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Abstract: The reduced strong absorption distance ds and Coulomb barrier height Vg are extracted from the

quarter-point recipe from a series of experimental elastic scattering angle distributions. The nuclei with different
binding energies are systematically studied as the projectile, including the tightly bound, weakly bound, and halo
nuclei. It is found that the mean ds for halo nuclei is significantly larger than that of tightly and weakly bound nuc-
lei. The complex behavior of ds regarding the binding energy and properties of the target is observed for halo nuclei.
The linear relationship of the reduced distance with system size may be used to estimate the Coulomb barrier radius
Rp, which is difficult to obtain from fusion reactions. The rule of Vg concerning the Coulomb parameter z is in

agreement with other theoretical barrier laws extracted from the fusion reaction. Furthermore, the reason why the

binding energy or deformation has little effect on the linear relationship of Vg as a function of z is clarified.
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I. INTRODUCTION

Over the last decades, the development of radioactive
beam facilities has greatly advanced the field of nuclear
physics. Many elastic scattering measurements have been
conducted using weakly bound nuclei as the projectile
impinging on medium-heavy targets, and the findings
have been compiled in several reviews [1-3]. These ex-
periments have highlighted the significance of studying
exotic nuclei. Exotic nuclei are highly unstable and lie far
from the valley of fS-stability, giving them weak binding
energies and unusual structures. Their characteristics,
such as clusters and halos, are excellent examples of
many-body open quantum systems, providing extreme
testing platforms for models of nuclear structure and re-
actions [4]. Experimental elastic scattering data for ex-
tremely weakly bound nuclei such as °He [5—-8], ®B [4,
9], 3He [10], and ''Be [11] have been analyzed in detail
using different models. It has been demonstrated that the

angular distribution of these nuclei differs significantly
from that of tightly bound nuclei.

For stable nuclei, the elastic scattering cross section at
forward angles is typically pure Rutherford scattering.
The interference between the Coulomb and short-range
nuclear potentials produces typical diffraction modes at
large scattering angles. However, for weakly bound nuc-
lei, the breakup due to the strong Coulomb force or the
dynamic polarization potential may lead to unusual angu-
lar distribution patterns [12—14].

The phenomenological study of the interaction dis-
tance has been a powerful tool in gaining insight into the
systematic behavior of angular distributions for different
reactions. Two typical reduced distances have been adop-
ted in literature. The first is the reduced critical interac-
tion distance d;, where the nuclear interaction begins to
have an impact. The idea of extracting di from elastic
scattering measurements dates back to the 1970s to
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Christensen et al., which has had important con-
sequences in the interpretation of reaction data and the
nuclear potential [15, 16]. The ratio of the elastic scatter-
ing cross section to the Rutherford value do/dogr, could
be set as 0.98, where the absolute value of the S matrix =
0.99 [17]. The other useful tool is the reduced strong ab-
sorption distance ds, where doj/dogr, = 0.25 [18], which
is also known as the quarter-point recipe [19]. Based on
the strong absorption model or sharp cut-off model from
Fresnel diffraction theory, it was proposed that diffrac-
tion by an absorbing object causes the amplitude at the
edge of the geometrical shadow to drop to one-half of the
undisturbed amplitude [19, 20].

The dr extracted from various elastic scattering exper-
imental data, involving mainly weakly bound °Li and
7Li, has demonstrated that it depends strongly on the
mass of the target nucleus [21]. The elastic back-scatter-
ing experiment *He+*’Bi was reported in Ref. [17]. By
comparing this reaction with other typical reactions, it
was found that d; of reactions involving ®He was consid-
erably higher than those of the weakly bound °Li, °Be
nuclei and tightly bound *“He, '2C, '°O nuclei. The not-
ably larger value for ®He can be explained by the influ-
ence of the long-range coupling from its large Coulomb
dipole polarizability. A more systematical comparison on
di was performed in Ref. [22], including the tightly
bound nuclei (°Li,'°Be, '>C, '°0, '°F), weakly bound
nuclei (°Li, “Li, 8Li, ®He, °Be, !"F), and halo nuclei
(°He and ''Li) as the projectiles. They were used to bom-
bard the 2°®Pb target at near barrier energies. It was con-
cluded that there was an apparent correlation between dy
and the binding energy, that is, d; of halo nuclei >
weakly bound nuclei > tightly bound nuclei. Recent stud-
ies on elastic scattering on ¥Ni, %Sn targets [23] and the
light 27 Al target [24] by the same theoretical group led to
similar conclusions.

The strong absorption distance ds has been studied in
various works due to its evident physical meanings. It is
first proposed to explain the a particle elastic scattering
by Blair in 1954 [18]. The investigation showed that the
sum of the target nucleus and « particle radii is approxim-
ately equal to that evaluated with ds. Information on the
grazing angular momentum and Coulomb barrier height
could be obtained using this method [19, 25]. Ground
state deformation was introduced in the analysis of the
quarter-point angle to explain the seemingly larger radius
for 2%Pb compared with 232Th [26]. The effect of dy-
namic deformation on the quarter-point angle was de-
rived and used to analyze several experiments [27].

The energy dependence of the quarter-point angle was
systematically studied using a reduction method for dif-
ferent reactions [28]. A comparison between theoretical
and experimental results shows that the maximum devi-
ation originates from halo nuclei, and this is possibly due
to the coupling to the other reaction channels. Systematic-

al investigations into the relationship between the quarter-
point elastic scattering angle and nuclear radius were con-
ducted in Ref. [29]. Four phenomenological formulae for
nuclear radius were compared, one of which was espe-
cially recommended, as a function of the binding energy.

As mentioned above, there have been several system-
atic studies directly comparing d; on tightly bound,
weakly bound, and halo nuclei. However, studies com-
paring ds are still rare, except for a few cases on the 2’ Al
target in Ref. [24]. ds conveys more information about
the radii and barrier; therefore, studying this is expected
to give us more insight into the structure and reaction
mechanisms of exotic nuclei. In this study, systematic in-
vestigations on ds are conducted with abundant experi-
mental elastic scattering data including nuclei with differ-
ent binding energies on various targets. Information on
the radius and Coulomb potential barrier height is extrac-
ted.

The paper is organized as follows. In Sec. II, the the-
oretical framework and fitting procedure of the experi-
mental elastic scattering cross sections are briefly de-
scribed. Sec. III presents the results and discussions. Fi-
nally, the summary of this study is given in Sec. V.

II. THEORETICAL FRAMEWORK

A. Reduction method

Distance plays an important role in the study of elast-
ic scattering. In the process of projectile-target collision,
the distance of the closest approach is a key physical
quantity. Assume that the collision of two nuclei follows
the Coulomb trajectory, the distance of the closest ap-
proach is

ZpZT62 |: 1 :|
= 1+

D -
2E.m sin(6/2)

(1

and the reduced distance of closest approach is
d= D/(A#/3 +All,/3). In the above equations, Ap,Zp (AT,Zr)
are the mass and charge number of the projectile (target),

E.m and @ are the incident energy and scattering angle in
the center of mass coordinate, respectively.

When the interval between two nuclei is less than the
strong absorption distance Rs = ds(A}/ 3 +A11,/ 3 ), nuclear
absorption is the main process. The transition from Cou-
lomb scattering to nuclear absorption is located within a
narrow range near Rg, which is usually a geometrical fea-
ture and does not depend on the details of nuclear struc-
ture. The strong absorption model or diffraction model
was proposed using an analogy of nucleus-nucleus scat-
tering to the diffraction of light by an absorbing sphere
[19]. A study on tightly bound nuclei based on this mod-
el demonstrated that the place where oe/ory =0.25 is
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closely related to the reduced strong absorption distance
ds [18]. For weakly bound and exotic nuclei, which have
very diffuse surfaces, ds at the quarter-point angle may
be different. To extract this distance, we adopt the
Boltzmann exponential function with three free paramet-
ers to fit the elastic scattering cross section,

ao

doe/dogry = | +ontda)’

2

where ag,a;,a; are free parameters used to fit the data.
The above formula, despite its simplicity compared to op-
tical model calculations, was proven effective and accur-
ate in the fitting of experimental data [22]. To conveni-
ently extract the reduced strong absorption distance ds,
we slightly modify the formula as follows:

1

do—el/d‘TRu = 1 + 3ea|(d*az) .

3)

We find that when d =a,, doe/dog, =0.25. Therefore,
a; 1s the ds we need.

B. Collection of experimental data

In the present context, we use the popular Minuit
minimization program [58] to determine the parameters
by searching the global minimum in the hyper-surface of
the x? function. The y? per point is expressed as

“)

2
1 oThe _ gExp
2 _ = i i
X /pt_ n E ( 50’?“ ’

i

where i,n are the i-th and the total number of experiment-
al points for each reaction, o™, o*®, and 60" repres-
ent the theoretical cross sections, experimental data, and
their corresponding error, respectively.

The experimental elastic scatterings close to the Cou-
lomb barrier of different projectiles are selected, includ-
ing tightly bound ('2C, '°0), weakly bound (°Li, "Li,
8Li, °Li,’Be, °Be, 'Be, !"F), and exotic (°He, ®He,
1Be, 8B, !'Li) nuclei on various tightly bound targets. A
total of 84 sets of reactions are collected, many of them
containing experimental angular distributions at several
incident energies. The reactions with weakly bound and
halo nuclei as the projectiles are listed in Table 1. For
simplicity, reactions with tightly bound projectiles are not
shown. The experimental angles for do;/dor, from liter-
ature are converted to reduced distance according to Eq.
(1). The advantage of this approach is that experiments at
different incident energies can be reduced by considering
E ., in the formula. For instance, we show do/dog, as a
function of the reduced distance of closest approach d for
160+38Ni, SLi+%Ni, and ®B+°®Ni in Fig. 1. As shown,
the experimental data under different incident energies

1
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Fig. 1. (color online) Ratio of the elastic cross section to the

Rutherford value do.i/dor. as a function of the reduced dis-
tance of closest approach d for *O+°8Ni [57], ®Li+%*Ni [37],
and 8B+ Ni [38] at the corresponding energy. Theoretical fit-
ting is shown by the dashed line. ds and d; are indicated for
reference.

for reactions with tightly bound, weakly bound, and halo
projectiles can be effectively reduced. The fitting based
on Eq. (3) is shown as a dashed line and can satisfactor-
ily reproduce the experimental data. The positions of the
extracted ds and d; are indicated in the figure for refer-
ence.

III. RESULTS AND DISCUSSIONS
A. Reduced strong absorption distance

As shown in Table 1, the extracted ds values for halo
and weakly bound projectiles do not appear to vary signi-
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Table 1. List of reactions with weakly bound and halo nuclei as the projectiles. The fitted a;, ds (a2), and its error Ad are presented.

Reaction aj ds/fm Ads /fm Reference Reaction ap ds/fm Ads/fm Reference
O He+ 8 Nj -3.40 1.53 0.019 [5] 61 i+112gp -9.13 1.57 0.001 [30]
SHe+%7n -5.00 1.48 0.002 [6] SLi+'?sn —8.29 1.45 0.005 [31]
6He+ 120Gy -5.61 1.56 0.016 [32] 61i+133Bg -10.50 1.57 0.001 [33]
®He+'7 Au —6.85 1.51 0.0001 [34] OLi+1%Sm -9.84 1.54 0.0003 [35]
6 He+208 ph -7.70 1.59 0.003 [7.8] 10B64208 py -12.31 1.54 0.031 [36]
8 Het 208 p -9.54 1.70 0.002 [10] OLi+2%8pp —9.21 1.45 0.003 [37]
117 {4208 py, -1.49 1.65 0.018 [14] 8B +38Ni -5.76 1.63 0.013 [38]
OLi+28 i -5.39 1.57 0.007 [39] 6Li+209B; -13.32 1.53 0.002 [40]
6Li+%Cq -5.63 1.63 0.006 [41] 71Li+298pp -17.02 1.52 0.001 [42]
OLi+%Fe -6.50 1.60 0.005 [43] 81 i+ 208py -8.08 1.66 0.006 [44]
6Li+% Co —6.25 1.52 0.003 [45] 91+208pp -14.07 1.52 0.001 [14]
OLi+%Ni —-6.46 1.59 0.001 [37] 8B+ 7n -7.97 1.55 0.016 9]
6Li+95Cu -6.07 1.54 0.002 [46] 1 Be+647n -5.22 1.76 0.008 [11]
OLi+70Ge -6.39 1.57 0.004 [47] 11 Bet208 ppy -5.29 1.48 0.020 [48]
6Li+2Ge -6.16 1.57 0.004 [47] 8B+120gy -11.92 1.66 0.002 [4]
6Li+™Ge -5.21 1.56 0.005 [47] TBe+3Nj -8.82 1.61 0.011 [49]
6Li+907r —8.34 1.56 0.001 [50] TBe+2%pp -11.13 1.49 0.005 [51-53]
0Li+9 7¢ —6.72 1.54 0.001 [54] 9Be+2%8 pp -15.75 1.54 0.0003 [55]
1754208 pyy -18.04 1.47 0.004 [56]
ficantly. The minimum value is 1.47 fm for '7F+208Pb, S T L I
whereas the maximum is 1.76 fm for !Be+%Zn. A de- sl g ]
tailed comparison of all the fitted ds as a function of sys- 1 ] “He 1

tem size Ay> + Ay is shown in Fig. 2. The reactions are
shown in three groups based on the projectiles, that is, the
tightly bound, weakly bound, and halo nuclei. We can see
that ds for most reactions is located at a small range
between 1.4 and 1.7 fm and does not change signific-
antly with the system size. There is no clear boundary
between the three groups. Some exceptions with larger
dsare labeled in the figure, including ''Be, 8B, 8He, and
Li, which are all typical halo nuclei.

To compare them, we also calculate the mean values
of ds for the three groups. The mean values of the tightly
and weakly bound nuclei are 1.539 fm and 1.548 fm, re-
spectively, which are very close and not easy to distin-
guish in Fig. 2. The mean value of the halo nuclei is
1.591, which is significantly larger than the other two val-
ues. The current trends are similar to those in Ref. [22],
where d; was found to be larger for the halo nuclei com-
pared with the weakly bound nuclei, and even more so
when compared with tightly bound projectiles. The reas-
on for this phenomenon may be the extremely low bind-
ing energies or the Coulomb dipole polarizability of halo
nuclei.

The linear fitting of ds for all the data is shown as the
densely dashed line. As shown in Fig. 2, ds tends to be
smaller with increasing system size. In Fig. 3, we present

ds (fm)
[ ]

[ — — Mean: 1.539 ¢ tightly bound
1.0 [ - - - Mean: 1.548 Y weakly bound ]
[ - - - Mean: 1.591 ¥ halo
08 [ 1 1 1 1
4 5 6 7 8 9
A AY?
Fig. 2. (color online) Reduced strong absorption distance ds

as a function of the system size AlT/ 3 +A}l,/ *_ The solid circles,
triangles, and squares represent the tightly bound, weakly
bound, and halo projectiles, respectively. The mean values of
ds for these three types are shown as dashed, dotted, and sol-
id lines for reference. Linear fitting of all the scatter points is
shown as the densely dashed line.

the name of each reaction with the halo projectile. The
distribution of scatter points is relatively far from the
mean value. The obvious contrasting reactions are
11Be+%47Zn and ' Be+28Pb, whose ds values are 1.76 fm
and 1.48 fm, respectively. Comparing these two reac-
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207771
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Fig. 3. (color online) Same as that in Fig. 2, but for only the

halo nuclei. The mean value, ds =1.591 fm, is shown by the
dashed line. The reactions are labeled around the correspond-
ing scatter points for reference.

tions, we find that ds is not only dependent on the separa-
tion energy of the projectile nucleus, but also exhibits a
complex behavior related to the properties of the target
nucleus. However, there are still existing data with large
error bars. For weakly bound or halo projectiles, the
quasielastic scattering reaction can be easily mixed in
with elastic scattering. More experiments with high preci-
sion should be performed to clarify their systematic beha-
viors in the future.

B. Coulomb barrier radius
To study the relationship between the strong absorp-
tion distance and the Coulomb barrier radius, we first
show the results of Rs as a function of system size
AY? +A” in Fig. 4. The fit to all the extracted data is
shown by the solid line, which is

RE' = 1.31(A3° + A} +1.72 fm. ®)

Because ds is nearly constant with the variation in sys-
tem size, as demonstrated in Fig. 2, the Rs that is
ds(A%/ 3 +Arlr/ 3) exhibits a linear relationship with the sys-
tem size. We also show the results of the approximate
barrier radius RSY’¢ formula based on the CW76 poten-
tial for convenience of comparison in Ref. [16], that is,

RSV6 = 1.07(A3 + A{?) +2.72 fm. (©6)

The CW76 potential model has a simple form; however,
the prediction of the barrier height Vg is surprisingly in
agreement with that extracted from the fusion reactions
[59] and sophisticated potential models such as DP2015
[60], which includes the contributions of the macroscop-

B ————————_———7T——T7
- — R]g,‘“'ﬂi

160 | —— R& ]

¢ tightly bound

140FL Y weakly bound
—~ ¥ halo ]
& PR
= 12.0 B
<l ]
~ ]
10.0 .
8.0 .
eo b vy v ]
4 5 6 7 8 9 10

AP Al
Fig. 4. (color online) Similar to that in Fig. 2, but for the

strong absorption distance Rs. The Coulomb barrier radius
RSW6 predicted by Eq. (6) for the CW76 potential is shown
by the dashed line. The fit RE" to all the extracted data is giv-
en in Eq. (5) and shown by the solid line.

ic and shell-correction terms. Rs, as the grazing distance
in literature [19, 25], should be slightly larger than Rg,
which is confirmed in this figure.

The Coulomb barrier and radius are important physic-
al quantities for applying constraints on potential models.
It is worth noting that there have been many studies on
extracting the law of Vp from fusion reactions [61—63],
including our previous study in Ref. [59]. However, it is
difficult to extract simple formulas on Rg from fusion re-
actions. One of the results can be found in Fig. 12 of Ref.
[63]. When Allp/ 3 +A}/ 3 is greater than approximately 7.7,
Rp decreases significantly and can be as low as 3 fm
when Ap” +AY? ~ 9. It is because 7R% can be seen as the
measure of the cross section. When the system gets lar-
ger, other reaction channels, such as deep inelastic trans-
fer, quasi-fission, or fission, decrease the total fusion
cross section and therefore Rg. This is a graduate process
with increasing system size, which makes it difficult to
extract a simple law of Rg based on fusion reactions.

However, for elastic scattering, the reaction channel is
much simpler than that for fusion reactions. Based on the
linear relationship shown in Fig. 4, we propose to extract
empirical Rg using the following method:

Rgmp — RS + (RgW76 _Rl;it)
= Rs —0.24(Ay> +A?) + 1.0 fm. (7)

This means that we can estimate the barrier radius Rp
based on the extracted grazing distance Rs from the
quarter-point recipe. This formula is model dependent on
RSV in Eq. (6). In Fig. 5, we show a comparison of the
formula Rg™ and RSW and those predicted by the 18
potential models: CW76 [16], BWI1 [64], AW95 [65],
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Bass73 [66], Bass77 [67], Bass80 [19], Prox77 [68],
Prox88 [69], Prox00 [70], ProxO0ODP [71], MWS [72],
ETF2 [73], ETF4 [74], NGOS80 [75], DP2002 [76],
DP2015 [60], DU2011 [77], and GH2016 [78]. We can
see that RSW76 and RE™ are in agreement with many
models, including BW91, AW9S5, Bass§0, DU2011,
GH2016, and especially the sophisticated DP2015 poten-
tial. This agreement may increase the credibility of Eq.

).

C. Coulomb barrier height

Based on the formulas in Refs. [19, 25, 28, 29], we
can estimate the Coulomb barrier from the quarter-point
recipe, which is

2Ecm

VB = T esedr 42 ®)
where 6,4 is the quarter-point angle extracted from the
elastic scattering experiment. Figure 6 shows the empiric-
al Coulomb barrier height obtained using the above for-
mula with respect to the Coulomb parameter
(z:ZpZT/(All,/ 3+A}/ %)). The fitting result of the scatter
points is shown by the solid line, which is

Fit _ ZpZre?
BT 1311943 + AP £ 1.6909°

)

In our previous study, we extracted the Coulomb bar-
rier height systematically from the fusion reaction [59].
This is named MCW, which is the modified version of
the CW76 potential model:

10)

MCW _ ZpZye® (
0.9782(A3” + AY?) +4.2833

The barrier heights from the MCW formula are shown to
be in good agreement with those from the CW76 poten-
tial and complex DP2015 potential. The results of VICW
and V'™ given in Ref. [61] are shown in Fig. 6 for com-
parison. Although the coefficients in Egs. (9) and (10) are
different, their results are difficult distinguish in this fig-
ure. It is remarkable to note that the barrier height based
on fusion reactions and the scatter points extracted from
the elastic scatterings agree well, which verifies the cred-
ibility of these barrier laws when z < 90. z of fusion reac-
tions used to extract the barrier law reaches 170 in Ref.
[59]. More elastic scattering data are needed to determ-
ine the laws when z > 90. This would be critical to verify
the barrier law based on quasielastic scattering, which
could provide important reference for the syntheses of su-

P
&

1 oow
¥ & M

B .

Rg (fm)

- T GH2016

Fig. 5.

(color online) Coulomb barrier radius as a function of system size AIT/ 3 +A}',/ 3 The theoretical results are presented as open dia-

monds from 18 potential models. The results of R;™ in Eq. (7) and RSV in Eq. (6) are shown by the solid squares and dotted lines, re-

spectively.
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perheavy nuclei. Additionally, there is an apparent strong
linear relationship between Vg and z, accompanied by
small fluctuations.

Questions arise naturally, namely, why do we obtain
similar laws between Vg from fusion reactions and elast-
ic scatterings, and why do exotic structures such as halos,
clusters, and the large deformations brought on by weak
binding energies have only a slight influence on this lin-
ear relationship? Figure 7 shows the results for the Cou-
lomb barrier height Vg (a) and Vg/z (b) as a function of
the Coulomb parameter z = ZpZy/ (Arl,/ 3 +A1T/ 3). The solid
circles, triangles, and squares represent the results based
on Eq. (8) for tightly bound, weakly bound, and halo pro-
jectiles. In Fig. 7 (b), we try to answer the questions by
showing the plot of Vg/z as a function of the Coulomb
parameter z. Large fluctuations in Vz/z can be observed
from this figure, ranging from approximately 0.8 to 1.0,
which is approximately 20% of itself at z=0. The area
between the approximate lower boundary Vi, and upper
boundary Vy of the scatter region is shadowed, and the
formulas of the boundaries are shown in the labels. Re-
flecting on this shadowed region in Vg, the large triangle
in Fig. 7 (b) becomes a narrow and linear strip in Fig. 7
(a). The comparison illustrates the reduction in other
factors such as nuclear structure on the relationship
between Vg and z. This can be understood by a trans-
formation of Eq. (10) as

62

0.9782+4.2833/(AL + ALY

yMew

(11)

The second term in the denominator on the right side of

120 —
VE\SVKJ
I - - - VEIC\V
V;r;‘n
80 |- i -
- ¢ tightly bound
% L ¥  weakly bound
¥ halo
2
m
= a0l .
0 - " " " 1 " " " 1 " " "
0 40 80 120
z
Fig. 6. (color online) Coulomb barrier height Vg with re-

spect to the Coulomb parameter z. The solid circles, triangles,
and squares represent the empirical results based on Eq. (8)
for the indicated groups. The fitting result of the scatters is
shown by a solid line. The predictions of the WKJ and MCW
formulas are shown by the dotted and dashed lines, respect-
ively.
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Fig. 7. (color online) Coulomb barrier height Vg (a) and
Ve/z (b) with respect to the Coulomb parameter z. The solid
circles, triangles, and squares represent the results based on
Eq. (8) for three groups of reactions: tightly bound, weakly
bound, and halo projectiles, respectively. The thick and thin
dashed lines are the approximate lower Vi and upper boundar-
ies Vy of the scatter region, the formulas of which are shown
in the legends.

the above equation may be affected by the system size;
for example, by the exotic structures of weakly bound or
halo nuclei, or the large deformations of heavy nuclei.
When z is small, the changes in Vg with z are also small
in the current plot scale. As the system size increases, the
second term in the denominator will decrease. This res-
ults in a narrow strip at large z. Finally, the shadowed
area depicted in Fig. 7 (a) resembles the shape of a
slender boat, with narrow ends and a relatively wide
middle.

IV. CONCLUSIONS

In summary, based on the quarter-point recipe, we
systematically compare the reduced strong absorption
distance ds of tightly bound, weakly bound, and halo
nuclei from elastic scattering experimental data. The fol-
lowing three conclusions are obtained: (1) The correla-
tions between the strong absorption distance and binding
energy are shown, that is, ds of halo nuclei > weakly
bound nuclei > tightly bound nuclei. It is found that ds of
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reactions involving halo projectiles depends not only on
binding energy but also on the properties of the target. (2)
The extracted strong absorption distance Rs exhibits an
evident linear relationship with the system size
(A3 +AY?). Because it is difficult to extract laws of Rg
from fusion reactions owing to the interference of reac-
tion channels such as quasi-fission or fission, and elastic

scatterings are less affected by other reaction channels,
we propose obtaining Rg from Rs based on a simple
transformation. (3) The extracted Vp from elastic scatter-
ing is proportional to the Coulomb parameter z, which is
close to that extracted from fusion reactions. We also find
that exotic structures, such as large deformations, have
little influence on this linear relationship.
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