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The effect of beam and target isotope configuration on the capture cross-section is considered using dynamic-statistical
description of the first stage of heavy nuclei fusion reactions. It demonstrates that the isotopic configuration of
heavy nucleus renders insignificant effect on the capture cross-section. Cross-section decreases by decreasing mass
asymmetry due to the change of light nuclei isotope configuration. The capture cross-section increases by increasing
charge asymmetry for constant number of nucleons in the compound nucleus. For odd-odd interacting nuclei capture

cross-section is from 1.5 to 6 times greater than for even-even nuclei in the same value of protons and neutrons in

the compound nucleus.

PACS: 03.65.Pm, 03.65.Ge, 61.80.Mk

1. INTRODUCTION

The choice of the initial isotope beam-target combi-
nation is one of the determining factors for experi-
mental work on the accelerator to study the fusion-
quasifission of heavy nuclei. The successful synthesis
of super-heavy elements initiated the development of
theoretical works aimed at detailed study of these re-
actions. For the description of these processes few
models were developed [1-3], which more or less de-
scribe these processes and can predict the optimum
initial features and most probable reaction channels.
Description of the processes of fusion-quasifission of
interacting nuclei is proposed in the Dinuclear Sys-
tem Concept (DNSC) [4,5], on the basis of which were
built. According to the DNSC, this process can be
divided into three stages, the cross-section of several
models evarpolation residues, leading to the forma-
tion of super-heavy elements, is written as follows
[5-7]:
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where o, - partial capture cross-section; Py - prob-
ability of formation of the compound nucleus after
capture, which depends on the competition between
fusion and quasifission; Wy, - survival rate of the
compound nucleus. The partial capture cross-section
is determined by the transition probability of the col-
liding nuclei through the Coulomb barrier T'(E;y,, L)
[8,9]:

where L-angular momentum, which is measured in h
units, F,, - beam kinetic energy, p - reduced mass.

This work examines the influence of mass and
charge asymmetry on capture cross-section. Depen-
dence of the capture cross-section from the isotope
configuration of interacting nuclei had been received
on the basis of calculations of some reactions.

2. FORMALISM

Choice of nucleus-nucleus potential plays an impor-
tant role in the description of interaction dynamics,
calculation of probability and capture cross-section.
The interaction potential of two nuclei can be rep-
resented as follows [5, 6]: Vi = Voouw + Vi + Viot,
where Voo - Coulomb potential, V,, - nuclear po-
tential, V,.,; - axifigal potential, respectively. Short-
range forces potential (proximity), which has practi-
cally no fit parameters [10, 11] was used in order to
calculate nuclear potential.

In [12], the expression, averaged for all possible
angular momenta L., involved in the reaction was
used to describe capture cross-section:

7h? 1
O—C = . .
2/J/Ecm Lmax (Ecm)
L. (3)
Y " (2Loi + 1) Pyi Pa;i (Eem, Loi)
Lo;

where Py;(Eem, L) - colliding nuclei probability of
transition through the Coulomb barrier. As shown
in [12], it suffices to consider only Coulomb barrier

mh? transfer energy because increase of excitation energy

%= B, (2L + )T (Eem, L), (2)  causes capture probability (P1;) zero. Lyax(Eem)
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- angular momentum maximum value for a given
kinetic energy F.,,, which may be involved in the
fusion-quasifission. Maximum value of angular mo-
mentum can easily be obtained from energy bal-
ance at the contact point of the interacting nu-
clei: Eg,, — Veont — ygont — yeont — ,uRQ/Q. Angu-
lar momentum is determined [13]: L = pRRsin6,
where R = R; + Rs, R - velocity at the contact point,
f - angle between axis of the beam and the distance
between the centers of interacting nuclei, which is
equal to 7/2 in order to determine the maximum
value, then: Luyax = R\/2p(Eep, — VST — Vieont),
Lo; - initial value of angular momentum, which con-
tributes to capture cross section. Lg; < Lyax, as this
quantity is limited by the difference between excita-
tion energies of light and heavy nuclei. The expres-
sion [12] is used to determine the capture probability:

E L»L 7AE* Lz'7Ecm
Pli(Li7Ecm):1_eXp - Qf( ,_)T(L E() ) )
(4)

where T'(L;, Ecyn) = \/12E*(Li, E.m)/Ap - temper-
ature of the nuclei, after the dissipation of kinetic
energy in excitation energy E*(L;, Eep), Ap - inter-
acting nuclei nucleons sum, E,;(L;) - energy required
for overcome quasifission barrier, determined from
the dynamics of interaction, AE*(L;, E.y,) - differ-
ence between excitation energies of heavy and light
nuclei.

For dynamic description of capture process clas-
sical Newton equations for collective coordinates of
relative distance between nuclei mass centers R and
relative angular momentum L, which contains radial
and tangential friction forces [12] were used. For in-
teracting nuclei the description of relative motion and
change of angular momentum, the following system
of equations can be written [13]:

(5)

dL(t)
T

+70(R)L(t) = 0

where )
an(Ra L) = _W%Sf’ma 'YR(R) = kR (d‘i)ni](gm) ;

Yo (R) = kg (8‘%7](%1%))2, kr and kg radial and
tangential  friction coefficients,  which  were
chosen [4] kgr=(0.5..5)-10"2s/MeV  and
kg = 0.01-10723s/MeV. Dependences which char-
acterize the capture process or the process of qua-
sifission - R(t), V(t), Ecm(t), L(t) were obtained in
solving (5), by Gere, where nuclei interaction, lead-
ing to their capture is considered as dynamic process
in the range of R, from contact moment till capture
moment of the nuclei (the formation DNS), or be-
fore system goes in quasifission channel. After the
full dissipation of kinetic energy inertial moment of
system is puR? + j; + jo, where j; and jo - interact-
ing nuclei inertial moments. The change of kinetic
energy and angular momentum relative the distance
between interacting nuclei centers is shown in Fig.
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1 and 2 for %6Fe + 24 Py reaction. It follows that
system enter to capture channel occurs at minimum
of nucleus-nucleus potential and at Ly = 70 there is
no Coulomb barrier overcome, for all other values
of angular momentum system is in capture process.
This process is accompanied by intensive dissipa-
tion of kinetic energy which is converted into inter-
nal excitation of nuclei. From the calculations for
these radial friction coefficients the most appropri-
ate, in our opinion, is kg ~ (1= 1.5) - 10723s/MeV,
because the capture time is equal (5= 30)-10722s
that corresponds data from [8, 13]. At higher radial
friction coefficients capture time is larger by orders
and there is a situation of stopping the process by
R at the descent to the nucleus-nucleus potential af-
ter Coulomb barrier. Other calculations were made
at krp=1-10"23s/MeV, ko =0.01-10"2s/MeV.
Comparison of calculated and experimental excita-
tion energy values are given in the Table.

The experimental and calculated data of excitation

enerqgy
Reaction Kinetic Excitation energy, MeV
energy, MeV Calc Exp. [14-16]
230 32.5...33.4 | 29.3..33.5
wCa+38U 234 33.3...36.5 | 32.9...37.2
240 36.2..42.5 | 37.7..41.9
%Ca+33" Np 244 37.5..44 | 36.9..41.2
231 30.5...31 | 29.3..33.5
235 32.4..33.5 | 30.4..34.7
236 32.9..345 | 32.9..374
3Ca +31* Pu 238 33.7..36.5 | 33.1.37.4
243 36.1..41.5 | 38.9..43
244 36.6..42.5 | 38..42.4
250 40..48.5 43..47.2
257 44.2..55.5 | 50.4...54.7
5Ca +33° Am 248 37.8..44 38...42.3
253 40.4..49 | 42.4..465
240 33.8...35.3 | 30.4...35.8
243 35.2..38.3 | 30.9..35
55Ca 428" Cm 247 37.2..423 | 36.8..41.1
249 38.2..44.3 | 35.9..39.9
255 41.5..50.3 | 40.7..44.8
wCa+33' Cf 245 35.4...37.3 | 26.6...31.7
251 35.2...38.3 | 32.1...36.6

As the quasi-steady process of reducing of kinetic
energy and angular momentum with an almost com-
plete dissipation of kinetic energy (Fig. 1,2) is estab-
lished with time, the process of counting stopped for
all analyzed reactions with this condition. Therefore,
in calculation of capture cross-sections L = Const
cannot be used because change of quasifission barrier
leads to changes of energy needed to overcome it,
and thus to change in capture probability. From the
definition of capture cross-sections (3) and capture
probability (4), it follows that it is necessary to know
the Coulomb energy (Ecowi) and quasifission energy
(Eqy) required to overcome quasifission barrier, when
system leaves in quasifission channel.

These energies were determined from the solution of



(5), increment of kinetic energy was selected 1 MeV
with accuracy determination Ecoy and Egr 0.1 MeV.
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Fig.1. Dependence of kinetic energy from distance

between nuclei centers in °6Fe + 24Py reaction.
Dynamics of process occurs from right to left.
Mazimum and minimum values of nucleus-nucleus
potential are specified with arrows
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cross-section for less than 10 percents. This is not es-
sentially compared to the influence of light fragment.
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Fig. 4 shows dependence of capture cross-section from
beam kinetic energy for the Zn isotopes and the
”constant” heavy fragment, such relationships were
obtained for number of reactions. Figure shows that
the capture cross-section decreases from 0.47 mb for
0Zn up to 0.03 mbn for %4Zn, so that, the contri-
bution of changes in neutron amount of light nuclei
in capture cross-section is essential and this should
be considered in planning of experimental work on
the accelerator. From executed calculations it also
follows that if the number of neutrons in light nuclei
decrease range of kinetic energy at which capture oc-
curs, decreases from AFE=335...375 MeV for °Zn up
to AE=345...355 MeV for %Zn. This can make se-

Dependence of relative angular momengious additional requirements for adjusting the beam

1energy at accelerator during the experimental work.

56 Fe 4+ 244 Py reaction. Dynamics of process occurs

from right to left. 1.-Lo=70, 2.-Ly=60, 3.-Lq=50,

4.-Lo=40, 5.-Ly=350, 6.-Ly=10

3. RESULTS

Main characteristics that define heavy nuclei fusion
process are: beam energy and the excitation en-
ergy which are related to fusion barrier, and, con-
sequently, probabilities of fusion and the survival of
the compound nucleus; ratio of nuclear and Coulomb
potentials which determines the probability of fu-
sion and capture, and depends on interacting nuclei
asymmetry; relative angular momentum involved in
reactions, which defines capture and fusion proba-
bility; ratio of nucleons and ~-rays emission proba-
bility to fission probability; etc. Study of influence
of interacting nuclei charge and mass asymmetry
on capture cross-section will help to choose the iso-
topic characteristics of beam and target for exper-
imental work planning. Fig.3 shows the capture
cross-section from beam kinetic energy of light for
nuclei-**Ca and different heavy nuclei, such depen-
dencies were obtained for a number of reactions. It
follows from it that changes in the number of pro-
tons and neutrons in heavy nucleus changes capture
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Fig.4. Dependence of capture cross-section from

beam kinetic energy with a change of light nuclei
mass asymmetry

Fig.5 shows dependence of the capture cross-section
from mass asymmetry for various interacting nu-
clei isotopic configurations. It shows that for
(Zy — Z3)/Zy = Const (curves 1-6) with increasing
mass asymmetry, i.e. the decreasing of neutrons in
light fragment, the capture cross section decreases,
this is due to reduction of the nuclear potential,
Coulomb potential remains constant. Basic tendency,
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when (Z1 — Z3)/Zy and (A1 — As)/Ap increases, the
capture cross-section also increases, because, in this
situation, the nuclear potential faster than Coulomb,
i.e., quasifission barrier increases. This can be seen
from the following data, when (7, — Z2)/Zy = 0.467
and (A; — As)/Ag =0.51 o.=0.2mbn and when
(Zl — ZQ)/ZQ =0.6 and (Al — Ag)/AO = 0.65
0. = 1.2mbn, and besides Zy and Z; for both
cases. That is, in the second case, capture cross-
section is 6 times higher than in the first. The
same trend is observed for all considered reactions.
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Fig.5. Dependence of capture cross-sections from

interacting nuclei mass asymmetry for reactions: 1 -
70,72,73,74,76 y,, 4226 Ra, 2 - 64 66,67,68,70 .7, 4282 T
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,562,53,54 46,47,48,49,50
5-54 Cr+38Cm, 6 - 5 Ti +2510f

Fig.6 shows dependence of capture cross-sections
from charge asymmetry for various Ag = Const
from which it follows that capture cross section
increases with increasing of charge asymmetry.
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Fig.6. Dependence of capture cross-sections from

interacting nuclet charge asymmetry

Special attention should be given to capture cross-
sections dependencies of even-even and odd-odd in-
teracting nuclei. Fig.7 shows such dependence. The
figure follows that for odd-odd interacting nuclei cap-
ture cross-section is from 1.5 to 6 times greater than
for even-even nuclei with the same values of Zy and
Ap. This enables to choose right beam and target
isotope configuration while planning of experimental
work on accelerator to receive superheavy elements.
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Fig.7. Dependence of capture cross-sections from
interacting nuclei mass asymmetry for compound
nucleus Zg = 120, AO =298. 1 - 13As —1—223 Fr, 2 -

HGa +37 Ac, 3 - BMn 43 Am G-V 429 B,
5 - 12Ge +226 Ra, 6 - $52n +232 Th, 7 -
SONi —1—338 U, 8-5¢Fe +33 Pu, 9 -58Cr +38 Cm

4. CONCLUSIONS

Over 80 reactions leading to super-heavy ele-
ments compound nucleus have been calculated us-
ing dynamic-statistical description of capture cross-
sections - the first stage of fusion reactions of heavy
nuclei. It was demonstrated that heavy nucleus iso-
topic configuration had less affects on capture cross-
section than the light isotope configuration had. In-
creasing of charge and mass asymmetry increases cap-
ture cross-section, due to decrease of the Coulomb
component of the interaction potential and increase
of the angular momentum values number contribut-
ing to reaction. Odd-odd nuclei should be used when
planning experimental work to receive element 120
near the closed shell Ny = 184, it will lead to a higher
capture cross-sections value. However, the compound
nucleus formation and survival probability may con-
tribute significantly to formation of super-heavy ele-
ments.
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BJINAHUE MACCOBON ACUMMETPUN B3AUMOJIENCTBYIOIIIUX AJEP
HA CEYEHUNE 3AXBATA ITPU X CJIMAHUN

P.A. Avoxun, K.B. ITasauti

Ucnonp3ysa IUHAMUKO-CTATUCTUYECKOE OIMCAHWME IEPBOM CTAIUU PEAKINY CIUSHUS TAXKEJBIX SJep, pac-
CMATPUBAETCH BJIMSHUE M30TOIMHON KOH(MUTYypAIMK Iy9IKa M MUIIEHU HA cedeHne 3axpara. [lokazaHo, 9To
M30TONHAS KOH(MUIYPAIMA TAXKEJIOr0 SApa HE3HAUUTEJHHO BJIMSEeT Ha cedeHne 3axBara. 1Ipum ymeHbIeHmn
MaCCOBO aCHMMETPHH 32 CUeT M3MEHEeHUs N30TOIHOM KOH(MUTyPAIUU JIETKOT'O s/Ipa CeYeHHe YMEHbIAeTCs 1
IIPU YBEJIMYEHUU 3aPsI0BOII aCUMMETPHH, JIJIs IIOCTOSTHHOI'O KOJIMYECTBA HYKJIOHOB B COCTaBHOM siJIpe, cede-
HUE 3aXBaTa yBeJIUIUBacTCA. [JIsT HEUEeTHO-HEUETHBIX B3aUMOJIEHCTBYIONINX sJIep ceueHue 3axsaTta B 1,5...6
pa3 6oJbIIe, 9eM I 9€THO-YEeTHBIX SIep IIPU OJHOM W TOM K€ 3HAYEHWM IIPOTOHOB M HEATPOHOB B COCTAB-
HOM sJIpe.

BILJIUB MACOBOI ACUMETPIi B3AEMO/IIIOYNX SJEP HA IIEPEPI3
3AXOIIJIEHHY ITPA iX 3JINTTI
P.O. Anoxin, K.B. Ilasait

BukopucroByoun guHAMIKO-CTATUCTUYHHUI OMUC MEPINOI CTaJIIl peakIlii 3JIUTTS BayKKHUX sJIep, PO3TJIs-
JIAETHCs BIJIUB 130TOMHOI KOHMDIrypariil myduka Ta Mimeni Ha mepepi3 3axomtenus. [lokazano, mo i3oromHa
KOHDIrypalliss BaXKKOTr0 si/Ipa He3HATHO BIIMBAE Ha Tepepi3 3axomients. [1pu 3meHenni MacoBoi acuMeTpil
3a paxyHOK 3MiHU i30TOMHOI KOH(DIrypaIiil Jerkoro sijpa mepepis 3MeHITyEThCs 1 Tpu 30LIBITTEHHI 3aPsiI0BOT
acuMeTpil, JJIst MOCTIHHOI KiJIbKOCTI HYKJIOHIB B CKJIQJICHOMY sJIpi, Iepepi3 3axorieHHs 30uIbinyeTbes. s
HelapHO-HelapHuX B3aEMOII0UNX si/iep Iepepi3 3axomnyents B 1,5...6 pasiB OiyibIie, HiXK JjIs TAPHO-TIAPHUX
dA/iep MpU OJHOMY 1 TOMY K 3HAYEHHI IMPOTOHIB Ta HEUTPOHIB B CKJIAJIEHOMY SIIPI.
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