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Abstract: Theoretical modeling of nucleus-nucleus collisions is often based on the nucleus-nucleus potential. One
of the advanced methods for constructing this potential is the semi-microscopical double-folding model with M3Y-
Paris NN-forces. Proton and neutron densities are significant components of this model. The correct nucleon density
(ND) must reproduce the experimental nuclear charge density (NCD). However, those who deal with modeling the
fusion process typically disregard this circumstance. We aim to achieve a good description of both the nuclear
charge density and above-barrier fusion cross sections of even-even light nuclei with Z = N. We consider several
versions of NDs available in literature and construct our own approximation for the ND of the even-even spherical
nuclei IZC, 16O, and 40Ca, abbreviated as FE-density (Fermi+exponential). We carefully compare the NCDs resulting
from different versions of NDs with the experimental NCDs. After finding the nucleus-nucleus potential using the
double-folding model with the density dependent M3Y-Paris NN-forces and FE densities, we evaluate the above-
12C, 12C+16O, 16O+16O, 16O+40Ca, and 40Ca+40Ca, for which exper-
imental data are available. The cross sections are calculated using two approaches: a) the barrier penetration model

. . . . 12
barrier fusion cross sections for five reactions, “C+

and b) the trajectory model with surface friction (TM). To find the transmission coefficients for the TM, the Langev-
in equations are employed. For all considered reactions, our TM typically reproduces the above-barrier experimental
cross sections within 10—15%. The only adjustable parameter of the model, the optimal friction strength Kgy,, is
found to be approximately 90 zs-GeV~! for the light reactions ¢+, "c+'°0, and "*0+'°0 and approximately 15
zs-GeV~!for the heavy reactions "%0+*Ca and *’Ca+"Ca. The latter findings are in reasonable agreement with the
systematics found previously. Thus, the FE-recipe allows highly accurate and simultaneous reproduction of both the
nuclear charge density and above-barrier fusion cross sections of five reactions involving IZC, 160, and *’Ca nuclei.
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I. INTRODUCTION

Theoretical modeling of nucleus-nucleus collisions is
useful because it reduces experimental labor and ex-
penses. Moreover, this modeling enables us to under-
stand the mechanism of nucleus-nucleus interactions. To
model the fusion process of two nuclei, the time-depend-
ent Hartree—Fock approach [1—4] is often considered one
of the most advanced methods. However, there are two
shortcomings of this approach: (i) it is highly computer-
time consuming, and (ii) it is difficult to account for fluc-
tuations of the nucleus shape. Therefore, in literature,
simplified dynamical approaches are widely used, such as
the quantum diffusion approach [5—8], coupled-channels
method [9-12], and trajectory model with surface fric-

tion [13—16].

In all these simplified approaches, a crucial role is
played by the nucleus-nucleus effective interaction poten-
tial, consisting of the Coulomb Uc, nuclear U,, and cent-
rifugal Uy terms. The nuclear term of this potential is the
least defined quantity. In many studies, this term is calcu-
lated using the semi-microscopical double folding model
with frozen densities [5, 8, 17—22]. The simplest formula
for this model reads as

Un(R)=/d71/d72PA1(V1)VNN (‘75—72+71DPA2(V2)-
)]

Here, pa; (pa2) is the point nucleon projectile (target)
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densny, vy 1S the effective nucleon-nucleon interaction,
i corresponds to the projectile-target center-to-center
distance, and 7, and 7, are the radius-vectors of the in-
teracting points of the projectile and target nuclei, re-
spectively. Note that in the present study, we consider the
collisions of two spherical nuclei; the nucleon density
(ND) is the sum of the proton and neutron densities,
pai = pzi+pni (i=1,2). To evaluate the Coulomb nucle-
us-nucleus interaction energy Uc (R), one can use Eq. (1)
by appropriately changing the densities and nucleon-nuc-
leon interaction.

The NDs paip) arrive at Eq. (1) from different
sources that are external with respect to the double fold-
ing approach. The problem, however, is that the NDs are
not the observable quantities. Although experimental in-
formation on the neutron density was recently obtained
[23, 24], the usual way to experimentally explore the in-
terior of the nucleus is to irradiate it with electrons; thus,
the measured quantity is the nuclear charge density
(NCD) [25-27]. For the collision of spherical nuclei, the
NCD is not considered to be of crucial importance when
calculating the Coulomb term of the nucleus-nucleus po-
tential [18]. However, for consistency, the theoretical
NDs used in Eq. (1) must provide NCDs in agreement
with the experimental NCDs, as it is in nature.

The idea behind the present study is to make use of
experimental NCDs to obtain correct NDs, which are then
implemented in the double folding potential. Three spher—
ical even-even nuclei with N = Z are employed: ¢, "o,
and “'Ca. Although there is some experimental informa-
tion on the deformed shape of ’C (see, for example, [28,
29] and references therein), this nucleus is considered a
spherical one in many studies [14, 20, 21, 30, 31].
Moreover, it is well established that at above barrier colli-
sion energies, structure effects, such as nuclear deforma-
tion, do not significantly manifest themselves [32].
Therefore we believe it is a reasonable approximation to
consider 'C a spherical nucleus in our calculations.

In the collision of light heavy ions, the capture of re-
agents into the orbital motion results in their fusion into a

compound nucleus. This is why we use the term “fusion”

even though we only calculate capture cross sections.
Following [21], we assume that p; = py for these nuclei
and propose a novel approach for ND parameterization.
These densities are used to evaluate the above barrler
capture cross- sections of the *C+"C, °0, '°0+'°0, *Ca,
and *’Ca+"'Ca reactions.

The paper is organized as follows. In Sec. II, we dis-
cuss the relationship between the NCD and ND as well as
the different versions of NDs available in literature. In
Sec. III, a novel parameterization for NDs is described,
and the calculated NCDs are compared with the experi-
mental values. The models used to calculate the fusion
cross sections are considered in Sec. IV. Theoretical fu-
sion cross-sections are compared with the experimental

values in Sec. V. Finally, Sec. VI presents the conclu-
sions.

II. NUCLEAR CHARGE DENSITY AND
NUCLEON DENSITY

The experimental NCDs are approximated using the
sum of Gaussians (SOG) analysis [26]:

prs1= o[-
ol ()]} e

with

20;
A= s 3
273123 (1 + 2Ri2/y2) ®)

where
> oi=1 ©)

The coefficients Q;, and the positions R; and width y of
the Gaussians are tabulated in [26].

Provided the proton density pz is known, the NCD in
a spherical nucleus, p,(r), as a function of the distance
from its center, r, can be calculated using the convolu-
tion method [33],

Pq(”)z/d_”)ppz ("p)fp (‘_’) __'?P‘)' %)

Here, 7, denotes the radius-vector of the proton center
of mass, and f, is the charge distribution inside proton.

For this distribution as a function of /= ‘_r) -7,

use the exponential distribution [34]

3V3) (2«/51)
exXpl| —

R, Ryp

Jpe(D) = (6)

where R,, is the experimental value of the root mean
square proton charge radius R,, =0.8783 fm [27]. Al-
though this value has been found to be 4% smaller in re-
cent experiments [35, 36], in this study, we use the value
from [27].

In literature, we can find several options for the NDs.
In [37], theoretical densities calculated within the
Hartree-Fock-Bogolubov approach are approximated us-
ing 2pF profiles with different radius and diffuseness
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parameters for protons (Z) and neutrons (N)

Pi2pFC
r—Roipr

Pizpr (1) = } . (7

1+exp{ -
i2p

Here, i=Z,N, Roppr and ap,r are the half-central dens-
ity radius and diffuseness parameters, respectively, and
Pi2pFC orlglnates from the normalization condition.
However, for '°C, this type of density profile is absent in
[37].

For ’C and °0, the following Gaussian-like densities
can be found in [21]:

pac (r) =2png () = 2pz6 (1)
4 FAGr2 r?
=— (1+ 2 )exp (—sz— ®)
T2 SAG AG AG

with SAG = 1. 5840 fm FAG 4/3 fOI‘ C and SAG =1.7410
fm, Fag =2 for "°O. However this type of density profile
is not known to us for “’Ca.

In [8], an effective analytical method for evaluating
double-folding integrals was developed. For the NDs, a
symmetrized Woods-Saxon function was used and ap-
plied systematically in a study by Sargsyan et al. [5]. In
our case, this function reads as

pas (r) =2pns (r) = 2pzs (1)

_ pscsinh (Ros /as)
cosh(Ros /as) +cosh(r/as)’

©

HGI'C, Rogs =F03A1/3, }”0521.15 fm, CZA:O.53 fm for I2C,

%0 and 0.55 fm for ’Ca. We find psc from the normaliz-
ation condition.

III. NOVEL PARAMETERIZATION FOR NUCLE-
ON DENSITIES

We propose a novel algorithm for finding NDs based
on experimental NCDs. We call it Fermi+exponential and

Table 1.

denote it as FE:

0are(r) =207pp(r) = 205 pE(r)

:{ .OFECU+eXP{(”—ROFE)/CIAF}]_l at r < Rorg, (10)

0.5pppcexp{(Rore —r)/aae}  at r = Ropg. (11)

First, we approximate the ND using the Fermi profile
(Eq. (10)). The values of Rorprg and ausp are varied to
reach good agreement with the inner part of the experi-
mental NCD. Then, for r > Ryrg, the ND is approxim-
ated by an exponential function (Eq. (11)). At r = Rorg,
Egs. (10) and (11) result in 0.5prgc. The diffuseness of
the exponential tail, asg, is varied to fit the tail of the
NCD, and then the constant prgc is found from the nor-
malization condition

A= [ o). (12)

The parameters Rorg, aar, and asp providing the best
agreement with the experimental NCDs are presented in
Table 1.

The NCDs resulting from pas(r), pac(r), and
pz2pr (r) (that is, pgs (r), pyc (r), and py,r(r)) as well as
from the novel algorithm (FE algorithm henceforth
pgrE (1)) are compared Wlth the experlmental NCDs in
F1gs 1,2, and 3 for °C, "0, and “Ca, respectively. For
the ’C and °O nuclei, the Gaussian ND- profile results in
good agreement with pgexp(r) in the nuclear interior,
whereas for the tail, p,g (r) underestimates the data. The
FE-algorithm provides somewhat poorer agreement with
Pqexp () in the interior but a considerably better reproduc-
tion of the data in the tail. The NDs p,s () disagree with
Paexp (1) for all values of r.

For *Ca (see Fig. 3), the Gaussian ND profile is ab-
sent, and we compare pgeyp (r) with the charge density
resulting from the 2pF ND instead. The charge densities
papr(r) and p,rg (r) are in good agreement with each
other. For the interior, they reproduce pgex(r) well,
whereas for the tail, the agreement worsens. p,s () again
significantly deviates from the data.

For a quantitative measure of the agreement between

Experimental rms charge radii rge, With their errors [27], the fractional differences for the radii &6, &opF, éns, and &.pg, the

average differences in the densities &,6, &npr, &os, and &pg, the parameters resulting from the FE algorithm, Rorg, aar, and asg, and

the energy of the second excited state, E.

Nucleus Tgexp exp err &G ErpF érs &rFE &G EpopF &ps EpFE Rore aar AAE Ey
/fm /fm ) (%) (%) R (%) (%) (%) (%) /i  /in  /ffm  MeV

c 2.4702 0.0022 0.9 n/a 19.9 -0.3 21.3 n/a 371 11.0 2.50 0.27 0.42 7.7

0 2.6991 0.0052 2.0 n/a 14.9 1.6 18.4 n/a 129 7.9 2.80 0.25 0.47 6.1

“Ca 3.4778 0.0012 n/a 0.8 8.4 -0.5 n/a 18.3 55.2 12.7 3.75 0.62 0.54 3.7
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Fig. 1. (color online) Nucleus charge densities in linear (a) and logarithmic (b) scales and the “radial” charge density 47rr2pq () (c) for

"C. The black squares (see Eq. (2)) indicate the experimental density, the light squares represent Sargsyan density, the lines without
symbols denote FE densities, and the lines with solid circles represent Gaussian density.
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Fig. 2. (color online) Same as in Fig. 1 but for 0.
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Fig. 3. (color online) Same as in Figs. 1, 2 but for “Ca. The lines with solid circles represent 2pF density.

the theoretical and experimental NCDs, we use two
quantities. The first, the fractional difference between the
root mean square radii, &,,, reads as

Eru=rqulTgexp— 1. (13)

The second quantity is the average fractional difference
between the NCDs, &,

Q

1
‘fpuzéz

i=1

1— Pqu ()

. 14
Pgexp () (19

Here, the summation is limited by the range of the experi-
mental NCDs [26]. In Egs. (13) and (14), u =G, FE, 2pF,

orS.

The results of the quantitative comparison are presen-
ted in Table 1. We can see that for the NCD, the FE al-
gorithm provides significantly better agreement with the
experimental values than the others NDs. Yet, the devi-
ation p,s from the experimental NCDs is the most strik-
ing.

IV. MODELS FOR FUSION CROSS SECTIONS

Of the four considered versions of the densities, only
pas (r) and papg (r) are available for the nuclei IZC, 16O,
and *Ca. However, the NDs pas () of Refs. [5, 8, 19] fail
to produce charge densities in agreement with experi-
mental values. Moreover, in those studies, Migdal
Skyrme-type NN forces were used. Therefore, for the re-
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mainder of the paper, all calculations are performed with
only FE-densities. Here, we provide only a brief descrip-
tion of the options employed; all the details on the ver-
sion of the double-folding model utilized in the this study
can be found in [13, 15].

The potential energies for the reactions under consid-
eration are calculated within the framework of the double
folding model (see Eq. (1)) with the frozen densities
parg(r). For the effective nucleon-nucleon forces, vyy,
the M3Y-Paris parameterization is applied. The nuclear
term of the nucleus-nucleus potential consists of direct
and exchange parts. For the latter, the option with finite
range NN-forces is employed. Both direct and exchange
parts are density dependent. There are approximately ten
parameterizations of this dependence [21, 31]; we use the
DD2-option according to Table 2 of Ref. [38]. It is
known in literature that the version with the finite-range
exchange term and this density dependence of vyy suc-
cessfully reproduces the nuclear matter equilibrium dens-
ity, binding energy, and incompressibility as well as the
high precision above-barrier fusion heavy-ion cross-sec-
tions.

Information on the reactions under consideration is
presented in Table 2. For the reactions c +12C, %0 and
0 +16O, 40Ca, the calculated s-wave barrier energies By
are in good agreement with the experimental values. For
the reaction 'Ca+"'Ca, the agreement is somewhat worse.
However, one should remember that the “experimental
barrier energy” is based on not only the measured fusion
cross sections but also the model used for the analysis of
these cross sections.

In the present study, the capture cross-sections are
calculated using standard quantum mechanical formulas
(see, for example, [39], Egs. (1.38) and (1.143)):

Table 2.

Th? Lo
- QL+ 1Ty (15)
ZmrEem. | 675
for the °C+'°0 and "0+*Ca reactions, and
72 Ly
o= — Y eL+nTL. (16)
mrEec.m. 1=02,4...

for the other reactions. Here, E.,, is the collision energy
in the center-of-mass frame, mg = m,A1A>/(A1+A>), L
denotes the angular momentum in units of 7, Ly, is the
maximal angular momentum above which the transmis-
sion coefficient equals zero, and m, represents the nucle-
on mass.

In this study, the transmission coefficients are evalu-
ated using two options. In the first, the barrier penetra-
tion model (BPM) within the framework of the parabolic
approximation is applied:

Tiwpw = {1+exp[27(Up = Eem) [ ()T} . (17)
Here, Uy, and Q1 = /Capr./m, denote the barrier height
and curvature calculated for the L-th partial wave (see
definition of m, below). The cross-sections evaluated us-
ing this option are denoted as ogpy. They approximately
correspond to the upper limit of the theoretical cross-sec-
tions oy, obtained dynamically because accounting for
dissipation inhibits the fusion process.

The second option for obtaining the transmission
coefficient is the trajectory model with surface friction
(TM) [13, 49]. The physical picture of the TM is similar
to that in Ref. [50]. An imaginary Brownian particle with

For the five reactions under consideration, the following quantities are presented: the s-wave barrier radius Ry and width

10, Bz (see Eq. (23)), the s-wave barrier heights By calculated in this study, the s-wave experimental barrier height Boex, (With its er-
ror) and the corresponding references, the references to the experimental cross sections, the value E., discussed in Sec. V, the number
of data points used for the detailed quantitative analysis v, the friction strength Kg,, (with its error) providing the least value of x2, x2,

(see Eq. (21)), and Ecy = By + E.

Reaction Ryo hQpo Bz By Boexp (err) Source Source Ecu v Kgm (err) 2
ffim  MeV  MeV  /MeV /MeV of Bop  OfTexp  /MeV f(zs-Gev™) "
12 12
Rl “C+°C 7.73 2.17 7.87 6.22 5.8(0.3) [40] [41] 13.9 27 77(7) 2.8
R1 “c+?c - - - - 6.17(0.10) [42] [40] - 45 88(10) 2.9
R2 “c+'°0 8.12 2.15 9.99 7.90 7.7(0.4) [41] [41] 14.0 25 85(10) 1.6
R2 “c+"0 - - - - 7.69(0.10) [43] - - - - -
R3 "“0+"°0 7.99 233 12.71 10.72 11.2(0.6) [41] [44] 16.8 48 44(8) 7.1
R4 "0 +"Ca 9.29 2.46 26.97 23.04 23.7(1.0) [45] [45,46] 26.7 3+6 18(7) 0.4
40 40
RS Ca+"Ca 10.04 2.55 58.55 53.30 50.6(2.8) [41] [47] 57.0 4 13(11) 0.9
R5 “Ca+"Ca - - - - 51.5(0.5) [48] [48] 11 7(6) 2.5
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reduced mass, whose motion corresponds to the relative
motion of the colliding nuclei, wanders, influenced by
conservative, dissipative, and random (fluctuating)
forces. In this study, only the collisions at energies well
exceeding the Coulomb barrier are considered. Therefore,
tunneling and channel coupling can be safely neglected.

The motion of the Brownian particle is described by a
dimensionless coordinate ¢, which is proportional to the
distance between the centers of the colliding nuclei R. In
[49], it was demonstrated that the orbital degree of free-
dom can be ignored because it influences the cross-sec-
tions within the framework of the statistical errors (typic-
ally 1%). In [51], it was proved that in the collision pro-
cess, memory effects at distances larger than the contact
configuration can be discarded. Because this configura-
tion is never reached in our modeling, we use stochastic
Langevin-type equations with white noise and instant dis-
sipation:

AUy H2L? du,1?
dp=q- Lo D [
dg  myq® my

dUu,
+ di dW \/26Kx, (18)
q
dg= P4 (19)
my

Here, U,y = U, + Uc denotes the total nucleus-nucleus in-
teraction energy, p denotes the linear momentum corres-
ponding to the relative motion of the colliding nuclei, AL
is the projection of the orbital angular momentum onto
the axis perpendicular to the reaction plane, Kx denotes
the dissipation strength coefficient, and # represents the
thermal energy (temperature). The quantity m, is the iner-
tia parameter

my = mRR%’T (20)

where Rpr = 1.2 (A{/3 +Aé/3> fm. In fact, the model is de-
signed in such a way that its physical results are inde-
pendent of the real value of Rpy. The time-dependent
temperature 6 in Eq. (18) is related to the dissipated en-
ergy via the Fermi-gas relation. All details on how @ is
evaluated can be found in Refs. [13, 49].

The dissipative force (the final term in the figure
brackets in Eq. (18)) is related to the nuclear term of the
interaction energy via the surface friction expression [50,
52]. The random force (the final term in Eq. (18)) is pro-
portional to the increment of the Wiener process dW,
which possesses zero average and a variance equal to dr.
Egs. (18) and (19) are solved numerically using the
Runge-Kutta method (find details in [49, 53]).

Within the framework of the TM, the transmission

coefficient T,y is defined as the number of captured tra-
jectories divided by the total number of trajectories for
each L-value. The capture conditions are described in
Sec. II F of Ref. [49]. More details on the TM are presen-
ted in Refs. [13, 54].

V. COMPARISON OF THE CROSS SECTIONS
WITH THE EXPERIMENT

In Fig. 4, we show nearly all the above-barrier experi-
mental fusion cross sections o, found in literature. For
reaction R1 (panel a), five sets of data are available [40,
41, 43, 55, 56]. Keeping in mind that sub- and near-barri-
er data cannot be used in our study, we exclude the data
of Refs. [57-59]. We also omit the data from Refs. [42,
60] because there are only several convenient points in
each of these articles, and the experimental errors are
rather large. The data in Fig. 4(a) form two blocks: those
from Refs. [40, 55] and those from Refs. [41, 43, 56]. In-
side each block, the data agree with each other, whereas
there seems to be some disagreement between the data of
different blocks. Therefore, we select the data from [40]
and [41] for detailed quantitative separate comparison
with the calculations.

A similar problem seems to arise for reaction R3 (see
Fig. 4(c)). However, three datasets [41, 44, 62] are in
reasonable agreement with each other. Therefore, we
choose the single dataset [41] for detailed comparison.
The non-monotonic oscillating behavior of the cross-sec-
tions in reactions R1, R2, and R3 was discussed in the
original experimental papers and in Ref. [63]. Therefore,
we do not discuss this behavior here.

Figure 4(d) shows that the datasets [45, 46, 64] for re-
action R4 do not contradict to each other. Below, we
compare with the calculations the combined dataset [46]
at lower energies and [45] at higher energies. Finally, for
reaction R5, we see in Fig. 4(e) that data from [48] do not
agree with data from [47, 65]. However, there are only
three overlapping points at above barrier energies from
[47, 65]. Thus, we select data from [48] and [47] for sep-
arate detailed comparison with calculations. We omit data
from [66] because there are only three suitable points
with large errors.

For the selected experimental datasets, we perform a
quantitative comparison between the theory and experi-
ment using the conventional y? criterion:

1< (CTiTM—O'icx )2

2 p

= - —_— ] . 21
X UE Adonp (21)

i=1

It is difficult to decide which collision energies to use
from the experimental dataset for detailed quantitative
comparison with calculations. In [13, 14] the criterion
Oexp > 200 mb was chosen following Ref. [32]; this ap-
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Fig. 4.
ated in the panels. In many cases, data are taken from [61].

proximately corresponds to E.n > 1.1By. This criterion
was formulated in [32] based on the coupled-channel cal-
culations for the '°O +*Sm reaction. Accordingly, in [13,
14], reactions were considered in which one of the collid-
ing nuclei was 7t or heavier. For such relatively heavy
nuclei, the energies of the lowest excited states are at
most 1 MeV, and the barrier energies are approximately
40 MeV or larger. Considering collisions at energies lar-
ger than 1.1By, we can safely deal with the case in which
several excited states are occupied at the barrier configur-
ation, providing dissipation, which is an essential ele-
ment of the TM.

In this study, collisions of light nuclei are considered,
with the energy of first excited state being as large as 5
MeV and the barrier energy as low as 10 MeV. There-
fore, even at E. ., ~ 2By, we are not in the situation where
several excited states are occupied, providing dissipation,
at the barrier configuration. Therefore, in this study, we
apply the phenomenological criterion E., > Eqy =
By + E», where E, is the lowest energy of the second ex-
cited state of two colliding nuclei.

The results of the TM-calculations depend on the fric-
tion strength Kg, for which the following empirical for-
mula was obtained in [14]:

Bo-B
0 Z)+Ko. (22)

Kre = Kjexp ( AB

Here,

E. ., (MeV)

(color online) Experimental fusion cross section versus the center-of-mass energy. References to the original papers are indic-

YAVY)

By= 172
AP+ AR

MeV (23)

is the approximate Coulomb barrier energy.

For the reactions 12C+12C, 12C+160, and 160+160, Eq.
(22) with the coefficients of [14] K; =260 zs-GeV™',
Ko=10 zs-GeV~!, By=7 MeV, and AB =15 MeV res-
ults in Kg, ~ 190+260 zs-GeV~'. In the present calcula-
tions, these values lead to unrealistically small cross sec-
tions oM. Yet, Eq. (22) and its coefficients are based on
the cross sections calculated for reactions with Bz > 40
MeV, whereas for some reactions considered in this
study, Bz <13 MeV. Therefore, we use the asymptotic
value Kg = Ko =10 zs-GeV~! as the first approximation
and then vary Kr (if possible) to attempt to reach an
agreement with the data.

In Fig. 5, we compare the calculated cross sections
with the experimental values from Ref. [41] for reaction
R1 and from Ref. [44] for reaction R3. The cross sec-
tions calculated using the BPM, ogpm, significantly over-
shoot the experimental data at above barrier collision en-
ergies. We consider this an indication that friction is im-
portant in the process at these energies. It should be noted
that the relation ogpm > 0y, holds for all considered re-
actions. The corss sections calculated accounting for dis-
sipation, oy, agree with the measured values consider-
ably better provided the value of Ky is chosen properly.

Such pictures are typical for other reactions and data-
sets; therefore, we prefer to present the ratios oppm/0exp
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vertical lines correspond to Ecy.
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(color online) Ratios oppm/oexp (Upper curves) and orm/oexp (lower curves) versus collision energy for seven sets of data se-

lected for detailed quantitative comparison. In each panel, the reaction number, the source of experimental data, and the values of

Krm/(zs-GeV~!) are indicated.

and orm/0exp in Fig. 6. The values of oy in these fig-
ures correspond to the values of Kz (Kgy) providing the
minimum value of y? (y2). The values of Kg, and x2,
and the number of data points involved in the y?-analysis,
v, are displayed in Table 2.

The quantitative results of the comparison between
the TM and experiment are shown in Table 2. The TM

provides a good description of the data. Note that at
Kg <5zs-GeV™!, the resulting TM cross section be-
comes insensitive to the value of Ky, and oy becomes
close to ogpym.

In Fig. 7, we show the values of Kg,, providing the
best fit of the experimental fusion cross sections. The tri-
angles represent the values of Kg,, obtained in Ref. [14].
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Fig. 7.  (color online) Values of Kg, obtained in [14] (tri-

angles) and in the present study (diamonds). The lines indic-
ate the approximations using Eq. (22) and the de Broglie
wavelength multiplied by 16.

In that study, the reactions with Bz > 40 MeV were stud-
ied, and Eq. (22) was found to fit the values of K, with
a relative difference equal to 9.0% (this fit is shown in
Fig. 7 by a thin black line).

Now, we have seven more values of K, between 7
and 88 zs-GeV~! for B; <60 MeV (diamonds in Fig. 7).
The new set of Ky, does not overlap with those from
Ref. [14] except the heaviest reaction RS, “Ca+*Ca. The
values of K, obtained in the present study are well ap-
proximated by Eq. (22) with the following set of coeffi-
cients: K; =80 zs-GeV™!, Ky=10 zs-GeV~', By=7
MeV, and AB=8 MeV (thick blue line in Fig. 7). Al-
though the two curves for K, noticeably differ, the trend
found in [14] holds: the smaller the Bz, the larger the
Krm- The physical meaning of this trend is still unclear.

We may consider a similarity between the behavior of
Kgrm (Bz) and the de Broglie wavelength Az (E. ) for the
imaginary particle with reduced mass, for which Egs.
(18) and (19) are written. We calculate Ag(E. ) assum-
ing Zy =7, A; =2Z; = A, =27, and (somewhat arbitrar-
ily) E.m. = Bz. The resulting dependence of 1645 (Bz) is
shown in Fig. 7 by a pink curve with small boxes. It re-
produces the values of K, (Bz) found in this study amaz-
ingly well and suggests a way for understanding the phys-
ical reason of the K, (Bz)-dependence.

Approximation (22) allows us to predict the value
Krn=24 zs-GeV~! for the reaction 12C+40Ca, which is
missing in Table 2 because we did not manage to find the
corresponding experimental data. Accepting the uncer-
tainty of the predicted Kz, to be 7 zs-GeV~!, we obtain
the cross sections shown in Fig. 8.

VI. SUMMARY

One of the methods widely used to obtain the nucle-
us-nucleus potential is the semi-microscopical double-

1200 | 1204404 ]
= 1000 .
17
E o
E 800 I —e— 31 7
'_
© 600} ]
400} ]
20 25 30 35 40 45
E.. (MeV)
Fig. 8. (color online) Predicted fusion cross sections for the

reaction "C+"'Ca calculated using the three values of Ky in-
dicated in the figure. The vertical line corresponds to Ecy.

folding model. Proton and neutron densities are import-
ant components of such a model. The adequate ND
should not only provide good a nucleus-nucleus potential
but also reproduce the experimental NCD.

In this study, we aim to achieve a good description of
both the NCD and above-barrier fusion cross sections of
even-even spherical light nuclei with Z = N: 12C, 16O, and
“Ca. For this goal, we propose an approximation for the
ND of these nuclei. This approximation, abbreviated as
FE-density, provides a good description of the experi-
mental NCDs.

Then, we use the FE NDs to evaluate the nucleus-
nucleus potential via the double-folding model with dens-
ity dependent M3Y-Paris NN-forces. Next, these poten-
tials are applied to calculate the above-barrier fusion
cross sections of the reactions 12C+12C, 12C+160, 160+16O,
I6O+40Ca, and 40Ca+40Ca, where the experimental data are
available. The cross sections are computed within two ap-
proaches: a) the BPM oppy and b) the dynamical TM
oM. In the latter case, the transmission coefficients are
found using Langevin-type equations.

For all considered reactions, ogpm always exceeds
Texp- We believe this is a hint that at above-barrier ener-
gies, dissipation plays a significant role in collision pro-
cess, thus requiring a dynamical model [32]. Our traject-
ory model reproduces the above-barrier experimental
cross sections within 10%—15%. The only adjustable
parameter of this model, the optimal friction strength
Kgm, is found to be approximately 90 zs-GeV~!for the
light reactions “c+"c, "c+"0, and "*0+"°0 and ap-
%roxgronately 1 ?0 28 OGeV‘l for the heavier reactions

O+"Ca and "Cat+ Ca. This result does not strongly
contradict the systematics found previously in Ref. [14].
Next, we readjust the coefficients of Eq. (22) to build the
approximation for the values of friction strength obtained
in the present study. Finally, we predict the value of K,
and calculate the cross sections oy of the 2C+*Ca reac-
tion, for which the experimental data seems to be miss-
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ing.

Our FE-algorithm can be applied for above—baraier
collisions of non-spherical nuclei with Z = N, such as ! N,
22Na, 328, because it is well known that nuclear deforma-

tions do not influence the above-barrier cross sections
[32]. We plan to explore this possibility in the near fu-

ture.
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