scattering amplitude, corresponding to the scattering
from the far side of the target nucleus relative to the detector.

The rainbow scattering can be observed due to the little transparency of the target nucleus for the scattered light
nuclei. In the case of rainbow scattering, the light incident particle comes into the inner region of the nucleus.
Consequently, we obtain additional information about the inner nucleus structure by analyzing the differential cross-
section. The rainbow scattering effect (which plays an essential role in nuclear collisions at intermediate energies) is also
observed in the elastic scattering of *H, 3He, °Li, °Be, !'B, '?C etc. by light and intermediate nuclei [2].

To find out the behavior of differential cross-section, it is necessary to determine the dependence of the quantum
deflection function on the impact parameter or the angular momentum. If the deflection function has a deep minimum at
negative values, it is possible to observe the nuclear rainbow scattering. Due to a small transparency in the scattering of
some nuclei (°Be, '?C and others) one can observe only a faint hint of the rainbow scattering. This behavior of cross-
section is called a rainbow ghost [1].
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The picture of rainbow scattering in the region of intermediate energies (£ > 20 MeV — 30 MeV/nucleon) for light
and medium target nuclei and at somewhat higher energies for heavy nuclei is also determined by the combination
of absorbing and refracting properties of the nuclear matter of the target with respect to the incident hadron and
by the Coulomb interaction of colliding particles. Of particular interest is the cross-section behavior in the region
of crossover of the near and far components of the scattering amplitude (Fraunhofer crossover) in a wide interval
of energies for the elastic scattering of alpha particles on heavy nuclei.

This work analyzes and clarifies the regularities of elastic scattering of a-particles on heavy target nuclei (**Pb) at
energies up to 175 MeV/nucleon, inherent in the observed refraction phenomena. In this work, the diffraction
and refraction phenomena in the scattering of a-particles on the heavy 2°®Pb nucleus, as well as the interaction mechanisms
of a-particles with these heavy nuclei, are investigated in the wide energy range from 104 to 699 MeV using of an original
S-matrix model. The work is performed in the S-matrix approach, which was developed to describe the absorption and
refraction effects in the elastic scattering of light nuclei at intermediate energies. We have obtained the scattering matrix
parameters by fitting the experimental data on the elastic scattering of a-particles on the heavy 2°*Pb nucleus for this S-
matrix parameterization. We have determined the cross-section behavior in the region of crossover of the near and far
components of the scattering amplitude (Fraunhofer crossover) and the angles of the nuclear rainbow in the wide interval
of energies for the a—2"Pb elastic scattering.

To compare the fitting data quality, when using the above-mentioned model, we also present the results of analyzing
the elastic scattering a—2"Pb at energies from 104 to 699 MeV by an alternative six-parameter optical model [4].

Based on the phenomenological S-matrix, we accurately describe the cross-sections of the elastic scattering a-2Pb
for the broad energy range of 104-699 MeV. This calculation results show the existence of strong nuclear refraction
effects for the considered cases of elastic scattering, which can be interpreted as a “rainbow scattering”.

The analysis identifies the nuclear rainbow effect in the differential cross-sections of elastic scattering
208pp(*He, “He)*®®Pb for E(*He)= 104 [5], 139 [6], 166 [7], 172 [8], 240 [9], 288, 340 [10], 386 [11], 480,
and 699 [10] MeV. The results show that the S-matrix parameters for the investigated cross-sections are sensitive to the
interaction in the inner area of these heavy nuclei.

Besides investigating the nuclear rainbow for the elastic a—?%Pb scattering, we analyze the behavior
of the Fraunhofer crossover angle and the nuclear rainbow angle depending on the energy value and the change
in the shape of the quantum deflection function. It has been established that the Fraunhofer crossover angle 6.
and the nuclear rainbow angle 6: depend on the energy according to the exponential law as 6 ~ exp(—aE) .

We also analyze the behavior of the nuclear refraction parameter d; depending on the energy, which decreases
exponentially, and nuclear transparency coefficient €, which increases approximately linearly while the energy increases.

We investigate the behavior of critical radii Loi/k and diffuseness parameters Aon/k of the strong absorption
and nuclear refraction regions, which have an approximately linear dependence on the energy.

Therefore, the results indicate smooth, physically substantiated changes in the values of the parameters
with a change in energy, which have a clear semiclassical interpretation.

1. S-MATRIX PARAMETERIZATION
In this work we use the following expression for the elastic scattering amplitude in terms of the S-matrix elements:

f(0>=21—.k§(21+1)[s,—I]P,<cos9), (1)
12,9

where @ is the scattering angle; /is the angular moment; £ is the wave vector of the incident particle; S , are the diagonal
matrix element of the scattering operator in the representation of angular momentum, B (cos @) are the Legendre polynomials.

In doing so, we use the following original parametrization of the S-matrix as a function of the moment [1]:

S(L)=exp{-265,(L)+2i[5, (L)+ 0. (L)} =n(L)exp{2i[5, (L) + o (L)}, )
n(L)=exp[-26,(L)], 5,(L) =36, g(L,L,.A,), 3)
25r(L):51 gz(L’LI’Al)’ Q)

sh(L,/4A,)

g(L’L""A"):ch(Lj/Aj)Jrch(L/Aj)’ /=0 ®
where L=1/+1/2 is an angular moment; 77(L) is the modulus of the scattering matrix; 0, (L) is the nuclear imaginary
phase shift due to the absorption; J,(L) and o.(L) are the nuclear (refractive) and Coulomb phase shifts; 26, =—In¢g
is the intensity of the nuclear absorption, £ << 1 being a parameter which defines the nuclear matter transparency for low
moments; &, is the parameter which characterizes the magnitude of nuclear refraction of the scattered waves; L; and A,
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are the parameters which define the linear dimensions and diffuseness of the strong absorption (j =0) and nuclear
reflection ( j =1) regions.

The scattering phase J,, in the quasi-classical approximation equals to:

1/2
7 Uur)y L zL
501(L):krf {(1— - —k2r2j —1]dr+7—krmin, (6)

where 7, . is the classical distance of the closest approaching of the particle and nucleus, namely this quantity is defined

from the equality to zero of the expression under the root in formula (6).
The potential energy of Coulomb interaction of the incident particle with the nucleus is chosen in the form of that

for a uniformly charged sphere with the radius R :

Z,7,¢"
21sz [3RC2 —r2] , r<R.,
Ue(Reur)=9 7€ @)
ZZ,e
ST 0 r>R,,
.

Performing the integration in the expression (6) for the phase of scattering of a point-like charge on the potential of
the uniformly charged sphere with the radius R (7) gives the quasi-classical expression for the Coulomb phase o (L)

2
(aRé—me/LzC—Lz)

p2+L2

in the following explicit form [1]:

-n+

L JETE Lo
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2 L. - I 6))

nyL, - - —nk R, Vid
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where L. = (szé —anRC)”2 s k=N2mE/h; a = (nk/RZ)”2 ; p =(3nk/R, -k*)/(2a); n= ,uZlZze2 /(W°k) isthe
Sommerfeld parameter; Z, and Z, are charge numbers of the incident particle and target nucleus; = (mm,)/ (m, +m,) is

the reduced mass; for the scattering of a-particles one can take R. = 1.3/4 fm, where 4 is the mass number of the target

nucleus.
In the quasi-classical approximation, for particles approaching close to the nucleus boundary (grazing collisions), a
boundary moment of strong absorption L  is introduced. For the S-matrix model it is defined from the relation

|S(L S)| =n(L.)=(+¢)/2, where modulus 77(L) is defined from equation (3). Taking into account the deflection
of incident particles in the Coulomb field, the quasi-classical boundary moment L, is connected with the radius of strong

absorption R, by the relation:
2 1 1/2
L=kR|1-—h— | ©9)
kR, (2kR))

The radius R, of the strong absorption region can be found from equality (9):

1 1 1/2
RS :;{n+(Lf+n2 —Zj :| (10)

The formula (8) gives a good approximation if the condition n/(L’ +n’)<<1 is satisfied (see [12]). In our
calculations, in the L = L. region we use the exact expression for the Coulomb phase, which yields values very close to

the corresponding values for o.(L) from the quasi-classical expression (8).
The differential cross-section of elastic scattering is calculated as:
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_do o
o©)= 2=/ Of (an

The quantum deflection function @(L) is related to the scattering phase 0(L) =06, (L)+ o (L) by the formula:
d
O(L)y=2—05(L). 12
(L) i (L) (12)

The nuclear rainbow angle 6. is defined as the depth of a minimum of the quantum deflection function (12).
The nuclear rainbow effect is clearly observed only if the angle 6. is substantially less than 180°. This condition is true if

the energy of incident particle is not close to a specific critical energy E_. (see [13]). For energies less than energy E,, , the

rainbow structures in the cross-section are mainly observed for a-particle scattering on light and medium nuclei.
The search for the model parameters was carried out by obtaining the best agreement between the calculated elastic

scattering cross section and the experimental data by minimizing the standard quantity . Experimental errors were

normally taken to be 10% for all the data under consideration.

The formation of complex structures observed in the studied elastic scattering cross sections (for example,
the Fraunhofer crossover) is analyzed using the decomposition of these cross-sections into near- and far-side components
(see [1,14,15,16])).

2. RAINBOW EFFECTS IN THE ELASTIC SCATTERING OF A-PARTICLES ON 2%Pb NUCLEI
IN THE ENERGY RANGE E=104 MeV-669 MeV

We present the results of the analysis of the available data on the elastic scattering of light ions “He on the 2%Pb
nucleus in the energy range E, = 104-699 MeV, which is aimed at studying manifestations of the nuclear rainbow effect
in this wide range of a-particle energies and determining the possibility of describing the differential cross-sections for
“He scattering by heavy nuclei at intermediate energies using the S-matrix model, being an alternative to the optical model.
We apply the 6-parameter model representation of the S-matrix [1], which was recently used for analyzing the “He
scattering on light nuclei (‘2C [2]) and ?*Mg [3]) and turned out to be successful in describing the nuclear rainbow picture
of the “He scattering on these light nuclei at energies from 50 to 386 MeV. The S-matrix parameters for the investigated
scattering cases have been obtained from analyzing the available experimental data (10 data sets) of the *He+2%Pb elastic
scattering for energies 104 [5], 139 [6], 166 [7], 172 [8], 240 [9], 288, 340 [10], 386 [11], 480 and 699 [10] MeV.

The differential cross-sections of the a—?"Pb elastic scattering in the energy region E, =104 MeV-669 MeV,
calculated for the mentioned ten values of energy based on the S-matrix parametrization in the form (2) — (5), are given
in Figs. 1-10. When calculating the scattering amplitude, the sum in formula (1) was taken for a wide range of / values to
ensure sufficient accuracy of the calculated cross-sections. The S-matrix parameters were found by fitting to the
corresponding experimental data [5—11], and further, their dependence on the energy was analyzed (Table). For
comparison in Fig. 1-6, 8-10, we also present the differential cross-sections calculated basing on the 6-parameter optical
model. In Table 1 the values of »*/ N e are also given for them.

The considered cross-sections are characterized by pronounced refraction scattering pictures (see Figs. 1-10). In
general, for the scattering of “He on this heavy nucleus a manifestation of the nuclear rainbow scattering is observed for all
considered energies, according to the behavior of the deflection function. The deflection function ®(L) has a shape which
is characteristic of the nuclear rainbow, and it is symmetrical with respect to its minimum in the region of negative values.

With the energy increase, we note a gradual decrease of the magnitude of nuclear refraction intensity J, and increase

of the nuclear transparency & (see Table, and Figs. 13,14 below).

Table. Energy evolution of the S-matrix parameters, the total reaction cross-section o, , the nuclear rainbow angle 6., the Fraunhofer

crossover angle @, , and the 7’ /N values for the calculated elastic scattering cross-sections.

o B I T e T Il AV It I [ AT B B vl B j;; zg
104 4.407 | 33.653 | 7.636 | 30.069 | 6.823 | 3.105 | 0.705 | 4.671 | 1.060 | 0.0022 | 32.871 | 28.484 4.3 9.7 | 30123 [ 972 | 480
139 5.105 | 39.070 | 7.653 | 34.731 | 6.803 | 3.534 | 0.692 | 6.150 | 1.205 | 0.0025 | 35.400 | 34.712 6.0 - 2988.6 | 81.0 | 29.0
166 5.588 | 43.934 | 7.862 | 37.594 | 6.728 | 2.998 | 0.537 | 7.992 | 1.430 | 0.0217 | 28.906 | 38.869 7.1 16,1 | 26659 | 47.2 | 185
172 5.691 | 47.219 | 8.297 | 40.270 | 7.076 | 3.267 | 0.574 | 6.776 | 1.191 | 0.0280 | 23.220 | 39.737 0.9 - 2953.6 | 45.1 | 26.5
240 6.749 | 51.750 | 7.668 | 48.849 | 7.238 | 5.572 | 0.826 | 7.073 | 1.048 | 0.0114 | 18.205 | 48.572 6.3 - 3088.5 [ 346 | 175

288 7.415 | 52.698 | 7.107 | 52.409 | 7.068 | 5.266 | 0.710 | 10.810 | 1.458 | 0.0018 | 20.801 | 54.014 4.9 4.9 2720.0 | 25.2 9.9
340 8.082 | 65.088 | 8.053 | 58.851 | 7.282 | 6.743 | 0.834 | 10.777 | 1.333 | 0.0510 | 16.250 | 59.408 4.9 5.8 3090.8 | 19.4 10.0
386 8.634 | 58.850 | 6.816 | 66.228 | 7.671 | 9.359 | 1.084 | 10.850 | 1.257 | 0.0088 | 10.158 | 63.848 4.3 - 3058.9 | 10.5 9.1
480 9.682 | 67.032 | 6.923 | 72.599 | 7.498 | 8.415 | 0.869 | 16.146 | 1.668 | 0.0240 | 10.902 | 72.198 9.9 8.6 2611.7 | 7.1 5.7
699 11.83 | 94398 | 7.979 | 91.522 | 7.736 | 8.103 | 0.685 | 12.419 | 1.050 | 0.1508 | 4.222 | 89.167 2.0 6.2 2569.1 | 2.8
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For the energy E,= 139 MeV the nuclear rainbow effect is pronounced, and the differential cross-section in Fig. 2
has a noticeable “hump”. At the energy E, = 166 MeV, we observe two clear Airy minima (see Fig. 3).

Q+208Pb, Ea=104 MeV 0(+2°8Pb, Eu=139 MeV
c/o SN
0,,=29°

1,0E+00 1,0E+00
1,0E-01

1,0E-02
1,0E-02
1,0E-03 1,0E-04
1,0E-04

1,0E-06
1,0E-05

1,0E-08 :
1,0E-06 .
1,0E-07 1,0E-10 :

o 20 40 60 80 e° 0 20 40 60 80 100 ©°

Figure 1. Differential cross-section (ratio to the Rutherford one)  Figure 2. The same as in Fig. 1 but for E, = 139.0 MeV (solid
calculated with the S-matrix parametrization (2) — (5) and (8) for  line), its far- (dot-dashed line) and near-side (dashed line)
the elastic scattering a-+2°8Pb at £, = 104.0 MeV (solid line), its  components, the dotted line is for the optical model. The
far- (dot-dashed line) and near-side (dashed line) components, experimental data are from [6].

the dotted line is for the optical model. The experimental data are

from [5]. Arrows show the rainbow and crossover angles.

a+208pb, E,=166 MeV C(+2°8Pb, Ea=172 MeV
C./0g g e/UR
1,0E+00
1,0E400
1,0E-01
1,0E-01
1,0E-02
1,0E-02
1,0E-03
1,0€-03
1,0E-04
1,0€-04
1,0E-05
1,0€-05
1,08-08 . 0 5 10 15 20 25 30 35 40 45 @°
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Figure 3. The same as in Fig. 1 but for £, =166.0 MeV (solid Figure 4. The same as in Fig. 1 but for £, = 172.0 MeV (solid
line), its far- (dot-dashed line) and near (dashed line) line), its far- (dot-dashed line) and near-side (dashed line)
components, the dotted line is for the optical model. The components, the dotted line is for the optical model. The

experimental data are from [7]. experimental data are from [8].
0+298pb, E,=240 MeV a+202pb, E,=288 MeV
G./0gr

o./0g

1,0E401 6,=17.5 1,0E+00

1,0E+00 1,08-01

1,0E-01 1,0E-02

1,0E-02 1,0E-03

1,0E-03 1,0E-04 .

~ \\
1,0E-04 P 1,0E-05 N
\
1,0E-05 1,0E-06 >
0 10 20 30 40 6° o 10 20 30 40 6°

Figure 5. The same as in Fig. 1 but for £, =240.0 MeV (solid Figure 6. The same as in Fig. 1 but for £, = 288.0 MeV (solid
line), its far- (dot-dashed line) and near-side (dashed line) line), its far- (dot-dashed line) and near-side (dashed line)
components, the dotted line is for the optical model. The components, the dotted line is for the optical model. The
experimental data are from [9]. experimental data are from [10].
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a+28Pb, E,=340 MeV

0./
1,0E+00
1,0E-01
1,0E-02
1,0E-03
1,0E-04

1,0E-05

1,0E-06
o] 10 20 30 0°

Figure 7. The same as in Fig. 1 but for £, =340.0 MeV (solid
line), its far- (dot-dashed line) and near-side (dashed line)
components. The experimental data are from [10].

a+208pp, E,=480 MeV
o./og

1,0E+00
1,0E-01
1,0E-02
1,0E-03
1,0E-04

1,0E-05

1,0E-06
0 10 20 30 e°

Figure 9. The same as in Fig. 1 but for £, =480. 0 MeV (solid
line), its far- (dot-dashed line) and near-side (dashed line)
components, the dotted line is for the optical model. The
experimental data are from [10].

o(L)
o(L)

——E=699 MeV

200 N\ NS A e E=480 MeV
0 £=386 MeV
£=340 MeV

60 ) E=288 MeV
N e E=240 MeV

-80 N\ —E=172 Mev
O\ — —E=166 MeV

-100 N —E=139Mev
—E=104 MeV

-120

0 2 4 6 8 10 L

Figure 11. Quantum deflection function ®(L) (degrees) as a
function of angular momentum L for different energies.

a+208pPb, E =386 MeV

o./ox
8,=9.1°
v i ‘ 6= 10.5°
1,0E-01 A
, i N
/ i
1,0E-03
1,0E-05
\
\
1,0E-07 .

0 10 20 30 6°

Figure 8. The same as in Fig. 1 but for £, = 386.0 MeV (solid
line), its far- (dot-dashed line) and near-side (dashed line)
components, the dotted line is for the optical model. The
experimental data are from [11].

a+%08Pb, E,=699 MeV

0./0g

1 e=28

1,0E-01

1,0E-03

1,0E-05

1,0E-07 -
0 5 10 15 20 25 06°

Figure 10. The same as in Fig. 1 but for £,=699.0 MeV
(solid line), its far- (dot-dashed line) and near-side (dashed
line) components, the dotted line is for the optical model. The
experimental data are from [10].
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104 MeV
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Figure 12. Dependence of the scattering matrix modulus
n(L) on the angular momentum L for different energies

Figures 1-10 show that the parameterization of the scattering matrix proposed by us makes it possible to correctly
describe the complex behavior of the investigated differential cross-sections of elastic scattering of a-particles by heavy 2°°Pb
nuclei in wide ranges of energies and scattering angles. The experimentally measured cross-sections contain several periods
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of Fraunhofer oscillations in the region of small scattering angles, then the amplitude of the oscillations decreases and we
observe a broad maximum, which is identified as the presence of rainbow scattering (nuclear rainbow).

Let us consider the behavior of the S-matrix as a function of the angular momentum L at different energies.
Figures 11-12 demonstrate the behavior of the quantum deflection functions @(L) and the modulus 7(L) as functions of

the angular momentum L for all considered cases of scattering for the a+2°Pb system. Figure 11 shows that the quantum
deflection function ©(L) has a deep minimum, which is typical for the nuclear rainbow. While the energy increases, the

depth of the minimum of the deflection function @(L) (the rainbow angle) decreases substantially. Therefore, as can be
seen from Figure 11 and Table, with the energy increase the nuclear rainbow angle 6. decreases.

Figure 12 shows that the function 7(L) has the form of a “diffuse step”, which changes rapidly at L= L, i.e. it
demonstrates the effect of strong absorption a-particles by the lead nucleus at L <L, .

The parameter J,, which characterizes the magnitude of the nuclear scattering phase, decreases with increasing
energy (see Fig. 13) according to the law: &, ~ exp(—ak, ), where a =0.03 MeV"".

The behavior of the nuclear matter transparency coefficient & for the heavy 2%Pb nucleus with the energy increase
is nearly linear (see Fig. 14), the variations are less than 5%, except for the last energy E, = 699 MeV, where its increase
up to 15% is observed.

5, €
50 06
40 d
: 0,4
0® :
30 0 05
20 OOO (0] ’ (o) O ,...........---u-p
©.oo0e@eriy - Cy G
10 O Qi 0.0 p-e oo ©
0 ? 02
0 100 200 300 400 500 600 700 E, MeV 0 100 200 300 400 500 600 700 E, MeV

Figure 13. Parameter &, characterizing the magnitude Figure 14. Nuclear matter transparency coefficient & calculated basing on the
S-matrix parametrization (2) — (5) and (8) for the a+2%Pb elastic scattering as

of the nuclear part of scattering phase (refraction .
a function of energy

coefficient), found on the basis of the S-matrix in the
form (2) — (5) and (8) for the a+>%8Pb elastic scattering,
as a function of energy.

Nuclear rainbow angle 6, decreases with the energy increase (Fig. 15) and it may be approximated by the expression:
0, ~exp(-ak, ), where a =1.8 MeV™. This is different from the dependence &, ~ 1/ E proposed in [17].
The Fraunhofer crossover angle 6, decreases with the increasing energy (Fig. 16) and it may be approximated by

the expression: 6, ~ exp(—akE, ), where a =13 MeV™".

er ecr
120 : 50 o
100 o 40 P

80 © 30

60 %0

®
40 O 20 © Q
20 '-Q,_Q. 10 0.0,
‘O [ 2 I [0) TO
0 0
0 100 200 300 400 500 600 700 E, MeV 0 100 200 300 400 500 600 700 E, MeV

Figure 15. Nuclear rainbow angles 6., calculated basing on the ~ Figure 16. Fraunhofer crossover angles 8, , calculated basing
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scattering as a function of energy. a+?98Pb elastic scattering, as a function of energy.

The values of boundary radii L,/k, L /k (fm) (Fig. 17) and diffuseness d, =A,/k, d, =A,/k (fm) (Fig. 18)

change slowly with increasing energy approximately according to a linear law.
Figure 19 shows that the total reaction cross-sections, calculated by the S-matrix model in the energy range
104-700 MeV practically do not change within a 10% error.
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Figure 18. Dependence of the diffuseness parameters A, / k (a)and A,/ k (b) (fm) on the energy

O,

r

4000
3000 __é_é_g_iﬁii
2000

1000
0 100 200 300 400 500 600 700 E, MeV

T TRREEEEE 5

Figure 19. Total reaction cross-section O, (mb), calculated basing on the S-matrix parametrization (2)-(5) and (8) for the a+2%Pb

elastic scattering, as a function of energy. The dashed line is drawn horizontally within 10% errors of the experimental data errors

CONCLUSION

The study of differential cross-sections of the elastic scattering of a-particles by heavy 2®Pb nuclei in the region of
intermediate energies is a source of important information about mechanisms of nuclear interaction, as well as about the
absorbing and refractive properties of the nuclear matter.

The completed analysis shows that the proposed six-parameter model of the scattering matrix successfully describes
the differential cross-sections of the elastic scattering of a-particles by heavy 2°°Pb nuclei in wide ranges of scattering
angles (~5-90°) and energies (104-699 MeV) and explains the features of the nuclear rainbow effect in the elastic
scattering without numerically solving the Schrodinger equation.

The obtained results of a correct systematic description of the a—>Pb elastic scattering cross-sections for the
in a wide energy range 104—699 MeV based on the phenomenological model representation of the scattering matrix
indicate the presence of strong nuclear refraction in the considered scattering cases and lead to the “nuclear rainbow”
interpretation of the analyzed data.

The nuclear rainbow effect has been identified in the differential cross-sections of elastic scattering of a-particles
on the 28Pb target nucleus for the energies E, = 104, 139, 166, 172, 240, 288, 340, 386, 480, and 699 MeV, that is in the
range of energies 26—175 MeV/nucleon. We have obtained the parameters of the scattering matrix by fitting the
experimental data on the a—2%Pb elastic scattering on the basis of this original S-matrix approach and have studied the
energy systematics of the nuclear rainbow angle and the angle of Fraunhofer crossover of near- and far-side components
of the investigated angular distributions of cross-sections. The behavior of the shapes of the quantum deflection function

and the modulus of the S-matrix depending on the energy has also been analyzed. The Fraunhofer crossover angle 6, and

the nuclear rainbow angle €., depending on the energy, behave as exp(-aFE).

We have determined the tendencies of changing the absorbing (&) and refractive (d:) properties of the nuclear matter
with the energy change It has been established that the deflection function remains approximately symmetrical with
respect to its minimum in the region of negative values with increasing energy.

The total reaction cross-sections o, , calculated on the basis of the parametrized S-matrix in the energy range 100700
MeV, taking into account the experimental error of 10%, remain practically unchanged within these data errors.

We can note that with the energy increase the intensity of nuclear refraction d; decreases approximately as
exp(—aE, ), and the nuclear transparency ¢ increases linearly. The boundary radii Z,, /k and diffuseness parameters
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A,/ k for the strong absorption and nuclear refraction regions have a linear energy dependence. This indicates smooth,

physically substantiated changes in the values of the parameters with a change in en7777ergy, which have a clear
semiclassical interpretation.

A comparative analysis of the fit quality in the S-matrix and optical-model approaches shows a high quality of the
fitting performed with the proposed six-parameter S-matrix model.

The results of the analysis show that the applied S-matrix approach may be used for further analyzing a wide variety
of refraction phenomena, which are observed in the light-ion elastic scattering processes with heavy target nuclei, and for
obtaining information about the interaction between nuclei and the nuclear structure from this analysis, as well as for
determining the concrete ratio between the intensities of nuclear absorption, nuclear refraction and Coulomb interaction
for investigated nuclear processes.

The investigation results allow the selection of unique nuclear systems and conditions to measure cross-sections of
such nuclear processes, which may be sensitive to the studied effect.
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AHAJII3 [IPYKHOTI O ¢-2%Pb PO3CISIHHSL B IIIMPOKOMY IHTEPBAJII EHEPI I 3A S-SMATPUYHOIO MO/IEJLIIO
10. A. Bepexnoii?, I'. M. Onnmenko?, B. B. IInsmmnenko®, I1. E. Kysnenos?, L. I. SIkumenxo?
Xapxiecvruil HayionanvHutl ynieepcumem imeni B.H. Kapaszina, 61022, Xapkis, Ykpaiua,
Hayionanvruti nayxosutl yenmp «Xapkiscokuil pisuxo-mexniunutl incmumymy, 61108, Xapxis, Ykpaina

V po6oTi JOCIHKEHO NPY’kHE PO3CIAHHS 0-4aCTHMHOK Ha Baxkkux sapax 2’8Pb npu eneprisix 26-175 MeB/HyKIIOH 3 BUKOPHUCTAHHAM
OpUIiHANBHOI IIECTH-NIAPAMETPUYHOI S-MaTPUYHOI MOJENi, 110 BPaXOBYE CHIIbHE NOIJIMHAHHS i BUpaXKeHI eeKTH 3alOoMIICHHS
PO3CISIHUX XBHJIb. 32 IOTIOMOTr0I0 (iTiHI'y eKCIIEPUMEHTAIBHUX JaHUX 3 JIITepaTypu, BUMIPSHHUX B LIMPOKOMY Aiarna3oHi eHepriit: 104,
139, 166, 172, 240, 288, 340, 386, 480 1 699 MeB nocnimkeHi AudpakLiiiHi Ta 3aJOMIIOBAIBHI KapTHHU poscisHHA. [IpencraBieHo
MMOBEIIHKY 3HAWICHUX MapaMeTpiB MOJIETI, a TAKOXK MOBHOTO Tepepi3y peakiii, KyTH NepeTuHy OJMMKHBOI Ta JAalNbHBOI CKIaIOBUX
aMILTITYAU po3ciloBaHHS ((payHrodepiB NMepeTuH), KyTH SAEPHOI paiiyrd, a TaKOoK HaBEICHO MOPIBHSAHHS 3 AU(EpeHIiaIbHIMH
niepepizaMu, po3paxoBaHUMH 32 ONTUYHOIO MOJIEILIIO.

KiwuoBi ciioBa: mpyxHe po3CitoBaHHS;, MaTpuis poscitoBanHs; 4het208pb; simepHa pedpakiiis; saepHa Becelka; KpPOCOBEp
®paynrodepa, minimym Eiipi, 3aranpHuii monepeuHuii nepepis



