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Abstract:

The correlation between quarter-point angle of elastic scattering and nuclear matter radius is studied

systematically. Various phenomenological formulae with parameters for nuclear radius are adopted and compared

by fitting the experimental data of quarter point angle extracted from nuclear elastic scattering reaction systems. A

parameterized formula related to binding energy is recommended, which gives a good reproduction of nuclear matter
radii of halo nuclei. It indicates that the quarter-point angle of elastic scattering is quite sensitive to the nuclear

matter radius and can be used to extract the nuclear matter radius.
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1 Introduction

In recent years, nuclear reactions with unstable or
weakly bound nuclei that have low breakup threshold
and exotic structure have shown remarkable features
which are different from those of tightly bound nuclei. It
is interesting to understand and revisit in detail the dif-
ference in the reaction mechanisms using tightly bound,
weakly bound, unbound and halo nuclei. They are de-
fined and differentiated by a combination of binding en-
ergy and separation energy. The tightly bound nuclei
are even-even nuclei with high binding energy per nu-
cleon. Halo nuclei (like typical halo nuclei ®He, ' Li and
1Be) have very low binding energy per nucleon and very
low separation energy of the outermost nucleons. The
binding energy per nucleon of weakly bound nuclei are
in between those of tightly bound nuclei and halo nu-
clei. Very recently, a phenomenological comparison of
reduced reaction cross sections of different reaction sys-
tems was proposed by using Wong’s model [1-3]. Sev-
eral authors have extracted the quarter-point angle from
the elastic scattering angular distribution reaction cross
section, in order to compare weakly and tightly bound
projectiles [4-6]. The quarter point angle, which is also
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called the “grazing angle” or “rainbow angle”, is one of
the most conspicuous features of heavy-ion elastic scat-
tering at above-barrier energies. Accordingly, the radius
of interaction R;,, correlating with quarter-point angle,
is the sum of projectile and target radius and approxi-
mately equals the classical apsidal distance, the distance
of closest approach, evaluated at the energy for which
the experimental cross section is one-quarter of the cor-
responding Rutherford cross section [7]. Earlier evalu-
ations of Ry, were given by ro(AL/* + A{?), where A,
and A, are the mass numbers of projectile and target,
respectively. It has been found that values of r, ranging
from 1.20 to 1.30 fm are the most appropriate values for
heavy ion interactions at energies > 10.0 MeV /u ([8] and
references therein).

Experimentally, the nuclear radius (or nuclear mat-
ter distribution) can be determined by the measure-
ment of electron scattering, isotope shift and interaction
cross section etc. Since the electron is structureless and
the electromagnetic interaction is very well known, the
charge distribution of a nucleus can be precisely obtained
from the electron scattering measurements. The proton
distribution can be deduced from the nuclear charge dis-
tribution in the case of stable nuclei. However, for un-
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stable nuclei, being short-lived and difficult to use as a
target, especially halo nuclei, one usually uses the isotope
method or interaction cross section measurements to de-
termine the size of the nucleus. To be more precise, elec-
tron scattering is better than isotope shift and isotope
shift is better than interaction cross section. Moreover,
the interaction cross section is highly model dependent.
Earlier, it was observed that the nuclear size is obviously
correlated to the quarter-point angle. This is because
the quarter-point angle is a function of Rj,.. This indi-
cates that we may extract the radius of unstable nuclei
from the experimental quarter-point angle. This could
be a new experimental method to determine the nuclear
size.

As introduced above, interaction radius can be ex-
tracted from the quarter-point angle through the elas-
tic scattering angular distribution of the reacting sys-
tem. Based on the concept of quarter-point angle, the
main objective of this work is to compare tightly bound,
weakly bound (stable) and halo projectiles using the phe-
nomenological formula for interaction radius. This dif-
ference in the three kinds of projectiles can be employed
to find a better understanding of interaction radius. Fur-
thermore, nuclear radius can also be obtained from this
analysis.

2 Phenomenological formulae with pa-
rameters for radius of interaction

The theoretical quarter-point angle as a function of
the dimensionless variable x was described in Ref. [6].

61,4 =2arcsin[1/(2z —1)], (1)

where £ = Fo/Veou, the ratio of the center of mass en-
ergy F., to Coulomb barrier V,,,. The experimental
values of the quarter-point angle were extracted from
the available experimental data of the elastic scatter-
ing by fitting the angular distribution of the differential
cross sections with the optical model. The correspond-
ing center-of-mass energies can also be obtained from
experiments. The Coulomb barrier was determined by
Z,7Z.€*| Rini, where Z, and Z; are the number of protons
in the projectile and target respectively. In addition, the
value of R;,, can be obtained from the experimental val-
ues of quarter-point angle by the following relationship:

Z,7Ze? ) csc(6/4)
2F.., 2

quarter point angle are given in Appendix A.

The introduction of the reduced energy parameter x
is very useful to compare the quarter-point angle of dif-
ferent reaction systems together in one graph. Figure 1
shows the comparison of quarter point angles obtained
from a large amount of experimental data, using differ-
ent tightness of projectiles, i.e., tightly bound, weakly

) ) The experimental values of

bound, and halo projectiles. In general, the experimen-
tal values of quarter point angle of these three different
type of projectiles successively decrease when the value
of x is fixed. However, all the experimental points of
quarter-point angle are obviously lower than the curve
of the theoretical quarter-point angle function (TQAF,
the formular (1)). This is because the theoretical Ry, is
simply given by the phenomenological formula All)/ 34 AL3
(PF1, as employed by L. Jin et al. [6]) to calculate the
value of z.

Additionally, from Fig. 1, the comparison of the three
kinds of projectiles is less distinguishable when a large
amount of experimental data is taken into account, al-
though the values of the quarter point angle follow a
successively decreasing general trend from the tightly
bound to the halo for a fixed value of z. In general,
for tightly bound systems with z varying from 0.8 to
2.0, experimental points exhibit an increasing deviation
from the curve with increasing z. This anomaly was
observed while deriving R;,, by using the usual formula
(A)/? +A”?). A similar wide distribution can also be
observed in the case of weakly bound and halo systems.

According to the above discussion, it is necessary
to introduce a modified formula for R;,; as given by
a-AY? +b- Al (PF2), where the parameters a and b
are fitted by extracting experimental R;,, separately for
tightly bound, weakly bound and halo projectiles.

In the fitted values, as shown in Table 1, the pa-
rameter b (b=1) is kept constant for the all three kinds
of system, assuming the target to be stable. The fit-
ted parameter a increases from tightly bound to halo
projectiles. It can be distinctly observed that the fitted
values of parameter a for tightly bound, weakly bound
and halo projectiles describe the difference between the
reaction systems and well indicate the size of projectiles
from the expression a-A}/®. This is in accordance with
the nuclear size obtained from previous studies. This
also clearly indicates that the radius calculated by the
expression All)/ 34+ A% in order to compare the different
kinds of projectiles results in the underestimation of the
size of weakly bound projectiles, and even more in the
case of halo projectiles.

Table 1. The fitted values of a and b for tightly
bound, weakly bound and halo projectiles.

projectile a/fm b/fm
tightly bound 1.123 1.00
weakly bound 1.187 1.00
halo 1.333 1.00

Thus the modified expression of R;,; can reduce the
deviation between the experimental data and the theo-
retical curve of the quarter-point angle as a function of
z. In Fig. 2, the result of the modification is shown.
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When compared with the points in Fig. 1, the deviation
between the experimental data and the theoretical curve
and among the three kinds of projectiles is diminished.
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Fig. 1. (color online) The quarter point angle as
a function of reduced energy x in the interval
from 0.8 to 2.0 for the phenomenological formula
Rine = A;,/S —I—Az/g (PF1). The color points stand
for the experimental quarter-point angles. The
theoretical quarter-point angle function is labeled

as TQAF.
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Fig. 2. (color online) Same as Fig. 1, except for
phenomenological formula (PF2).

With the enlightenment of reducing the difference in
the quarter point angle values among the three kinds of
projectiles by using modified R, it is feasible to find a
better phenomenological formula to give a better descrip-
tion of the strong absorption radius. To begin with, the
nuclear radius based on the liquid drop model was used.
Additionally, nucleon distribution having finite surface
thickness was assumed instead of uniform distribution.
Considering the isospin symmetry that distinguishes be-
tween proton and neutron, affected equally by the nu-
clear strong force, the improved expression of R;,, with
parameters rq, 11, 1o and a, is given by (PF3) [9],

Ry = Z R;; (2)
i=p,t

1 Ty 2y — Zgpaple 1/3
Rl:<(r0+Al2/3+A:l/3)+az Al >A1 ) (3)

A; : o
5750 1 denotes projectile
1.984-0.016- 4;
and target. The values of the parameters rq, r;, 7, and
a. obtained by fitting the experimental data, were 1.0152
fm, 0.6383 fm, —1.2781 fm and —0.2981 fm respectively.
However, as shown in Fig. 3 (a), the quarter point an-
gle values are still inconsistent with respect to the three
types of projectile, although the deviation between the
experimental data and the theoretical curve decreases.
Thus the modified formula given by PF3 is not ade-
quate to accurately describe the nuclear size, especially
for the halo nuclei. In order to obtain a consistent de-
scription for nuclear size, it is important to discuss this
phenomenological formulation with further improvement
by considering the binding energy of the nuclei. Accord-
ing to quantum mechanics, the nuclear rms radius is in-
versely proportional to the binding energy. The relation
between the rms radii and the binding energy can be ob-
tained from the simplified N single-particle Schrodinger

4.04

B(A)
is not sufficient for good agreement with the experimen-
tal data. A modified quantitative formula of the nuclear
rms radius as a function of binding energy per nucleon
was introduced and discussed by Wang et al. [11]. It is

important to take into account the binding energies and
based on this fact, the theoretical Ry, is given by (PF4)

Ry = Z R; (4)

i=p,t
L\’
As—— | ; )
Tm)

where Zstablc =

equation as, R(B) = [10]. However, this relation

I
Ri=X AP+ 0+ —1+<
o YT B

A—2Z

1 i, denotes the symmetry parameter,

B; is the binding energy per nucleon, and subscripts de-
notes projectile and target. The experimental data of
quarter-point angle were fitted to obtain the parameters
Ao=0.9776 fm, \;=0.2475 fm, X\, = —0.1492 fm/MeV*/2
and A3=10.7186 fm/MeV. The experimental values of
binding energy were taken from the literature [12] and
were used to determine B;. As a result, the deviation
between the experimental and the theoretical curve for
all three types of projectile (mainly between the tightly
bound and the halo) were diminished as can be seen in
Fig. 3(b).

The goodness of fit for PFs was obtained by the
standard deviation of the dependent variable S (S =
V/SUM ((yi— f(:))?)/N, where N is the number of de-
grees of freedom). This is a number that indicates how
well data fit a curve, with a lower S indicating a better
fit. The S values for the four PFs (PF1, PF2, PF3 and
PF4) are 0.4676, 1.0612, 0.2608 and 0.2564 respectively,

where I, =
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and the differences among the goodness of the fits are ob-
vious. The binding energy dependent formula PF4 can
be considered the best formula in the present work and is
recommended. Using the results from the above method
and comparing them with the fitted data as shown in
Figs. 1-3, one can emphasize the importance of the bind-
ing energy to understand the nuclear size, especially in
the case of halo nuclei. For a clear justification, the next
section gives a more detailed comparison.
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Fig. 3. (color online) Theoretical and experimen-
tal quarter point angle values for three types of
projectiles using PF3 (a) and PF4 (b). The color
points are for the experimental quarter-point an-
gle values. The experimental data were used in
the interval of = from 0.8 to 2.0. The theoretical
quarter-point angle function is labeled as TQAF.

3 Comparison of the four phenomeno-
logical formulae

In this section, we give a quantitative comparison of
the four phenomenological formulae (PF1 to PF4). We

—x
"F that will es-

define a goodness of fit ratio n =
Tpr
timate the deviation between the experimental quarter-

point angle and the theoretical curve (TQAF). In other
words, the smaller the value of 7, the less the deviation.
In this relation zpp is determined by the center-mass en-
ergy and the Coulomb barrier via the phenomenological
formulae, Tpr = Fem/Veou. However, x is directly calcu-
lated by using Eq. (1), namely, using the TQAF curve.
Both zpr and z correspond to the same quarter-point an-
gle extracted from elastic scattering angular distribution
of the reacting systems. The comparison of 7 in terms

of the four phenomenological formulae (PF1 to PF4) is
shown in Fig. 4. It is clear from the figure that the mod-
ified formulae PF2, PF3 and PF4 show a better agree-
ment as compared to PF1 so far as the deviation between
the experimental data and the theoretical curve (TQAF)
is concerned. The advantages and disadvantages of the
four methods for calculating R;,; are more clearly un-
derstood when comparing the deviation between tightly
bound and halo projectiles.
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Fig. 4. (color online) Comparison of the four phe-

nomenological formulae with the experimental
data used in the interval of = from 0.8 to 2.0. The
open symbols for tightly bound nuclei are shown
in (a) and the solid symbols for the halo nuclei
are shown in (b).

This deviation between tightly bound and halo pro-
jectiles by the four methods may be more clearly ob-
tained by introducing another parameter An =g —7rs,
where 7y is the arithmetic mean of 7 for halo nuclei and
nrs is that for tightly bound nuclei. In addition, the
inconsistency of the experimental points can be found
for tightly bound systems with two clear groups (taking
Fig. 5 as a sample case) while for the weakly bound sys-
tems there is a scattered distribution. In Fig. 5, the large
71 values for the sets of experimental quarter-point angle
points of the tight bound nuclei far from the curve of
TQAF are mainly extracted from the elastic scattering
reaction systems of *0+%°Ca, 150+42Ca, **O+%%Fe, and
160+9Zr, of which the incident energies are in the range
28-68 MeV. The smaller values for the points near the
TQAF curve are mainly extracted from the elastic scat-
tering reaction systems of °0O-+2%Pb and '20-+2%8Pb,
of which the incident energies are in the range 44-140
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MeV. We take the case of tightly bound nuclei to explain
this feature. Analogically, the exact deviation between
Ti_ts and 75_7p is given by Anrg =71 _1t5—72_18, Where
Ti—ts is the arithmetic mean of the group of experimen-
tal quarter-point angle points of tight bound nuclei far
from the TQAF curve and 7j;_tp is that near the TQAF
curve. An denotes the difference between tightly bound
and halo nuclei, and Anrg reflects the difference of the
two groups of nuclei in the tightly bound case. The cal-
culated values of An and Anrtg are shown in Table 2.
From these values, the results given by PF4 show the
minimum values for both An and Anrp. Therefore, one
can conclude that among all the four phenomenologi-
cal formulae, PF4 shows the best improvement in the
present work for all the three types of nuclei. Thus in
the present work, PF4 is recommended for giving better
consistency among tightly bound systems, besides reduc-
ing the deviation between the experimental data and the
theoretical curve of quarter-point angle.

0.20
0.15F *
0.10 *
B oS A s o
= 0.05F th 0o il
________ D________E_E‘ S s Yy O 1 | E
0.00 =]
* it mm=-- Mi-tB
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T T R0 100 120140
014/(°)
Fig. 5. (color online) Comparison of n with the ex-

perimental data used in the interval of x from 0.8
to 2.0 for the sets of experimental quarter-point
angle points of the tight bound nuclei near and
far from the TQAF curve for PF1. n;_1p is the
points of 7 far from the TQAF curve and n2—18
is the points of 7 near the TQAF curve.

Table 2. The values of An and Antg for PF1, PF2,
PF3 and PF4.
PF1 PF2 PF3 PF4
An 0.0374 0.0077 0.0342 0.0059
AnTB 0.056 0.040 0.039 0.033

In conclusion, the theoretical radius of interaction
given by PF1 is not a good formula, although it can
be used to compare the different tightness of systems.
PF2, with parameters separately fitted by tightly bound,
weakly bound and halo projectiles, is a parameterized
method to do the comparison. For finding a unified for-
mula for nuclear radius, namely for the radius of interac-
tion, PF3 and PF4 are compared. However, the improve-
ment in PF3 with symmetry dependence considered is

not good enough to consistently describe the nuclear size.
Finally, PF4 with the binding energy considered is rec-
ommended by this work for a phenomenological formula
for Ri,, as it reduces the deviation not only between
the experimental data and the theoretical curve but also
among the three kinds of projectiles. The inconsistency
among the tightly bound systems is also improved by
PF4.

4 Calculation of nuclear radius

As discussed above, PF4 not only reduces the devia-
tion between the experimental data and the theoretical
curve but also among the three kinds of projectiles, when
we compare the four parameterized theoretical formulae
(PF1 to PF4) in order to obtain the radius of interac-
tion R;,.. This means that if we use the recommended
formula PF4 for calculating R;,, of systems with tightly
bound, weakly bound and halo projectiles to calculate x,
and plot 6,4 vs =, we can see that all the systems are on
one curve of TQAF. The nuclear size is obviously corre-
lated to the quarter-point angle, because z is a function
of Ri., which indicates that we may extract the radius
of nuclei from the experimental quarter-point angle.

For all applications, we calculate the radius of nuclei
as projectiles using the formulae fitted from experimen-
tal quarter-point angle and separately compare them
with the experimental charge radius [13] for tightly-
bound (Fig. 6) and weakly-bound nuclei (Fig. 7) and
with experimental root mean square (rms) matter radius
(Table 3) for halo nuclei (Fig. 8). For light nuclei, the
nuclear experimental charge radius usually agrees with
the mass radius, but for heavy nuclei, which have more
neutrons than protons, the mass radius might be larger
than the charge radius. For halo nuclei, the charge ra-
dius does not usually reflect their size, but R, can do
so. In the present work, to compare with the calculated

34
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=24
22
2.0
1.8
1.6

¥ Riep
10 12 1I4 1I6 ll8 ZIO ZIZ 2I4
A

Fig. 6. (color online) Comparison of the calcu-
lated mass radius (R1, R2, R3 and R4) based on
the four phenomenological formulae with nuclear
charge radius for tightly-bound nuclei *He, *2C,
160, 2°Ne and ?*Mg.

N
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radii R;,, extracted from the quarter point angle, we take
the experimental charge radius to be the size of the light
tightly bound and weakly bound nuclei and use the ex-
perimental R, as the size of the halo nuclei. As shown
in Figs. 7 and 8, the calculation of tightly-bound and
light weakly-bound nuclei based on PF3 and PF4 can be
deemed a better representation for determining nuclear
size than PF1 and PF2. The goal of extracting the ra-
dius of exotic nuclei from the experimental quarter-point
angle can be embodied by the calculation based on PF4,
as shown in Fig. 8, which clearly shows the feasibility of
acquiring the radius of halo nuclei via the experimental
quarter-point angle. From the comparison, the calcula-
tion for light halo nuclei based on PF3 does not agree
with the experimental values.

3.6 P
3.4 F
32 f
3.0 F
28
E26F
Ro4f
22F
20F
18 F
16t

T
o * A,

x O R4
t Reexp.
1 1

18 20 22 24 26

8 10

12 14 16
A
Fig. 7. (color online) Comparison of the calculated
mass radius based on the four phenomenological
formulae PF1 to PF4 (R1, R2, R3 and R4) with
nuclear rms charge radius for weakly-bound nu-

clei.
Table 3. Experimental values of rms matter radii
for light halo nuclei.
nuclei Rrms/fm Ref.
6He 2.30£0.07 [16]
8He 2.6940.03 [17]
8B 2.3840.04 [18]
°C 2.7140.32 [19]
10Be 2.47940.028 [20]
10¢ 2.4240.10 [21]
UL 3.3470-08 [22]
H1Be 2.7340.05 [23]
1nc 2.46+0.03 [20]
2N 2.4740.07 [24]
130 2.5340.05 [24]
Be 3.10+0.15 [25]
17 2.99+0.09 [25]
7R 2.7140.18 [26]
17Ne 2.7540.07 [24]
198 3.1140.13 [25]
23A1 2.90540.250 [26]
27p 3.02040.155 [26]

34F 3
32F =
3.0F E
= 26F e
2.4F ]
o AR3 ]
228 B/ L’A/ X A 0 R4 ]
4 ¢ R, ]
2'04 6 8 10 12 14 16 18 20 22 24 26 28
A
3.0 60— R3-4-R4 ~§-Rimsexp. 2.7 ~-R3 ~4-R48- Rims-exp)
2.8F 2.6f
= 2.6 g 2.5
=24 =24
22t \ 23
0 2L
W34 5 6 3 4 5 6 7
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gg [ DYYE I B K3 R4 & R g
31} 30
E 20l E28
=27 &
55l 2.6
23 24l 04
2 7 456 7 8 91011
Z(4=11) Z(4=17)
Fig. 8. (color online) Comparison of the calculated

mass radius based on the phenomenological for-
mulae PF3 and PF4 (R3 and R4) with nuclear
rms matter radius for halo nuclei.

As a matter of fact, the elastic scattering of a halo nu-
cleus from a stable target can give simple direct evidence
for the structure of the halo nucleus [14]. The angular
distribution of elastic scattering reactions show a max-
imum difference for incident energies around the top of
the Coulomb barrier, thereby suggesting that it is in this
energy region that the elastic scattering is most sensi-
tive to the surface diffuseness of the nuclear structure
of the exotic projectiles [15]. The quarter-point angle
as a function of radius of interaction R;,, obtained via
angular distributions of elastic scattering cross section,
is related to the actual reaction mechanisms, which is
not only related to the size of the nuclei but also to the
elastic scattering reactions with coupling to the channels
of inelastic scattering or other reactions. The nuclear
properties, such as nuclear radius, isospin symmetry and
binding energy per nucleon, will affect the strength of
the couplings for different incident energies. Inversely,
we can extract information about the structure, such as
the nuclear size, from elastic scattering reactions. Exper-
imentally, the nuclear radius can be determined by elec-
tron scattering, isotope shift and interaction cross sec-
tion etc. Since the electron is structureless and the elec-
tromagnetic interaction is known very well, the charge
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distribution of nuclei can be precisely measured by elec-
tron scattering. However, it is suitable for stable nuclei
only, as unstable nuclei are short-lived and difficult to
use as targets. For unstable nuclei and especially for
halo nuclei, the isotope method or interaction cross sec-
tion are usually used to measure the size of nuclei. How-
ever, extracting the radius of unstable nuclei from the
experimental quarter-point angle could be a useful tool
as a new experimental measurement. Therefore, PF4
with more details of structure (spatial extension, isospin
symmetry and binding energy) is recommended for the
nuclear radius by this work.

5 Conclusions

The motivation of this work is to correlate quarter-
point angle and nuclear radius. Theoretical radii of in-
teraction R;,; were obtained and compared. In this work,

Appendix A

The extracted experimental quarter-point angle data
for tightly bound and halo systems are arranged in
the following Table 4. This data was obtained from

four phenomenological formulae (PF1 to PF4) were pre-
sumed and the parameters for different formulae were
fitted by using the extracted experimental values of R;;.
Considering the different kinds of reaction systems, the
four phenomenological formulae were analyzed and dis-
cussed. Based on the above mentioned formulae, the
radii of different kinds of nuclei as projectiles were ob-
tained and explained in detail. As a result, the param-
eterized formula related to binding energy was recom-
mended. In conclusion, the deviation between the ex-
perimental data and the theoretical curve and among the
three kinds of projectiles can be minimized by appropri-
ately calculating the nuclear radius in order to determine
the radius of interaction. This may lead to a better un-
derstanding of the nuclear structure and the actual re-
action mechanisms using the three types of projectiles
(strongly bound, weakly bound and halo nuclei).

[http://nrv.jinr.ru/nrv/]. The data for weakly bound pro-
jectiles, SLi, "Li, °Be, 'B, YN, N and '°F can be also
found in [http://nrv.jinr.ru/nrv/].

Table 4. The extracted experimental quarter-point angle data for tightly bound and halo systems.

reaction systems Ecm/MeV Ocm /(°) reaction systems Ecm/MeV Ocm /(°)
12¢ 4 2854 16.80 99.4 120428 34.51 31.0
12042854 45.50 24.8 12042854 130.48 6.4
124 208pp, 59.47 139.3 12C 4-208pp 61.36 125.1
12¢ 4 208p, 66.09 102.7 12¢ 4 208pp 70.81 87.7
1204 208py, 80.27 70.3 12¢ 4 208pp 90.76 55.5
1214 208py, 111.57 43.7 1204 208pp 170.18 24.6
124 208py, 283.64 14.0 1204 208pp 397.09 9.6
160 412¢ 10.29 96.0 160 +12¢ 15.43 55.0
160 412¢ 18.00 40.0 160 +12¢ 26.57 30.0
160 412¢ 34.29 20.8 160 +12¢ 56.57 12.3
1604160 37.50 22.7 1604160 40.50 20.6
1604160 43.50 19.5 1604160 46.00 18.0
1604160 47.50 17.3 1604160 58.00 13.6
160 +40Ca 28.57 93.0 160 +49Ca 33.57 74.3
160 +40Ca 42.86 47.3 160 +49Ca 40.55 50.5
160 4-40Cq 43.45 45.5 160 4 56Fe 3L.11 137.6
160 4 56 e 32.67 116.7 160+ 56Fe 34.22 102.8
160 4 56Fe 35.78 94.0 160 - 56TFe 37.33 85.0
160 4 56Fe 38.89 79.5 160 4 56TFe 40.44 73.8
16() 4 56 Fe 42.00 70.3 160 +56Fe 43.56 65.0
16() 4 56 Fe 45.11 61.3 160 4907y 67.92 53.8
160 4 907, 117.34 26.4 160 4907y 165.06 17.8
16() 4 208p, 120.25 53.0 160 4 208pp 178.29 31.2
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reaction systems Ecm/MeV Ocm /(°) reaction systems Ecm/MeV Ocm /(°)
160 +208pp 77.07 138.2 160 +208pp 81.71 114.8
160 4 208pp 83.57 107.5 160 4-208pp 87.29 96.4
160 +208pp 89.14 92.1 160 +208pp 94.71 81.9
6He+%5Cu 17.90 41.5 6He+%5Cu 27.50 25.0
6He+1208n 17.19 75.5 6He+1208n 18.86 67.0
6He+1208n 19.52 65.3 6He+197Au 38.82 40.5
SHe+298Pb 21.38 110.0 6He+298Pb 26.24 72.0
SHe+298Pb 28.77 59.2 6He+298Pb 53.46 27.8
SHe+299Pb 21.87 102.8 8B +58Ni 22.23 134.5
8B+ 58Ni 23.90 102.5 8B+ 58Ni 25.75 87.1
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