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Abstract—The applicability of Winther’s semi-classical model in the GRAZING program to a representative
set of low-energy nuclear reactions is examined. It is demonstrated that the model describes the processes of
few-nucleon transfers with low dissipation of energy for spherical nuclei “°Ca, %Zr, 208Pb, and others. Satis-
factory agreement with experimental data is observed for transfers of no more than one proton and approxi-
mately 6—8 neutrons. The reactions in which the agreement with experimental data is poor at a standard set

of parameters are indicated.
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INTRODUCTION

Grazing inelastic collisions of atomic nuclei are
accompanied by the transfer of nucleons and defor-
mation of nuclei surfaces, i.e., the excitation of col-
lective degree of freedom. At the same time, the rel-
ative motion of heavy nuclei can be considered on the
basis of classical mechanics using terms of classic tra-
jectories and scattering angles, depending on impact
collision parameters. Internal degrees of freedom—
single-particle states, low-lying oscillations of sur-
face nuclei (quadrupole, octupole, etc.) and high-
lying oscillations (gigantic resonances)—must be
described using quantum theory. A typical parameter
here would be the minimum distance s,;, between
nucleus surfaces (even in an approximation of their
unchanging spherical shape). Deeply inelastic reac-
tions and substantial transfers of nucleons corre-
spond to low values of s,;, and grazing and the inter-
section of nuclei surfaces. The low probabilities of
nucleon transfer and collective excitation at quite
large s, allow the use of approximated approaches
(perturbation theory, linear parts of expansions into
series, empirical models, etc.). The semi-classical
model of few-nucleon transfers with low energy dis-
sipation developed by A. Winther [1, 2] and used in
the GRAZING program [3] corresponds to condi-
tions of high and intermediate values of distance s,,;,,.
Universal computation formulas of the model are based
on the following physical assumptions: single-particle
transfers to inelastic scattering with the generation of
elementary excitations are independent; collective ele-
mentary excitations of nuclei are phonons whose per-
turbations are linear in terms of deformation parame-
ters; the probabilities of independent single-particle
transfers are less than 1 (which is typical for single-par-

ticle transfers); and nuclei in the ground states (before
collision) are counted as spherical. The model uses tab-
ular data on the bond energy of nuclei (mass defects),
energies of quadrupole and octupole excitations, and
probabilities of electromagnetic transfers from states
with excitation of a single oscillating quantum (B(£2),
B(E3)). Other parameters (characteristics of gigantic
resonances, densities of neutron and proton states,
form factors of nucleon transfers, etc.) are determined
from universal empirical or model formulas. For each
classic trajectory (weakly depending on dissipation and
fluctuation energy), the model includes the approxi-
mated computation of nucleon transfer probabilities,
excitations of low-lying and high-lying oscillations in
the neighborhood of the point of the minimum closing
distance of nuclei #,, and a procedure to average the
probabilities of these processes by the impact parame-
ters of nuclei collisions b (or moments of relative
motion /). The practical independence of neutron and
proton transfers with respect to each other and to
inelastic processes in the given model provides a conve-
nient opportunity to compare computation results on
mass and charge distributions with corresponding
experimental data. Detailed analysis of inelastic pro-
cesses is more complicated because of the superimposi-
tion of dissipation energy conditioned by different col-
lective excitations and nucleon transfers. Computations
of angular distribution are sensitive to dissipation and
energy fluctuations, along with possible deviations of
nucleus shape from spherical. The GRAZING pro-
gram is widely used for analyzing experimental data
[4]. The launching of the program on Internet server
NRYV [5] provides a convenient opportunity for com-
puting mass and charge distributions and presenting
the results in vivid graphic form.
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This work shows that computations performed in
GRAZING program describe processes of few-
nucleon transfers with low energy dissipation for
spherical nuclei *°Ca, ?°Zr, 2%Pb and others. Satisfac-
tory agreement with the experimental data is observed
for transfers of no more than one proton and approxi-
mately 6-8 neutrons. The reactions in which the
agreement with experimental data is poor at a standard
set of parameters are indicated.

THEORETICAL

The assumption of independent transfer for colli-
sions with defined impact parameters (defined
moments of the relative motion of nuclei) leads to a
Bessel distribution according to the transfer numbers
of neutrons AN and protons AZ

P(AN,AZ) = P(AN)P(AZ), (D)
where
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q ,q are average numbers of picked-up neutrons

T

(v) and protons (7), qu ,q 5 are average numbers of
stripped neutrons and protons. With the standard set
of parameters in the GRAZING program, the average
number of pickup and/or stripped nucleons turn out to
be of the order of unity. The distribution diagram for
such a case is shown in Fig. 1. Reducing the probabil-
ity by three orders of magnitude corresponds to a six-
fold increase in the average numbers of nucleon trans-
fers. The resulting distribution is obtained by averaging
these probabilities over impact parameters (moments)

of collision while taking inelastic processes of colliding

.. P P
nuclei into account. The value of parameters ¢**,q" ,

q"%,¢"™ in the semi-classical Winther model depend on
the properties of single-particle states in colliding
nuclei, mainly on the energy (Q value) released (Q > 0)
or absorbed (Q < 0) during the pickup or stripping of a
nucleon, and on densities of nucleon levels g near
Fermi level
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Fig. 1. Diagrams of probabilistic distribution (2) for aver-
age numbers of pickup and stripped neutrons

qVP =1, qVS =1 (dots) and qVP =2 qu =2 (circles).

where 8", 8" are variable parameters with standard

value 8" = 8" =8 and
g :52—22¥—8,
N (3)

e =52+ nN=-"2Z__Ze

A 12477

Parameters 8", 8" can be associated with so called
Fermi-gas parameter of level density [6]

a:TC2g(8F):TC_2( vy rc) (6)
—6 6 g g ).
Figure 2a shows values of the Fermi gas parameter of
level density a obtained from analyzing the experi-
mental data according to the average distance between
neutron resonances and the dependences of parameter a
determined from formula (6) for four values of param-
eterd¥=06"=5, 8, 10, 20. Figure 2b shows the depen-
dency of reaction “’Ca + %Zr of average numbers of
pickup and stripped neutrons (v) and protons (7), and

the cross sections for parameters 8', 8" determining
the densities of nucleons near the Fermi levels in col-
liding nuclei. Complete cross sections of the forma-
tion of nuclei with different mass numbers from the
initial nucleus of *°Ca upon colliding with a nucleus of
%Zr E,, = 152 MeV are shown in Fig. 3a.

Intervals of the energy loss for a projectile nucleus
in the GRAZING program are restricted by several
low-lying oscillation quanta (quadrupole and octu-
pole) and the energy of gigantic dipole resonance,
~20 MeV.
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Fig. 2. (a) Values of the Fermi gas parameter of level den-
sity a obtained in [6] by analyzing the experimental data on
average distance between neutron resonances ((O) even—
even nuclei; (V) even—odd nuclei; (A) odd—even nuclei;
(®) odd—odd nuclei) and dependences of parameter a
determined using formula (6) for four values of parameter
5§=58"=58"=35,8, 10, and 20 (dashed, solid, dashed-and-
dotted, and dotted curves, respectively); (b) dependency
for reaction *°Ca + %0Zr of average numbers of pickup and
stripped protons (solid and dashed curves, respectively) on
parameters 8¥, 8"; the vertical dashed line indicates the
standard value 8" = 8™ = 8 for the GRAZING program.

RESULTS AND DISCUSSION

Experimental data on few-nucleon transfer in
reactions “Ca + %Zr, 2Zr+2%8Pb, “Ca + 2Pb from
[4, 7—9] were compared to the computational results
from the GRAZING program. Figures 3a, b show
good agreement between the computational results
and experimental data that almost does not violate the
accompanying transfer of single proton; Fig. 3¢ shows
that computed cross-sections with two protons under-
estimates the experimental data. This can be seen in
detail from angular distributions (differential cross-
sections) of transfer reaction “°Ca + 2%Pb shown in
Fig. 4. A similar situation is observed for few-nucleon
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Fig. 3. Complete cross-sections for pure neutron pickup
(circles) and pickup with the stripping of one (triangles)

and two (squares) protons in reactions (a) 40Ca + %7r with
Ep = 152 MeV, (b) 2°Zr + 2%Pb with Ep,, = 560 MeV,
and (c) “'Ca + 28Pb with Ej,, = 249 MeV. Black symbols

represent experimental data from (a, b) [4] and (c)
[12, 13, 14]; white symbols, computations performed

using the GRAZING program with (a) & =8" =6,
(b) 8" =8" =8.5, and (c) 8" =8" =8.

transfers in reactions *°Ca + '2*Sn [10—12], 32S + 2%8Pb
[13], ¥Ti + 298Pb [14], ®Ni + 2Pb [15].

In reaction °Ca + %°Zr (Fig. 3a), the transfer of up
to six neutrons to the “°Ca nucleus and up to two pro-
tons to the *Zr nucleus indicate that the average num-
ber of pickup nuclei at closest tangent collision are on
the order of unity (Fig. 1); the average number of
stripped protons at the same time is reduced by about
two-thirds. Computations using the GRAZING pro-
gram satisfactorily reproduce such values. At the stan-
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Fig. 4. Computed angular distributions in a center of mass
system for pure neutron pickup (solid curve) and neutron
pickup with the stripping of two protons (dashed line) at
8" = 8" =8 in reaction 4°Ca + 208Pb with £, = 249 MeV.
Dots represent the experimental data [13].

dard set of parameters, however, the computational
results obtained from the GRAZING program differ
slightly from the experimental data (at large numbers
of transferred neutrons up to one order of magnitude).
Consideration of evaporation and some variation in

parameters &', 8" near standard value & = &" = 8
enhances the agreement between theory and experi-
ment. According to Fig. 2a, for light nuclei more pre-
cise consideration of nucleon levels near Fermi level

requires that we lower the values of parameters 8, 8"
(particularly for “Ca + %Zr, down to 6). For heavy

nuclei near lead, we must slightly raise the values of 8",
8" (particularly for °Zr + 28Pb, up to 8.5).

Multi-nucleon transfers and deeply inelastic reac-
tions are not described by this model, as can be seen
from reaction *°Fe + '©Ho [16] (Fig. 5). Experimental
data on multiproton transfers and computational
results from the GRAZING program are on the same
order of magnitude within a narrow interval that cor-
responds to the stripping and pickup of a single proton
(Fig. 5a). The difference outside this interval is several
orders of magnitude. The GRAZING program also
allows us to describe the energy distributions in a nar-
row region (~20 MeV wide) of the initial energy
(Fig. 5b). A similar situation is observed place for
multi-nucleon transfers and large energy transfers in
reactions %°Kr + '®Er [17—19], %*Kr + 2%Bi [20],
136Xe + 299Bi [21—-24].

The semi-classical Winther model and its com-
puter form (the GRAZING program) thus describe
neutron transfers of one to several (6—8) neutrons for
nuclei close to magic nuclei “°Ca, *°Zr, 2°°Pb, which
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Fig. 5. Charge (a) and energy (b) distributions of products
of reaction °Fe + '®Ho with Ej,p = 462 MeV. Dots rep-
resent experimental data [16]; computation results with

parameters 8" =8" =8 are shown by circles and solid

lines; those with 8" = 8" =3, by triangles and the dashed
line.

are characterized by relatively low density of their neu-
tron levels near the Fermi level. The transfers of large
number of protons in the considered model are under-
estimated. The slight energy losses within 20 MeV in
the model are described satisfactorily.

CONCLUSIONS

The performed computations and comparisons
with experimental data provide a better understanding
of the possibilities and applicability ranges of the
GRAZING program. This is also useful for analyzing
experimental data, for enhancing theoretical models
of grazing nucleus-nucleus collisions, and for plan-
ning new experiments to obtain, e.g., new atomic
nuclei near the boundaries of proton and neutron sta-
bility.
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